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ABSTRACT 
 

Title: Experimental investigation into convection heat transfer in the transition flow regime by 

using nanofluids in a rectangular channel 

Supervisor: Prof Mohsen Sharifpur 

Co-supervisor: Prof Josua Meyer 

Department: Mechanical and Aeronautical Engineering 

Degree: PhD (Mechanics) 

 
The growing demand for energy worldwide requires attention to the design and operating of 

heat exchangers and thermal devices to utilise and save thermal energy. There is a need to 

find new heat transport fluids with better heat transfer properties to increase convective heat 

transfer, and nanofluids are good alternatives to conventional heat transport fluids. Although 

extensive research has been done on the properties of nanofluids in recent decades, there is 

still a lack of research on convection heat transfer involving nanofluids, particularly in the 

transitional flow regime. This study focused on the application of nanofluids in heat 

exchangers as heat transport fluids by investigating forced convective heat transfer of 

alumina-water and titanium dioxide-water nanofluids prepared by using the one-step method. 

The particle size used was 46 nm and 42 nm for the aluminium oxide and the titanium 

dioxide respectively. Uniform heat flux boundary conditions were used by uniformly heating 

the rectangular channel electrically. Nanofluids with volume concentrations of 0.3, 0.5 and 

1% were used for the alumina-water nanofluids, and volume concentrations of 0.3, 0.5, 0.7 

and 1% were used for the titanium dioxide-water nanofluids. The viscosity of the nanofluids 

under investigation was determined experimentally, while the thermal conductivity and other 

properties were predicted by using suitable correlations from the literature. A Reynolds 

number range of 200 to 7 000 was covered, and the investigated flow rates included the 

laminar and turbulent flow regimes, as well as the transition regime from laminar to turbulent 

flow. Temperatures and pressure drops were measured to evaluate heat transfer coefficients, 

Nusselt numbers and pressure drop coefficients. Heat transfer and hydrodynamic 

characteristics in the transition flow regime were carefully studied and compared with those 

in the transition regime when flowing pure water in the same test section. 
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The study also investigated another approach of enhancing heat transfer in heat exchangers 

by increasing the heat transfer area of the heat exchanger itself, and this was done by filling 

the rectangular test section with porous media to increase the heat transfer surface area and 

thus enhance heat transfer. Hence in this study, the effect of using porous media was also 

studied by filling the rectangular test section with high-porosity nickel foam. The 

permeability of the used nickel foam was determined by conducting pressure drop 

measurements through the nickel foam in the test section, and heat transfer and pressure drop 

parameters were measured and compared with those in the empty test section. 

 

The results showed that all the nanofluids used enhanced heat transfer, particularly in the 

transition flow regime. The 1.0% volume concentration alumina nanofluid showed maximum 

enhancement of the heat transfer coefficient, with values of 54% and 11% in the turbulent 

regime. The maximum enhancement of the heat transfer coefficient was 29.3% in the 

transition regime for the 1.0% volume concentration titanium dioxide-water nanofluid. The 

thermal performance factor in the transition flow regime was observed to be better than that 

in the turbulent and laminar flow regimes for all the nanofluids. 

 

The results of the nickel foam test section showed that the values of the friction coefficient 

were 24.5 times higher than the values of the empty test section, and the Nusselt number was 

observed to be three times higher when using nickel foam than without foam in the test 

section. No transition regime was observed for the foam-filled test section on either the heat 

transfer results or the pressure drop results; however, transition from laminar to turbulent was 

found for the test section without foam. The results of the thermal factor of the foam-filled 

test section showed a thermal performance factor higher than unity through the entire 

Reynolds number range of 2 000 to 6 500, with better thermal performance factor at lower 

Reynolds number. 
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CHAPTER 1      INTRODUCTION 
 

 

1.1 Introduction 
 

Enhancing the heat transfer rate is one of the main issues at the design stage of different 

thermal devices for various industries, including the transfer rates in chemical processes, and 

heating and cooling processes. Several techniques have been studied and developed to reduce 

design and operation costs. All of these techniques revolve around a compromise between the 

minimisation of flow resistance and the enhancement of heat transfer coefficients. Therefore, 

it is vital to develop techniques to enhance the heat transfer rate in heat exchangers while 

attempting to keep the pressure drop as low as possible.  

 

Because of the increasing demand for improvements in the performance of a heat exchanger, 

new heat transfer transport fluids called nanofluids were introduced towards the end of the 

last century. The term ‘nanofluid’ was first introduced by Choi in 1995 [1], after which many 

researchers investigated (i) the preparation and thermophysical properties of nanofluids [2-7], 

(ii) forced convection using nanofluids in heat exchangers [8-14], and (iii) natural convection 

of nanofluids in cavities [15-17]. 

 

1.2 Background 
 

1.2.1 Convection heat transfer of nanofluids 

 

Pak and Cho [18] experimentally measured the heat transfer and friction coefficients of 

Al2O3-water and TiO2-water nanofluids for a fully developed turbulent flow. The addition of 

Al2O3 nanoparticles resulted in a 45% enhancement of the heat transfer coefficients at a 

volume concentration of 1.3%, with a 75% enhancement at a concentration of 2.7%. 

 

Wen and Ding [19] investigated the heat transfer augmentation provided by Al2O3-deionised 

water nanofluids in the laminar flow regime, considering volume concentrations of 0.6, 1 and 
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1.6%. The local heat transfer coefficient results for the three nanofluids showed 

enhancements of heat transfer compared with that of water. The enhancement was significant 

in the entrance regime, with a value of 45%, and decreased towards the exit of the test section 

to 14%. The authors concluded that this heat transfer improvement was the result of particle 

movements and the reduction of the boundary layer thickness.  

 

Anoop et al. [20] performed experiments to investigate the influence of particle size on heat 

transfer using 45 nm and 150 nm Al2O3 nanoparticles and weight concentrations of 1, 4 and 

6%. Both sizes of Al2O3 nanoparticles showed the potential to increase heat transfer. The 45 

nm nanofluid was found to be better than the 150 nm nanofluid as far as the heat transfer was 

concerned. Heat transfer correlations were developed for both nanofluids. 

 

Hwang et al. [21] measured the convective heat transfer and pressure drop in the laminar flow 

regime in an experiment with an Al2O3-water-based nanofluid prepared using a two-step 

method. The covered volume concentration had a range of 0.01 to 0.3%. It was found that the 

heat transfer coefficient increased by 8% when using the 0.3% concentration. 

 

Sahin et al. [22] performed experiments with an Al2O3-aqueous nanofluid. Their tests were 

carried out using volume concentrations of 0.5, 1, 2 and 4% in a circular pipe. It was 

observed that the heat transfer increased when the Reynolds number increased. It was also 

noticed that a volume concentration increase contributed to a heat transfer improvement of up 

to 1%. For a volume concentration higher than 1%, the viscosity increase was much higher 

than the increase in the thermal conductivity, which negatively affected the heat transfer.  

 

Liu and Yu [23] conducted an experimental study on the single-phase forced convection heat 

transfer of an Al2O3-water nanofluid in a circular mini-channel. Friction factor and 

convection heat transfer coefficients were measured for nanofluids of various volume 

concentrations (1, 2, 3.5 and 5%) and compared with those of the base fluid. The Reynolds 

number range covered in the study was 600 to 4 500. The results showed that the friction 

factor and convective heat transfer coefficients were both less than those of water at the same 

Re in the transition flow, with no improvement in the turbulent and laminar regime. 

However, they failed to examine volume fractions smaller than 1%, which is an essential 

range for nanofluid applications. 
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Meyer et al. [24] experimentally investigated the convective heat transfer enhancement 

provided by multi-walled carbon nanotubes suspended in water, flowing in a straight 

horizontal circular tube. Nanofluid volume concentrations of 0.33, 0.75 and 1% were tested, 

and a Reynolds number range of 1 000 to 8 000 was covered. The transition began early 

compared with that of water, and the nanofluid concentration increased earlier. No heat 

transfer enhancement was found when comparing the heat transfer coefficients of the 

nanofluids with those of water, but there was an enhancement when comparing the Nusselt 

numbers of the nanofluids with those of water. The inefficiency of the nanofluids used was 

because the increase in the viscosity of the nanofluid was four times the increase in the 

thermal conductivity. 

 

Kayhani et al. [25] conducted an experimental investigation into convective heat transfer and 

pressure drop in the turbulent flow of TiO2-water nanofluid in a horizontal constantly heated 

pipe. Volume concentrations of 0.1, 0.5, 1.0, 1.5 and 2.0% were used. The results showed 

that the heat transfer coefficients did not change with Reynolds number but increased with an 

increase in the volume concentration of the nanofluid. The enhancement of the Nusselt 

number at Re = 11 800 was 8% when using a volume concentration of 2.0%. 

 

He et al. [26] performed a set of experiments on aqueous suspensions of TiO2 flowing 

through a vertical pipe in the laminar and turbulent flow regimes. Results revealed that the 

heat transfer coefficients of the nanofluid increased with the concentration as well as with the 

Reynolds number in both the laminar and the turbulent flow regimes. The volume 

concentrations covered were 0.24, 0.6 and 1.1%. The maximum enhancement achieved in the 

laminar flow regime was 12% at Re = 1 500 when using a volume concentration of 1.1%, 

while it was slightly above 40% at Re = 5 900 for the same nanofluid concentration. The 

effect of the nanoparticle size was also investigated, and the effect on the heat transfer found 

to be marginal. Thermal conductivity decreased with an increase in the volume concentration 

unlike the current work because the thermal conductivity increased with the concentration. 

Also, the Reynolds number was calculated based on the base fluid properties unlike in this 

research because thermal conductivity was evaluated based on the nanofluid properties. 

These differences can explain the different results in the laminar and turbulent flow regimes 

in this work. 
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Azmi et al. [27] experimentally investigated the convective heat transfer of titanium dioxide-

water-based nanofluids in a plain tube and with different twisted-tape inserts. A nanofluid 

volume concentration range of 0.5 to 3% was studied, and the turbulent flow regime was the 

focus of the investigation. When nanofluid of 3 vol% flows in the clear tube, the heat transfer 

coefficient was decreased compared with that of pure water, while a significant enhancement 

of 23.2% in the heat transfer coefficient at Re = 23 917 was achieved at 1% volume 

concentration in the clear tube. 

 

Sajadi and Kazemi [28] conducted an experimental investigation into turbulent heat transfer 

characteristics of titanium dioxide-water nanofluid in a circular tube. The volume 

concentration was from 0.05 to 0.25%. The heat transfer coefficients of the nanofluids were 

increased by 22% for 0.25% volume concentration. The study showed that increasing the 

concentration did not have any influence on the heat transfer enhancement in the studied 

range of concentration. A correlation was developed for the Nusselt number of the nanofluid 

because the experimental measurements were not in agreement with those of previous 

studies. 

 

Duangthongsuk et al. [29] tested a volume concentration of  0.2% of TiO2-water nanofluid in 

a double-tube counterflow heat exchanger.  The results showed the heat transfer coefficients 

of the nanofluids were increased by 6 to 11% compared with those of pure water in the 

turbulent flow regime. In a similar work by Duangthongsuk et al. [30], the heat transfer 

enhancement in a horizontal double-tube counterflow heat exchanger under turbulent flow 

conditions was investigated. TiO2-water nanofluids of 0.2 to 2% volume concentration were 

used. The results showed that the nanofluids of volume concentration less than 1% resulted in 

higher heat transfer coefficient than for the base fluid as the heat transfer enhancement was 

26% at a volume concentration of 1%. However, at a higher concentration of 2%, the heat 

transfer coefficient was 14% lower than that of water. The pressure drop of the nanofluids 

was observed to be slightly higher than that of water when the concentration of the nanofluid 

was increased. 

 

Arani and Amani  [31] studied the effect of particle diameter of TiO2-water-based nanofluid 

on the convection heat transfer enhancement for fully developed turbulent flow in a 

horizontal double-pipe counterflow heat exchanger. The particle sizes used were 10, 20, 30 

and 50 nm, and the volume concentrations were 0.01, 0.015 and 0.02%. All particle sizes 
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showed improvement of Nusselt number compared with that of pure water as a heat transfer 

fluid. Furthermore, the thermal performance of the 20 nm particle size diameters was found 

to be the highest. The average Nusselt number increased with an increase in the Reynolds 

number and particle volume concentration. Similar work was conducted  by Arani and Amani  

[32] to investigate TiO2 (20 nm)-water-based nanofluid for the volume concentration of 0.002 

to 0.02%. The Reynolds number range was 8 000 to 51 000. The results showed that when 

using a Reynolds number greater than 30 000, the pressure drop became higher than the 

increase in the heat transfer, making it more viable to use the nanofluid at a Reynolds number 

lower than this limit. However, for a lower Reynolds number, it was observed that the 

Nusselt number increased with an increase in the volume concentration or Reynolds number.   

 

Hamid et al. [33] conducted experiments to study the convection heat transfer of TiO2-water, 

the range of Reynolds numbers was 3 000 to 24 000 in a test section under constant heat flux. 

The nanofluid volume concentration was 0.5 to 1.5%, and bulk temperatures of 30 °C, 50 °C 

and 70 °C were used to evaluate heat transfer performance. Heat transfer coefficient results 

for a concentration of less than 1.2% were observed to be lower than the base fluid when 

evaluated at 30 °C. However, the heat transfer coefficients for all concentrations showed 

improvement at 50 °C and 70 °C.  It was further observed that as the bulk working 

temperature increased, more enhancement was achieved at higher concentrations. 

 

1.2.2 Hydrodynamics and heat transfer characteristics of metal foams 

 

Metal foams are lightweight materials with an irregular cellular and porous structure, and 

metal foams can be split into (a) open-cell or (b) closed-cell. In the closed-cell metal foams, 

the cells form a stand-alone enclosure within the material, while in the open-cell metal foams, 

the cells are all interconnected with no walls permitting the fluid to pass with less pressure 

drop. The metal foams possess unique properties compared with the traditional porous media. 

However, not much research was done on metal foams, while many studies reported on 

conventional porous media [34-39] and some books have also focused on porous media [40, 

41].  

The type of metal foam used in this research falls under the group of the open-cell metal 

foams, and is a porous media with high porosity and the following interesting properties [42]: 
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(1) lightweight because of the high number of voids in the foam; 

(2) high specific surface area, which leads to compact heat exchanger design; 

(3) machinability and weldability to facilitate the formation of the complex parts;  

(4) excellent fluid mixing, which enhances the convective heat transfer. 

In the past few decades, several researchers investigated the use of metal foams in heat 

exchangers to reduce the size of heat exchangers in thermal management applications and to 

enhance heat transfer. The first study of metal foam was conducted by Beavers and Sparrow 

[43]. They studied the pressure drop across nickel foams without reporting the pore size and 

the porosity. The Reynolds number was evaluated based on the permeability. They found that 

the flow pattern deviated from the Darcy regime at unity Reynolds number. Paek et al. [44] 

determined the thermophysical properties of aluminium-based metal foams. The permeability 

and thermal conductivity of the foams were measured while air flowed through the metal 

foams. They found that permeability was influenced by the pore size and the porosity, while 

thermal conductivity increased when the porosity decreased and remained unaffected by the 

pore size. A correlation for the friction coefficient was developed as a function of 

permeability and inertial forces. 

Miwa and Revankar [45] developed an apparatus to investigate the permeability of metal 

foam. Various nickel foams with different pore size were used. The permeability of nickel 

foams was experimentally determined by measuring the pressure drop across the foam. A 

correlation was obtained for this type of metal foam in a Darcian flow regime. The developed 

friction factor correlation was a function of the Reynolds number based on the permeability 

as characteristic length and included the effect of the pore size and structure. Calmidi and 

Mahajan [46] found that heat transfer enhancement was very low for aluminium foam when 

the working fluid was air, while water enhanced the forced convection heat transfer 

considerably. Kim et al. [47]  studied the effect of metal foam permeability on Nusselt 

number and friction coefficients, and testing results on aluminium foams revealed that the 

low permeable foams resulted in high Nusselt number, but high friction factors were noticed. 

Nazari et al. [48] studied the heat transfer and pressure drop characteristics of Al2O3-water 

nanofluids flowing in a horizontal circular pipe packed with metal foam, and compared the 

results with those of the empty tube. The results of the porous media test section showed 
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remarkable enhancement of heat transfer compared with those of the empty tube with a 

penalty in the pressure drop. A maximum increase in Nusselt number of 57% was achieved. 

Noh et al. [49] conducted an experiment on an annulus filled with aluminium foam and 

obtained pressure drop, average and local convective heat transfer. The non-Darcy flow in the 

metal foam showed enhancement in the laminar flow regime compared with the empty 

annulus. The correlation for friction coefficient and heat transfer was developed to suit the 

tube-in-tube and shell-in-tube heat exchangers, and was used in the design phase for these 

heat exchangers. 

Wang and Guo [50] investigated the pressure drop and the heat transfer performance of 

stainless steel metal foam. Three different pore sizes were manufactured using the sintering 

technique, and the pressure drop of air flowing at high speed was measured. Compared with 

the low-speed airflow correlations, the pressure drop was found to be highly dominated by 

inertial drag. The Nusselt numbers data were obtained under the convective boundary 

conditions and found to be higher than the values of the reported Nusselt number under 

constant heat flux condition. Mancin et al. [51] investigated the effect of foam height on the 

heat transfer coefficient and the pressure gradient of air flowing in two different aluminium 

foams with the same porosity but different heights. The heat flux was also changed, and the 

results revealed that the heat flux had no effect on the heat transfer, while increasing the foam 

height had a reverse impact on the heat transfer, and the pressure drop remained unchanged 

with the foam height. 

 Hamadouche et al. [52] considered the heat transfer enhancement of a foam-filled channel, 

which was filled with aluminium foam. The study reported that the heat transfer of air 

flowing through aluminium foam in the turbulent regime was 300% higher than in the empty 

channel. 

Dukhan et al. [53] investigated flow regime in a metal foam consisting of an aluminium foam 

pore density of 20 pores per inch and a porosity of 87.6%. A set of points wasere measured to 

plot the friction coefficient of the foam with Reynolds number, and the square root of the 

permeability was considered as a characteristic length to evaluate Reynolds number. The 

transition from pre-Darcy to turbulent flow was investigated and compared with the transition 

in the traditional porous media found in the literature. The study showed that the permeability 

and inertial drag coefficient values were different in the various flow regimes for the same 

foam. 
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1.3 Problem statement 
 

From the above review, it is clear that only two investigations [23, 24] were reported on the 

convective heat transfer of nanofluids in the transition flow regime, and both studies used 

circular channels. The current study is an attempt to close the research gap in convection heat 

transfer of nanofluids over the entire flow regime, including the transition flow regime. The 

current work differs from previous studies [23, 24] by using nanofluids prepared by thee one-

step method, namely aluminium oxide- and titanium dioxide-aqueous nanofluids. Nanofluids 

prepared by using the one-step method were chosen because of the stability characteristics as 

they are generally stable for a longer time than nanofluids prepared by using the two-step 

method. In addition, the test section used in this work was a rectangular channel, and the 

concentrations used in this work were lower than those used in the work of Liu and Yu [23] 

to contribute to the knowledge. Moreover, a Reynolds number range of 200 to 7 000 was 

investigated in this study. 

There is also a lack of research on the influence of high-porosity foams in heat transfer 

enhancement in rectangular channels. There is also a dearth of research on the transition from 

the Darcy to the non-Darcy regime. Therefore, this study pays attention to high-porosity 

nickel foam, and the comparison of heat transfer and pressure drop characteristics, and the 

transition in the foam-filled test section to the empty test section. 

 

1.4 Research objectives 
 

i. Obtaining heat transfer coefficients and pressure drop values for three Al2O3-water 

nanofluids and four TiO2-water nanofluids compared with those of water.  

 

ii. Determining the Nusselt number and friction coefficient data for four TiO2-water 

nanofluids and Al2O3-water nanofluids and then conducting a comparison with pure 

water. 

iii. Identifying the nature of the transition flow regime as well as the start and end of the 

transition in the rectangular channels and comparing it with the transition in the 

conventional circular channels found in the literature. 
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iv. Evaluating the heat transfer enhancement of the nanofluids by comparing the heat 

transfer capability to the penalty cause due to the pressure drop. 

 

v. Investigating heat transfer and pressure drop characteristics in the nickel foam-filled test 

section and comparing these with the empty rectangular test section. 

 

vi. Studying whether there is a transition in the porous media-filled test section in the same 

flow rate range of the empty test section and conducting a comparison between the two 

test sections regarding the thermal performance factor. 

 

The above-listed objectives of the research can be related to progress in the research field 

and lack of information needed in the forced convection of nanofluids, the relation is 

illustrated in Figure 1.1. 

 

 

Figure 1. 1: Schematic relating the research aims with the research filed and the lack of 

knowledge in the area. 
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1.5 Thesis structure   
 

The thesis consists of seven chapters; the chapters are divided into sections according to the 

topics relevant to the chapter subject. The structure of each chapter is described in this 

section. 

Chapter 1 presents the definition of nanofluid and emphasises the importance of introducing 

such a new kind of heat transport fluid. In addition, background knowledge is presented, and 

the problem statement and the objective of the work are outlined. A literature review of the 

nanofluid preparation methods, thermal properties and convective heat transfer of nanofluids 

is presented in Chapter 2. In Chapter 3, a general description of the experimental set-up, 

experimental procedures and the test section building process are also presented in detail. 

Chapter 4 presents the data reduction and the validation of the experimental set-up against the 

available literature. The characteristics and the preparation of the nanofluids, as well as the 

measurements of the properties, are included in Chapter 5, while Chapter 6 presents the 

results obtained by the experimental investigations, and the highlight of those results 

accompanied by the recommendations are provided in Chapter 7. 
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CHAPTER 2      LITERATURE REVIEW   
 

 

2.1 Introduction 
 

Over the past quarter-century, researchers have worked to overcome the limitations of 

conventional heat transfer fluids (HTF) (such as water and air) and to develop alternative 

fluids with better heat transfer properties than the traditional ones. The need for such 

improvement is due to the growing demand and the broad applications of HTF in the industry 

(solar thermal systems, refrigeration, air-conditioning and microelectronics devices, etc.). The 

term ‘nanofluid’ emerged after the work of Choi [1]. The configuration of dispersed 

nanoparticles in a base fluid is known as nanofluid. Nanoparticles are metals (nickel, 

aluminium, copper, silver, etc.), non-metals (carbon nanotubes, graphite, Si, etc.), oxides of 

metals and oxides of non-metals. The base fluid mostly is water, but there are others that can 

be used such as ethylene glycol, propylene glycol and engine oil. 

 Nanofluids possess superior thermal properties such as high thermal conductivity, high 

specific surface area, mixture stability, and minimal blockage in flow passages when 

compared with micro- or millimetre-size particles mixing with a fluid [54]. The advantages of 

nanofluids in comparison with the fluids including micro-size can be summarised as follows: 

 high stability of dispersion with principally Brownian motion of particles; 

 reduced particle clogging;  

 less pumping power required;  

 adjustable properties by varying particle concentrations and or size to suit different 

applications;  

 large specific surface area of nanoparticles enabling more heat transfer between 

particles and fluid. 

 Heat transfer experiments indicate that thermal conductivity is not the only parameter that 

influences heat transfer augmentation of the nanofluid [55]. Several mechanisms contribute to 

the heat transfer enhancement of nanofluids such as Brownian motion, Brownian diffusion, 

nanolayer interaction between nanoparticles and the base fluids. 
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2.2 Preparation of nanofluids 
 

Preparation of nanofluids is a crucial process in getting a stable nanofluid, and the stability of 

nanofluids is the key factor in obtaining a nanofluid possessing superior properties. The 

following aspects must be considered while preparing a stable nanofluid:  

1) The high surface energies of the nanofluids as a multiphase dispersion system lead to a 

thermodynamically unstable mixture.  

2) The strong Brownian motions of the nanoparticles can counteract their sedimentation due 

to gravity force.  

3) The dispersion of the nanoparticles can decline with time due to the aggregation of 

nanoparticles, which is caused by Van der Waals forces.  

4) Chemicals between the base fluid and nanoparticles while using the nanofluid must be 

prevented. 

The above-mentioned aspects indicate that nanofluid preparation is not as simple as mixing 

some nanoparticles in a base fluid, because aggregation and sedimentation are two critical 

factors influencing the stability of the nanofluids [56]. Two techniques are mainly used for 

synthesising nanofluids: the one-step method and the two-step method. 

 

2.2.1 One-step method  

 

The process of incorporating the preparation of nanoparticles into the synthesis of nanofluids 

is known as a one-step method. In this method, the nanoparticles are produced by a physical 

vapour deposition (PVD) technique or a liquid chemical method to minimise the 

agglomeration of nanoparticles and to increase the stability of nanofluids. The limitations of 

this method are that it is impossible to use in large industrial applications, and it can only be 

successfully used for low vapour pressure base fluids. The working vapour pressure limits the 

application of the method. Chang et al.  [57] produced nanofluids of TiO2 nanoparticles 

dispersed in pure water by using the one-step chemical method with a high-pressure 

homogeniser. This method is called modified magnetron sputtering.   



13 

  

 

2.2.2 Two-step method 

 

In this technique, dry nanoparticles/nanotubes are first produced, and then they are dispersed 

in a suitable conventional liquid as the base fluid. The nanoparticles have high surface 

energy, aggregation and agglomeration are inescapable and become visible immediately. As a 

result, particle sediment accumulates at the bottom of the container. Therefore, preparing a 

homogeneous dispersion by the two-step method remains a substantial technical challenge in 

the nanofluid research area. However, there are some techniques which diminish this 

problem, like high shear and ultrasonication techniques. 

This method is useful for oxide nanoparticles and high particle concentration (greater than 20 

vol.%), but it is less effective with metal nanoparticles, although some surface-treated 

nanoparticles show excellent dispersion [58]. The disadvantages are due to the rapid 

agglomeration of the particles. Because nanoparticles disperse partially, the dispersion is 

weak and sedimentation occurs. Therefore, a high volume concentration is needed to increase 

the heat transfer (10 times higher than the volume needed in the preparation with the  one-

step method) and therefore the cost rises [59].  

 The following methods are used to improve the stability of the nanofluids prepared by the 

two-step technique: 

i. Addition of surfactant: 

Surfactants are a group of chemical solutions with the ability to improve dispersion stability 

by preventing nanoparticles forming sedimentation. The addition of surfactants to the 

nanofluids changes the surface of the nanoparticles due to the charges forming in the surface.  

The generation of repulsion force due to the surface charges of the particles helps the 

particles to move away from each other; this force is known as zeta potential [60-62]. The 

most common used surfactants are: sodium dodecyl sulfate (SDS) [60, 61], dodecyl trimethyl 

ammonium bromide (DTAB) and sodium octanoate (SOCT) [63], cetyltrimethylammonium 

bromide (CTAB)[64, 65].  
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ii. pH control  

The stability of dispersion is directly related to the electrostatic charges of the particle surface 

(zeta potential). When the particles carry no charges (isoelectric point), the nanoparticles will 

agglomerate due to the absence of the repulsion force, but any movement from the isoelectric 

line will prevent the agglomeration and improve the stability. Xie et al. [66] showed that by 

simple acid treatment, a carbon nanotube suspension gained good stability in water. The 

reason for this is the change of particle surface geometry from a hydrophobic to a hydrophilic 

nature. 

 

iii. Ultrasonication 

The ultrasonication technique, unlike other device methods (magnetic and high shear stirrer), 

breaks down the agglomeration of the nanoparticles while the other methods intend to alter 

the surface properties of dissolved nanoparticles and to suppress the forming of groups of 

particles . Various apparatuses are used for the ultrasonication process. Ultrasonic bath, 

processor and homogeniser are potent devices for breaking down the agglomerations in 

comparison with the other apparatuses. However, sonication time is a critical factor in the 

process, and it has to be optimised because exceeding the optimum duration of the process 

will cause more severe problems in the agglomeration and clogging, resulting in fast 

sedimentation.  Hwang et al. [67] proposed a new method to get stable suspensions, which 

consists of two micro-channels, dividing a liquid stream into two streams. Both streams are 

then recombined in a reacting container. 

2.3 Thermal conductivity of nanofluids 
 

Thermal conductivity is one of the significant parameters for enhancing the heat transfer 

performance of a heat transfer fluid. Metals have a thermal conductivity higher than those of 

fluids; therefore, the addition of nanoparticles to the base fluid is anticipated to enhance the 

conductivity and consequently heat transfer performance. A considerable increase in thermal 

conductivity can be achieved by the inclusion of only a small percentage of solids as reported 

by several researchers [56, 59, 68-70].  
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 2.3.1 Factors affecting the thermal conductivity of nanofluids   

         

The mechanisms that affect the conductivity of nanofluids are the aggregation of particles, 

the Brownian motion, and the interfacial layer. These phonemes have been discussed by [71-

75] and are summarised in this section.  

Maxwell [76] introduced a theory which considered nanofluid as a two-phase flow mixture 

and then evaluated nanofluid properties by the mixture theory as a combination of solid and 

fluid properties. The developed model is based on an effective medium theory that presumes 

well-dispersed particles in a fluid medium. If the particles in the fluid become agglomerated 

around particle chains or clusters, then the predicted thermal conductivity by the theory will 

be significantly higher as noticed by many researchers [77, 78] and might be high depending 

on the aggregates’ dimension and the radius of gyration of the aggregates.  This result is 

based on the three-level homogenisation theory. A validation of heat conduction dependence 

on aggregates was carried out by researchers [79-81]. Figure 2.1 relates the enhancement of 

thermal conductivity to nanoparticle agglomeration. an optimum particle structure maximum 

thermal conductivity has to be attained and the fully dispersed mixture leads to a thermal 

conductivity value which is much less than the optimum thermal conductivity. This 

phenomenon shows the importance of nanofluid preparation for the improvement of thermal 

properties. 

 

 

 

 

 

 

 

 

 

Figure 2. 1: Aggregation effect on the effective thermal conductivity [78]. 
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Colloid chemistry has a critical role in improving the thermal properties of nanofluids as 

proved by the possible effect of particle agglomeration on conductivity. Hong et al. and 

Özerinç et al. [82, 83] experimentally proved the theory of lowering the thermal conductivity 

of aggregation forming by light scattering of iron nanoparticle aggregate. Gao and Zhou [84-

86] indicated that the shape of nanoparticles could also influence the effective thermal 

conductivity increase. They predicted the effective thermal conductivity of nanofluid with 

non-spherical nanoparticles. Their prediction is based on Bruggeman’s model [68], which is 

built on the phenomena of the interfacial thermal resistance across the solid particles and the 

base fluids. The study showed that a significant enhancement of effective thermal 

conductivity could be achieved if the shape of nanoparticles was non-spherical. Koo and 

Kleinstreuer [87] found that the role of Brownian motion was much more significant than the 

thermophoretic and osmophoretic motions. 

As a conclusion, several investigators state that nanoparticle aggregation influences the 

thermal transport due to their chain shape [79, 88], while some others believe that the time-

dependent thermal conductivity in the nanofluids proves the lowering of thermal conductivity 

with time due to agglomeration [89]. 

Experiments performed by Vadasz [90]  showed that a transient heat conduction process 

might cause heat transfer enhancement; and thermal conductivity depends on numerous 

parameters, such as the chemical composition of the particles and the base fluid, surfactants, 

particle shape, particle size and concentration. There is still a dearth of research on 

determining the relation and the trend of the thermal conductivity with these variables.  

The increase in temperature enhances the thermal conductivity of the nanofluids, as reported 

in the many studies that were conducted to find out the effect on CuO, Al2O3, TiO2, ZnO 

dispersed nanofluids by Mintsa et al.[91] , Roberts and Walker [92], Murshed et al. [93], Yu 

et al.  [94], and Karthikeyan et al. [89]. Nevertheless, the real mechanism of this enhancement 

has not been reported yet. A lack of reliable data for the conductivity of nanofluid is a major 

problem in nanofluid industrial applications. 

The volume fraction of nanoparticles is another crucial factor affecting thermal conductivity 

enhancement [54], although this relationship is generally non-linear for nanoparticles with a 

high aspect ratio [88]. Wang et al. [59] investigated the thermal conductivity augmentation 

for aqueous suspensions. The results showed a notable increase in thermal conductivity 

compared with the results of Lee et al. [95] and Yang et al. [96].  
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Oh et al. [97]  performed experiments for EG-based nanofluids. Their results showed 

relatively low thermal conductivity values compared with those of Lee et al. [98] and Wang 

et al. [59]. Thermal conductivity was observed to be constant when the volume of surfactant 

varied. Therefore, the property improvement is highly dependent on the particles when 

dispersing the nanoparticles into the water. The general behaviour of the particle-water 

interaction depends on the properties of the particle surface. A dose of surfactant may cause 

high or low pH value, resulting in a lower surface charge and a weaker repulsion between 

particles. Therefore, this action leads to stronger coagulation [99]. 

 Xuan et al. [100]  suggested the Brownian motion mechanism and the diffusion limited 

aggregation model for random movement of suspended nanoparticles. The influence of 

temperature on this characteristic is also mentioned in their work. Lee et al. [95] reported the 

effect of particle surface charge in thermal conductivity, the stability of the  suspended 

particles confirmed to be improved and the thermal conductivity of nanofluid was enhanced 

when the pH of the solution moved from the isoelectric point of particles. Moreover, their 

research showed that there was a domination factor in controlling nanofluid aggregation by 

surface charge. Lee et al. [95] proposed a new interpretation of the charged sites and ion 

densities in the diffuse layer as the number and efficiency of channels for phonon transport 

respectively. Wang et al. [99, 101] proved the same theory. 

2.3.2 Experimental investigation into thermal conductivity 

 

Several experimental studies were conducted on the thermal conductivity of nanofluids. 

Three methods were used to measure the thermal conductivity of nanofluids, namely the 

transient hot-wire method, temperature oscillation and the steady-state parallel-plate method. 

The transient hot-wire method is the most commonly used technique. This method uses the 

temperature/time response measure for the wire corresponding to an instantaneous electrical 

pulse, then the derivation of Fourier’s law and temperature data are used to calculate the 

thermal conductivity. The results obtained from experimental studies showed that the 

addition of a small quantity of nanoparticles caused much higher thermal conductivity than 

those of base fluids. 

 All the experiments performed by using Al2O3 and CuO as nanoparticles showed 

enhancement of the thermal conductivity for different sizes and shapes of the nanoparticles. 

Wang et al. [59] experimented with measuring the thermal conductivity of nanofluids 
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composed of Al2O3 and CuO nanoparticles. The technique of the steady-state parallel-plate 

method was used to measure the thermal conductivity of the nanofluids. The nanoparticles 

were dispersed in water, ethylene glycol, vacuum pump oil and engine oil. Experimental data 

showed that the thermal conductivity of all nanofluids was higher than that of the base fluids. 

The thermal conductivity of the nanofluids was enhanced with an increasing volume 

concentration of the nanoparticles. For a specific volume concentration, the increase of 

thermal conductivity was different for each base fluid. 

Xuan and Li [102] studied the thermal conductivity of a nanofluid containing copper 

nanoparticles and base liquid. The results showed that the suspended nanoparticles increased 

the thermal conductivity of the base liquid. The thermal conductivity of the nanofluid 

increased with an increasing volume concentration of nanoparticles. When the volume 

concentration of the nanoparticles increased from 2.5 to 7.5%, the effective thermal 

conductivity (ratio of thermal conductivity of the nanofluid to that of the base fluid) increased 

from 1.24 to 1.78. 

Xie et al. [103] investigated the effects of pH value, the specific surface area, the crystalline 

phase of the solid phase, and the thermal conductivity of the base fluid on the thermal 

conductivity of Al2O3 nanoparticle suspensions. The results showed that the addition of 

nanoparticles into the liquid led to higher thermal conductivity than that of the base fluid. The 

increase in the volume concentration also increased the thermal conductivity of Al2O3 

nanofluid. The enhancement was more when the difference between the pH value and the 

isoelectric point of Al2O3 increased. The specific surface area was found to significantly 

influence the thermal conductivity of the suspensions containing the same base fluid. For the 

suspensions using the same nanoparticles, the enhanced thermal conductivity ratio decreased 

with the increased thermal conductivity of the base fluid, while the crystalline phase of the 

solid phase was found not to affect the effective thermal conductivity. 

Das et al. [70] conducted investigations into the relation between thermal conductivity and 

temperature. They used aqueous Al2O3 and CuO nanofluids, and the thermal conductivity 

measured by temperature oscillation technique. The volume-weighted average value of 

particle diameter was 38.4 nm for Al2O3, while it was 28.6nm for CuO. The experimental 

results showed that the thermal conductivity increased with an increase in temperature. 

Smaller particle nanofluids (CuO) showed substantial enhancements of thermal conductivity 

with temperature than larger particles (Al2O3). They explained the increase in the thermal 
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conductivity by the random motion of nanoparticles because the smaller particles mobilised 

easier and generated a higher level of stochastic motion. 

The effects of the nanoparticle size, temperature and chemical characteristics of particle 

coatings on the thermal conductivity of nanofluids were investigated by [104]. Gold (Au) and 

silver (Ag) nanoparticles with two kinds of coatings, thiolate and citrate, were used in this 

experiment with water- and toluene-based fluids. The thermal conductivities of the nanofluids 

were higher than those of their base fluids. For the polynomial function, the increments in 

thermal conductivity of the nanofluids correlated well with the temperature and an almost 

linear equation was found to correlate the enhancement with particle concentrations. 

Although silver particles had higher thermal conductivity and concentration, the thermal 

conductivity enhancement of the silver nanofluids was less than that of the gold nanofluids. 

Particle surface area per unit volume was used to describe the mechanism of thermal 

conductivity enhancement. The nanofluids with particles with thiolate coating had less 

thermal conductivity enhancement than those with particles with citrate coating. This showed 

that the effective heat transfer at metal surface contact was connected to the type of coating.  

Choi et al. [105] measured the thermal conductivity of carbon nanotube-oil mixture nanofluid 

at room temperature. The thermal conductivity enhancement ratio was more than 2.5 1 vol.% 

of nanotube concentration. Xie et al. [66] dispersed carbon nanotube in distilled water, 

ethylene glycol and they obtained the same results; nanofluids containing a small amount of 

carbon nanotubes had considerably higher thermal conductivities than their base liquids. The 

thermal conductivity of the nanofluids was non-linear  with higher nanotube concentrations. 

The thermal conductivity enhancement increased with increasing nanotube concentrations but 

reduced with increasing thermal conductivity of the base fluids. They also found that the size 

and shape of nanotubes caused the non-linear phenomenon. Compared with other 

nanostructure materials, nanotubes provided the highest thermal conductivity enhancement. 

 

2.3.3 Analytical investigation and modelling of thermal conductivity  

 

The thermal conductivity nanofluids is a function of thermal conductivity of the nanoparticle 

material and the base fluid, the volume fraction, the shape of the nanoparticles suspended in 

the liquid, and the surface area. There is still a lack of proper correlation and model that can 

predict the thermal conductivity well. The Maxwell model [106], which is an existing 
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traditional model for thermal conductivity, was proposed for the mixtures of solid-liquid with 

relatively large particles, as shown in Equation 2.1. 

  

𝐾𝑒𝑓𝑓,𝑀𝑎𝑥𝑤𝑒𝑙𝑙 =
𝑘𝑝 + 2𝑘1 + 2(𝑘𝑝 − 𝑘1) 𝜙

𝑘𝑝 + 2𝑘1 + (𝑘𝑝 − 𝑘1)𝜙
 𝑘1                                                              (𝟐. 𝟏)   

 

Many models proposed later were based on the Maxwell model. The effective thermal 

conductivity, 𝑘𝑒𝑓𝑓, is a function of 𝑘𝑝, the thermal conductivity of the particle, 𝑘1, the 

thermal conductivity of the liquid and 𝜙 is the particle volume fraction of the suspension. 

From Maxwell’s model, it is clear that the effective thermal conductivity of suspensions 

depends on the thermal conductivity of spherical particle, base liquid and the volume fraction 

of the solid particles. Maxwell’s model is not a good model because it does not include 

particle size. 

For non-spherical particles, nanofluid thermal conductivity depends on the shape of the 

particles as well as the volume fraction of the particles. Hamilton and Crosser [107] 

developed a model for the effective thermal conductivity of two-component mixtures. The 

model is a function of the conductivity of both the particle and base fluid and the shape of the 

particles. The thermal conductivity of two-component mixtures, in which the ratio of 

conductivity of two phases is larger than 100, can be determined as follows: 

 

𝑘𝑒𝑓𝑓,𝐻𝑎𝑚𝑖𝑙𝑡𝑜𝑛 =
𝑘𝑝 + (𝑛 − 1)𝑘1 + (𝑛 − 1)(𝑘1 − 𝑘𝑝)𝜙

𝐾𝑝 + (𝑛 − 1)𝑘1 + (𝑘1 − 𝑘𝑝)𝜙
 𝑘1                                    ( 𝟐. 𝟐) 

 

where Ѱ is the sphericity factor, n is the shape factor given by n = 3/Ѱ, and defined by the 

ratio of the surface area of a sphere, having a volume equal to that of the particle, to the 

surface area of the particle. 

Keblinski et al. [108] provide four factors explaining the mechanism of enhancing the 

thermal conductivity of the nanofluids, namely the Brownian motion of particles, molecular-

level layering of the liquid at the interface between liquid and particle, the nature of heat 

transport in the nanoparticles, and the effects of nanoparticle clustering. They show that the 
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nanoparticle mobility due to Brownian motion is very slow in transferring much heat across a 

nanofluid. The existence of layering of liquid at the liquid-particle interface leads to higher 

thermal conductivity of the nanofluid. When the particle size is small, the thickness has more 

effect on the enhancement of thermal conductivity. The nature of heat transport in the 

nanoparticle is ballistic rather than diffusive. The clustering of particles can hurt thermal 

conductivity enhancement. The thermal conductivity enhancement of unattached packed 

clusters is higher than that of tightly packed clusters. 

Wang et al. [109]  proposed the fractal model to predict the thermal conductivity of 

nanofluids. The model is based on the effective medium approximation and the fractal theory. 

The thermal conductivity can be calculated as follows: 

𝑘𝑒𝑓𝑓,𝑊𝑎𝑛𝑔 =

(1 − 𝜙) + 3𝜙 ∫
𝑘𝑐𝑙(𝑟)𝑛(𝑟)
𝑘𝑐𝑙(𝑟) + 2𝑘1

 𝑑𝑟
∞

0

(1 − 𝜙) + 3𝜙 ∫
𝑘𝑐𝑙𝑛(𝑟)

𝑘𝑐𝑙(𝑟) + 2𝑘1
 𝑑𝑟

∞

0

 𝑘1                                                  (𝟐. 𝟑) 

 

where 𝑛(𝑟)  is the radius distribution function and 𝑘𝑐𝑙(𝑟) is the thermal conductivity of 

particle clusters. The model considers the effect of size and surface adsorption of 

nanoparticles. The proposed model matches well the achieved experimental data for 50 nm 

CuO particles suspended in deionised water with particle volume concentrations lower than 

0.25 vol.%.  

Xue [110] proposed a model for predicting the thermal conductivity of nanofluids. The model 

developed was based on the Maxwell theory and average polarisation theory, assuming that 

there was an interfacial film between the nanoparticles and liquid, and all nanoparticles were 

of the same rotational ellipsoid. They compared results from this prediction with 

experimental data of Choi et al. [105] for carbon nanotube-oil nanofluid and Xie et al. [103] 

for Al2O3 nanoparticle-water nanofluid. The model predicted the thermal conductivity well 

when compared with the experimental data for the same assumed interfacial shell thickness 

of 3 nm, but differed from the thermal conductivity of the interfacial layer. However, no 

explanation of the reasons for using the assumed values of thickness and thermal conductivity 

of the interfacial shell was given.  

Yu and Choi [111] developed an alternative formula for calculating the effective thermal 

conductivity of solid-liquid mixtures. They assumed the mixture as a structural model of 

nanofluids might consist of a bulk liquid, solid nanoparticles and solid-like nanolayers. The 
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solid-like nanolayer acts as a thermal bridge between a solid nanoparticle and a bulk liquid 

[111]. The suggested expression yields:  

𝑘𝑒𝑓𝑓,𝐻𝑎𝑚𝑖𝑙𝑡𝑜𝑛 =
𝑘𝑝 + 2𝑘1 + 2(𝑘𝑝 − 𝑘1)(1 + 𝛽)3𝜙

𝑘𝑝 + 2𝑘1 + (𝑘𝑝 − 𝑘1)(1 + 𝛽)3𝜙
 𝑘1                                                   (𝟐. 𝟒) 

where 𝛽 is the ratio between the nanolayer thickness to the original particle radius and 𝑘𝑝 is 

the equivalent thermal conductivity of the equivalent particle. In this model, the prediction is 

more valid when the nanoparticles have a diameter of less than 10 nm. Jang and Choi [112] 

proposed another model for predicting the thermal conductivity of nanofluids. The 

fundamental role of a dynamic nanoparticle is predicting thermal conductivity, which 

considers four modes of energy transport in the nanofluid. They are the collision between 

base fluid molecules, the thermal diffusion of nanoparticles in the fluid, the collision between 

nanoparticles due to Brownian motion, and the thermal interactions of dynamic nanoparticles 

with base fluid molecules. As with the results discussed in Keblinski et al. [108], they found 

that the Brownian motion had less effect than the other modes and could be neglected. This is 

because the collision of nanoparticles due to Brownian motion is a prolonged process. The 

expression is: 

𝑘𝑒𝑓𝑓,𝐽𝑎𝑛𝑔 = 𝑘1(1 − 𝜙) + 2𝑘𝑝𝜙 + 3𝐶
𝑑1
𝑑𝑝
𝑘1𝑅𝑒𝑑𝑝

2 𝑃𝑟𝜙                                                      (𝟐. 𝟓) 

where 𝑅𝑒𝑑𝑝 is the Reynolds number defined by 𝑅𝑒𝑑𝑝 = (𝐶 ̅𝑅𝑀𝑑𝑝)/𝑣 , 𝐶 is a proportional 

constant, 𝐶 ̅𝑅𝑀 is the random motion velocity of nanoparticles, 𝑣 is the dynamic viscosity of 

the base fluid, 𝑃𝑟 is the Prandtl number. The predictions from this model were in agreement 

with the experimental data of Lee et al. [98]. 

2.4 Viscosity of nanofluids 
 

Viscosity is defined as the internal resistance of a fluid to flow, and it is an essential property 

for all thermal devices involving the flow of fluids [113]. The viscosity also has a significant 

effect on pumping power. The pressure drop in laminar flow is directly proportional to 

viscosity. Moreover, viscosity also influences the convective heat transfer coefficient. Hence 

viscosity is as vital as thermal conductivity in engineering systems involving fluid flow [114]. 

Much research has been done on nanofluids recently, but most research is related to heat 

transfer properties. 
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2.4.1   Experimental investigation into viscosity of nanofluids 

 

In this section, the effect of the different parameters on the viscosity is studied. These 

parameters are temperature, particle size and shape, and volume fraction. 

i. Effect of temperature  

Yang et al. [9] conducted experiments to study the effect of temperature on nanofluid 

viscosity. They investigated experimentally the temperature effect of viscosity at four 

temperatures (35, 43, 50 and 70 °C) for four nanofluid solutions taking graphite as 

nanoparticles. They experimentally showed that kinematic viscosity decreased with an 

increase in temperature and important observations were made such as the corresponding 

viscosity of 2 wt% graphite with ATF at 35 and 70 °C was found to be 41.4 and 12.2 (cSt) 

respectively. 

Chen et al. [115] prepared a nanofluid consisting of multi-walled carbon nanotubes with 

distilled water. They studied the temperature effect of the viscosity for a temperature range of 

5 °C to 65 °C and showed that relative viscosity increased significantly with temperature 

after 55 °C. 

Nguyen et al. [113, 116] conducted an experimental study to determine the temperature effect 

of nanofluid viscosity for Al2O3-water and CuO-water over a temperature range of 21 °C to 

75 °C. The researchers reported that nanofluid viscosity decreased with an increase in 

temperature. 

Anoop et al. [117] studied the viscosity of CuO-ethylene glycol, Al2O3-ethylene glycol and  

Al2O3-water for the temperature range of 20 °C to 50 °C with volume concentrations of 0.5, 

1, 2, 4 and 6 vol.%. They confirmed that viscosity declined with an increase in temperature. 

Naik et al. [118] experimentally showed that the viscosity of CuO/PG-water nanofluids 

decreased exponentially with an increase in temperature for a range of 258 to 335 K. 

Namburu et al. [119] indicated that CuO nanoparticles in an ethylene glycol and water 

mixture behaved like Newtonian fluids with the temperature ranging from 35 °C to 50 °C 

with a volume fraction of 0 to 6.12%. Moreover, viscosity decreased exponentially with an 

increase in temperature, as indicated in Figure 2.2. They also conducted a separate study 

[120]  to investigate the influence of the temperature of nanofluids containing SiO2 

nanoparticles, and the same trend was observed. 
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Similarly, Kulkarni et al. [121] reported that viscosity decreased exponentially with an 

increase in temperature. They analysed CuO, Al2O3 and SiO2 as nanoparticle with EG/water-

based fluid for a temperature range of 35 °C to 50 °C, as shown in Figure 2.2. 

 

 

 

 

 

 

 

 

      Figure 2.2: Exponential decrease to increase in temperature. 

 

ii. Effect of particle size and shape 

Few investigations have been conducted into the effect of particle size on nanofluid viscosity. 

Nguyen et al. [113] reported particle size effect of Al2O3-water nanofluid and noticed that 

particle size had a significant effect particularly for the nanofluids of high volume 

concentration. Their studies reported that for low volume concentrations such as below 4%, 

viscosities of 36 nm and 47 nm particle size Al2O3-water nanofluids were nearly equal. 

Moreover, for higher particle volume concentrations, viscosities of 36 nm particle size were 

lower than those of 47 nm size. In another study, Nguyen et al. [116] found that viscosity 

values of 36 nm particles were 5% lower than the value of 47 nm particle sizes. Also, the 

particle size effect was more significant for a higher particle fraction. Also, He et al. [26] 

reported an increase in shear viscosity with an increase in particle size. They measured TiO2-

distilled-water nanofluids viscosity for different volume concentrations and three different 

nanoparticle sizes (95,145, 210 nm). Figure 2.3 shows the increasing trend of viscosity with 

an increase in particle diameter for nanoparticle sizes (95,145, 210 nm).  
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Figure 2.3: Change of viscosity with the particle diameter [26]. 

 

Lu and Fan [122] examined viscosity of Al2O3 with water and ethylene glycol for many sizes 

of nanoparticles both numerically (simplified molecular dynamic (MD) simulation) and 

experimentally. They noticed that the viscosity of nanofluids decreased with an increase in 

the diameter of the particle. Also, for diameters more than 30 nm, the change in shear 

viscosity was relatively less. 

Chevalier et al. [123] took viscosity measurements of SiO2 with ethanol for three different 

sizes of particle diameter, 35, 94 and 190 nm, and observed that viscosity rose with a 

reduction in particle size. 

Pastoriza-Gallego et al. [124] also measured the viscosity of CuO in water for different 

particle sizes and volume concentrations. They utilised two different samples of CuO of 3 to 

37 nm and other 11 ± 3 nm diameter and measured the viscosity of both samples for 0 to 10 

wt.%. They measured the viscosity in the temperature range of 283.15 to 323.15 K and they 

found that the sample containing the smaller size exhibited larger viscosity. 

Prasher et al. [125] reported a different result from earlier investigations, and they indicated 

that nanofluid viscosity was not a rigorous function of nanoparticle diameter. They studied 

27, 40 and 50 nm of Al2O3 with propylene glycol and found that nanofluid viscosity changed 

slightly with particle diameter. 
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Timofeeva et al. [126] studied the shape of the particles and found that elongate particles 

such as platelets and cylinders produced higher viscosity at the same volume fraction. 

Furthermore, they suggested the use of spherical particles or lower aspect ratio spheroids for 

lower viscosities. Fewer results are available in the research about particle shape impact on 

the viscosity of nanofluids. Nevertheless, the viscosity of nanofluids has a huge dependency 

on nanoparticle shape [126, 127]. 

iii.  Effect of volume fraction 

Most of the available results about the viscosity of nanofluids regarding the effect of volume 

fraction acknowledge that viscosity of nanofluids increases with increasing volume fractions. 

Das et al. [128] proved Newtonian behaviour of Al2O3-water nanofluid between 1% and 4% 

particle volume concentration and pointed out that viscosity of nanofluid increased with 

increasing the particle concentration. Prasher et al. [125] noted that viscosity was 

proportionally enhanced when the nanoparticle volume fraction started to increase. They also 

determined that viscosity enlarged around (10 times) as the volume fraction increased. 

Chevalier et al. [123] measured the viscosity of SiO2 in ethanol at room temperature with 

three different nanoparticle sizes, 35, 94 and 190 nm, and for a volume concentration of 1.4% 

to 7%. The viscosity was found to increase substantially with an increase in volume 

concentrations.  

Some researchers reported a noticeable increase in viscosity with the addition of 

nanoparticles. For example, in the case of 12 vol.% of Al2O3 with water, viscosity increased 

5.3 times [116], for 12 vol.% of TiO2 with water, viscosity increased 1 200 times [129] and 

for 3 vol.% of SiC with DIW, viscosity increased 102% compared with that of DIW [130]. 

Metal oxide-based nanofluids have been extensively studied, and Al2O3- and TiO2-related 

research makes up most of the available literature concerning the viscosity of nanofluids.  

 

2.4.2. Theoretical investigation  

 

There are several theoretical formulae in the literature to determine the particle suspension 

viscosities. Among them, the formula proposed by Einstein [131] is one of the more popular 

ones. His hypotheses are based on the linear viscous fluid-carrying dilute, suspended, 
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spherical particles and low particle volume concentration (less than 2%). The suggested 

formula is as follows: 

𝜇𝑛𝑓 = 𝜇𝑏𝑓(1 + 2.5𝜙)                                                                                                                (𝟐. 𝟔)  

where 𝜇𝑛𝑓is the viscosity of suspension, 𝜇𝑏𝑓 is the viscosity of the base fluid and 𝜙 is the 

volume concentration of particles in the base fluid. In this equation, the viscosity is in direct 

proportion to the volume concentration and the size of the nanoparticles is not involved. 

The more recognised equation was developed by Brinkman in 1952 [132]. The formula is an 

extended form of Einstein’s formula, and it can be used with moderate particle 

concentrations, considering the effect of the addition of one solute molecule to an existing 

solution, which is considered as a continuous medium. The expression is valid for particle 

concentrations less than 4%, and is formulated as follows: 

 

𝜇𝑛𝑓 = 𝜇𝑏𝑓(1 − 𝜙)
2.5                                                                                                                  (𝟐. 𝟕)  

 

Krieger and Dougherty in 1959 [133] obtained a semi-empirical relation for the shear 

viscosity including the full range of particle volume fraction: 

𝜇𝑛𝑓 = 𝜇𝑏𝑓 (1 − (
𝜙
𝜙𝑚
⁄ ))

−⌊𝜂⌋𝜙𝑚

                                                                                        (𝟐. 𝟖) 

where 𝜙𝑚 is the highest particle packing fraction, which ranges from 0.495 to 0.54 under still 

conditions, and is about 0.605 at high shear rates and ⌊𝜂⌋ is the intrinsic viscosity, of which 

the standard value for monodisperse suspensions of hard spheres is 2.5.  

Lundgren [134] proposed the following equation in 1972 under the form of a Taylor series in 

∅: 

𝜇𝑛𝑓 = 𝜇𝑏𝑓 (1 + 2.5𝜙 +
25

4
𝜙2 + 𝑓(𝜙3))                                                                             (𝟐. 𝟗) 
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In 1977, Batchelor [135] proposed a formula by taking into account the effect due to the 

Brownian motion of particles on the bulk stress of a nearly isotropic suspension of rigid and 

spherical particles. The developed formula is as follows: 

𝜇𝑛𝑓=𝜇𝑏𝑓(1 + 2.5𝜙 + 6.5𝜙2)                                                                                                 (𝟐. 𝟏𝟎) 

A generalised form of the Franken and Acrivos formula was suggested by Graham in 1981 

[136] to involve the particle radius and interparticle spacing, following Einstein’s formula for 

small ∅. Graham’s formula is expressed as follows: 

𝜇𝑛𝑓 = 𝜇𝑏𝑓

(

 
 
1 + 2.5𝜙 + 4.5

[
 
 
 
 
1

(
ℎ
𝑑𝑝
. (2 +

ℎ
𝑑𝑝
)) . (1 +

ℎ
𝑑𝑝
)
2

⁄

]
 
 
 
 

)

 
 
                                 (𝟐. 𝟏𝟏) 

where ℎ is the interparticle spacing and 𝑑𝑝  is the particle radius. 

In 2003, Tseng and Lin [129] correlated the relative viscosity versus the particle 

concentration at shear rate γ = 100 s-1 and found that the relative viscosity exponentially 

increased with the concentration for TiO2-water nanofluid: 

 

𝜇𝑛𝑓 = 𝜇𝑏𝑓 × 13.47𝑒
35.98𝜙                                                                                                            (𝟐. 𝟏𝟐) 

2.5 Convection heat transfer of nanofluids 
 

Enhancing and understanding heat transfer rate are the main concerns at the design stage of 

different thermal devices for various industries, including chemical processes, heating, and 

cooling processes and even electronic devices. Diverse techniques were studied and 

developed to decrease operating cost. The most vital parameters in reducing the size and cost 

of heat transfer equipment are heat transfer coefficient and pressure drop or flow resistance. 

The primary purpose of the equipment design is to compromise between the minimisation of 

flow resistance and the enhancement of heat transfer coefficients. Therefore, it is crucial to 

develop methods and techniques to enhance the performance of heat exchangers. This section 

presents various experimental investigations into convective heat transfer for the various 

nanofluids, because there are many works of literature on laminar flow and turbulent flow, 

but only a few publications about the transition flow regime. 
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2.5.1 Experimental investigation into convective heat transfer in laminar flow 

 

Li and Xuan [8] prepared a nanofluid of Cu nanoparticles in water as a base fluid and 

experimented with evaluating the heat transfer coefficients in the laminar flow regime. They 

compared the results with water and found that for the same Reynolds number, the 

convective heat transfer coefficient of the nanofluid was improved by about 60% for the 

volume concentration of 2%. They also developed a Nusselt number correlation, as follows: 

 

 

𝑁𝑢 = 0.4328 (1 + 11.258 𝜙0.754𝑃𝑒𝑑
0.218)𝑅𝑒0.333𝑃𝑟0.4                                                     (𝟐. 𝟏𝟑) 

 

800 < 𝑅𝑒 < 4000 , 0 < 𝜙 < 2% 

 

Wen and Ding [19] conducted experiments in the entrance flow regime under laminar flow 

circumstances. The authors observed that convective heat transfer was enhanced in the 

laminar flow regime when using Al2O3 nanoparticles, which were scattered in the water. The 

convective heat transfer exhibited enhancement with Reynolds number, as well as particle 

volume concentration. The improvement was especially significant in the entrance regime 

and decreased with axial distance. The reasons for the enhancement of the convective heat 

transfer could be the increase in the effective thermal conductivity, the non-uniform 

distribution of thermal conductivity and viscosity field, the particle movement, and the 

reduction in the thermal boundary layer thickness. 

 

Yang et al. [9] experimentally investigated the convective heat transfer of graphite-water 

nanofluids under laminar flow conditions. For a 2.5 wt %, they encountered an increase in 

heat transfer of 22% over the base fluid at a temperature of 50 °C and 15% at a temperature 

of 70 °C. They predicted the Nusselt number as follows: 

 

𝑁𝑢 = 𝑎𝑅𝑒𝑏𝑃𝑟1 3⁄ (
𝐷

𝐿
)
1 3⁄

(
𝜇𝑤

𝜇𝑏
)
1
3⁄

                                                                                               (𝟐. 𝟏𝟒)     

5 < 𝑅𝑒 < 120 , 0 < 𝜙 < 2.5% 

 

where 𝑎 and 𝑏 can be determined by the nanofluid type and the working temperature.  
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Ding et al. [10] conducted experimental work to understand the parameters that affect the 

behaviour of heat transfer in aqueous suspensions flowing through a horizontal tube. They 

performed the experiments using carbon nanotubes (CNT), and it was found that 

concentration, flow conditions and pH level had a significant influence on heat transfer, but 

the effect of pH was observed to be small. The augmentation mainly relied on the axial 

distance from the inlet of the test section. The augmentation showed an increase which 

reached to the highest and then declined with growing axial distance. 

 

Murshed et al. [11] examined TiO2-water nanofluids under laminar flow conditions 

experimentally. The results showed that for Reynolds numbers of 1 100 and 1 700 and the 

volume concentration of 0.8 vol.%, the local heat transfer coefficient of the nanofluid was 

about 12% and 14% higher than the deionised water respectively at the location of x/D = 25. 

 

The effect of ultrasonication on viscosity and heat transfer enhancement was studied by Garg 

et al. [5].  They examined multi-walled carbon nanotubes (MWCNT)-based aqueous 

nanofluids. The maximum percentage enhancement of thermal conductivity was a 20% 

increase considerably after 24 °C. At the Reynolds number (500-700), the most significant 

percentage improvement in heat transfer coefficient was 32%. There was a continuous 

increase in heat transfer coefficient with axial distance. The participation of the significant 

increase in thermal conductivity with an increase in bulk temperature with axial distance was 

the reason for this behaviour. 

 

Kim et al. [137] experimented with a circular, straight tube. They used water-based alumina 

nanofluids and aqueous amorphous carbonic. The flow was controlled to be in the laminar 

flow regime. The increment in thermal conductivity and convective heat transfer coefficient 

was 8% and 20% respectively in alumina nanofluids holding 3 vol.% of suspended particles. 

For amorphous carbonic nanofluids, the thermal conductivity was similar to that of water, 

and the convective heat transfer coefficient increased by only 8%. The convective heat 

transfer enhancement at the entrance regime was due to the immigration of nanoparticles. 

 

Anoop et al. [20]  studied the effect of particle size on convective heat transfer. They used an 

aqueous solution of given nanoparticles in their experiments and the flow in the pipe was in 

the developing regime. It was noted that the nanofluid with 45 nm particles showed a better 
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heat transfer coefficient than with 150 nm particles. It was concluded that the observed 

increase in convective heat transfer with nanofluids was not only due to the enhancement of 

thermal conductivity but was also because of the effects of particle movement and thermal 

dispersion. They obtained the following correlation for Nusselt number: 

 

 

𝑁𝑢 = 4.36 + [𝑎𝑥∗
−𝑏(1 + 𝜙𝑐)𝑒𝑥𝑝(−𝑑𝑥∗)] [1 + 𝑒(

𝑑𝑝

𝑑𝑟𝑒𝑓
)−𝑓]              (𝟐. 𝟏𝟓) 

 

where 𝑎 = 6.219 × 10−3 , 𝑏 = 1.1522, 𝑐 = 0.1533,   𝑑 = 2.5228,   𝑒 = 0.57825, 𝑓 =

0.2183, 𝑑𝑟𝑒𝑓 = 100𝑛𝑚, 𝑥∗ =
𝑥

𝑅𝑒𝑃𝑟𝐷
,   50 <  

𝑋

𝐷
 < 200,    500 < 𝑅𝑒 < 2000, 0 ≤  𝜙 ≤ 4% 

 

 

Suresh et al. [138] examined the hybrid water-based nanofluid of Al2O3-Cu. They worked 

with a volume concentration of 0.1% and found that the enhancement of heat transfer was 

13.56% at Reynolds number of 1 730. They proposed a correlation to relate the Nusselt 

number with the various parameters, and it is as follows: 

 

𝑁𝑢 = 0.031 (𝑅𝑒𝑃𝑟)0.68(1 + 𝜙)95.73                                                                                         (𝟐. 𝟏𝟔) 

𝑅𝑒 < 2300, 0 ≤  𝜙 ≤ 0.1% 

 

 

Rea et al. [139] reported a heat transfer enhancement of 27% with alumina nanofluid at a 

volume concentration of 6%. They also experimented with zirconia nanofluid, and 3% 

enhancement was achieved at 1.32% volume concentration. A correlation for fully developed 

vertical pipe under laminar condition was obtained as follows: 

 

𝑁𝑢 = 1.619 (𝑥+)1 3⁄                                                                                                                       (𝟐. 𝟏𝟕) 

𝑥+ < 0.01, 𝑥+ =
2(𝑥 𝐷)⁄

𝑅𝑒𝑃𝑟
 

For Al2O3 nanofluids, 431 < 𝑅𝑒 < 2000, 0 <  𝜙 < 6% 

For ZrO2 nanofluids, 140 < 𝑅𝑒 < 362, 0 <  𝜙 < 3% 
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Table 2.1: Summary of forced convection laminar flow experimental studies on nanofluids 

under constant heat flux boundary conditions. 

Mechanism of enhancement Nanofluid Author 

  By increasing the particle volume concentration Cu-water Li and Xuan (2002) 

Non-uniform distribution of thermal conductivity due to particle 

migration effect and thermal boundary layers 

Thickness reduced with effect of viscosity field 

ɣ-Al2O3 Wen and Ding (2004) 

Particle weight concentration (wt.%) Graphite-water Yang et al. (2005) 

Particle rearrangement, due to the presence of nanoparticles 

there was reduction of thermal boundary layer, shear-induced 

Thermal conduction enhancement 

MWCNT-water Ding et al. (2006) 

Particle volume concentration and the position (x/D) TiO2-water Murshed et al. (2008) 

Increase in axial distance MWCNT-water Garg et al. (2009) 

Disturbances of thermal boundary layer Alumina-water 

Carbonic 

nanoparticle- 

water 

Kim et al. (2009) 

Thermal dispersion and particle migration effects Al2 O3-water Anoop et al. (2009) 

Brownian diffusion and thermophorises Al2 O3-cu-water Suresh et al. (2012) 

Thermal conductivity enhancement Al2O3- and 

ZrO2-water 

Rea et al. (2009) 

 

2.5.2 Experimental investigation into convective heat transfer in turbulent flow 

 

Pak and Cho [18] conducted an experimental investigation  using  ɣ-Al2O3-water and TiO2-

water nanofluids for fully turbulent flow and reported a 45% enhancement of the heat transfer 

coefficient with the ɣ -Al2O3-water nanofluid at a volume concentration of 1.34% and for 

TiO2-water nanofluid, a 75% enhancement of the heat transfer coefficient at a volume 

concentration of 2.78%. However, at the same concentration, the heat transfer enhancement 

for TiO2-water nanofluid was less than that of the ɣ-Al2O3-water nanofluid. They suggested a 

correlation-related Nusselt number with Reynolds and Prandtl number, as follows: 

 

𝑁𝑢𝑛𝑓 = 0.021𝑅𝑒𝑛𝑓
0.8𝑃𝑟𝑛𝑓

0.5                                                                                                              (𝟐. 𝟏𝟖) 

104  ≤ 𝑅𝑒 ≤ 105, 6.54 < 𝑃𝑟 < 12.33, 0 ≤  𝜙 ≤ 3% 



33 

  

Vajjha et al. [140] introduced new correlations for convective heat transfer and friction factor 

from the experiments of nanoparticles composed of aluminium oxide, copper oxide and 

silicon dioxide scattered in 60% ethylene glycol and 40% water by mass. The heat transfer 

coefficient of nanofluids recorded an increase with the volumetric particle concentration. For 

instance, at a Reynolds number of 7 240, the percentage increase in the heat transfer 

coefficient over the base fluid for a 10% Al2O3 nanofluid was 81.74%. The pressure loss of 

nanofluids also increased with an increase in particle volume concentration since the rise in 

pressure loss for a 10% Al2O3 nanofluid at a Reynolds number of 6 700 was about 4.7 times 

than for the base fluid. This loss was due to the growth in the viscosity of the nanofluid with 

concentration. 

 

𝑁𝑢 = 0.065 (𝑅𝑒0.65 − 60.22)(1 + 0.0169𝜙0.15)𝑃𝑟0.542                                                    (𝟐. 𝟏𝟗) 

𝑅2 = 0.97, 3000 < 𝑅𝑒 < 16000 

0 ≤ 𝜙 ≤ 0.06 %  for CuO2 and SiO2 

0 ≤  𝜙 ≤ 0.1 %  for Al2O3 nanofluid 

 

 

Ferrouillat et al. [141] examined SiO2-water nanofluids for the entire flow with special focus 

on the turbulent flow results. Results showed that at a volume concentration of 18.9%, the 

heat transfer was enhanced by 50% for a Reynolds number greater than 1 000. Sundar et al. 

[142] conducted tests for a horizontal circular tube with and without twisted-tape inserts. 

They studied the convection heat transfer and friction factor characteristics of magnetic 

nanofluid in the turbulent flow regime. At of 0.6 vol%, the heat transfer augmentation was 

51.88% when working with a twisted-tape insert of twist ratio H/D = 5, while the friction 

factor of the same volume concentration of nanofluid was  1.231 times more than water 

flowing in a plain tube for the same twist ratio and Reynolds number. They developed the 

following correlation as a result of their experiments: 

 

 

𝑁𝑢 = 0.02172 𝑅𝑒0.8𝑃𝑟0.5(1 + 𝜙)0.5181                                                                                   (𝟐. 𝟐𝟎) 

3000 ≤ 𝑅𝑒 ≤ 22000, 3.72 < 𝑃𝑟 < 6.5, 0 ≤  𝜙 ≤ 0.6% 
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Azmi et al. [143] studied forced convection heat transfer and friction factor using SiO2 

nanofluid in the turbulent flow regime. They reported an enhancement of the Nusselt number 

because at a volume concentration of 3.0%, the Nusselt number was enhanced by 32.7%. 

Moreover, the friction factor at the same nanofluid particle concentration was 17.1% greater 

than for water. They also observed that the pressure drop decreased when the particle volume 

concentration increased more than for pure water. The friction factor of the nanofluid was 

found to reduce with an increase in Reynolds number at any concentration. Kayhani et al. 

[144] conducted an experimental study on convective heat transfer and pressure drop in the 

turbulent flow regime. They did the tests on water-based nanofluids that contained a given 

nanoparticle of (15 nm) size through a heated continuously horizontal circular tube 

containing 0.1, 0.5, 1.0, 1.5 and 2.0 vol% of nanoparticles. The results showed an 

enhancement of 8% in Nusselt number at a Reynolds number of 11 800 and nanoparticle 

volume concentration of 2.0 %. They also observed an increase in heat transfer coefficients 

with an increase in the nanofluid volume concentration; however, no change was noticed in 

changing the Reynolds number.  Sahin et al. [145] studied the influence of  Al2O3-water 

nanofluid on the convective heat transfer and the pressure drop characteristics. Nanofluid 

volume concentrations of 0.5%, 1%, 2% and 4% was used inside a circular tube in the 

turbulent flow regime. All concentrations below 2% showed an enhancement of heat transfer 

number. Furthermore, heat transfer was noticed to increase with Reynolds number. The 

particle volume fraction up to the particle volume concentration smaller than 1 vol% also 

showed positive results concerning the heat transfer. They reported the unsuitability of 

nanofluids with a volume concentration higher than 1 vol.% because the viscosity growth of 

the nanofluids influenced the heat transfer enhancement much more than the thermal 

conductivity of the nanofluids. The friction factor increased with a rise in the particle volume 

concentration, due to an increase in the viscosity. The volume concentration of 0.5% recorded 

the highest heat transfer enhancement achieved at Reynolds number of 8 000. 

Suresh et al. [146] experimented with nanofluids in a clear and helically dimpled pipe. The 

convective heat transfer and friction factor characteristics of CuO-water under turbulent flow 

were considered.  The results showed that the use of the helically dimpled pipe contributed to 

the heat transfer augmentation with the use of the nanofluids. The improvement in the heat 

transfer was associated with a negligible increase in friction factor compared with the clear 

pipe. The enhancement of Nusselt number due to the nanofluids for the dimpled tube 

compared with the clear tube was 19%, 27% and 39% at 0.1%, 0.2% and 0.3 vol% 

respectively. The experimental results determined that the dimpled tube friction factors were 
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about 2 to 10% higher than those of the plain tube of isothermal pressure drop. They 

presented the following correlation: 

 

𝑁𝑢 = 0.00105𝑅𝑒0.984𝑃𝑟0.4(1 + 𝜙)−80.78(1 +
𝑝

𝑑
)2.089                                                         (𝟐. 𝟐𝟏) 

2500 < 𝑅𝑒 < 6000, 0 < 𝜙 < 0.3% 

 

Yu et al. [147] conducted an experimental investigation into convective heat transfer with 

Therminol 59-based nanofluids under turbulent flow regime. They dispersed copper 

nanoparticles at particle volume concentrations of 0.50% and 0.75%. The heat transfer 

coefficients were enhanced by 18% when using low concentrations (<2.00 vol.%) of 

nanoparticles for high temperature circumstances. 

 

Asirvatham et al. [148] performed experiments in a horizontal tube-in-tube test section. 

Silver-water nanofluids were used. They showed that the nanoparticles significantly 

increased the heat transfer coefficient by 28.7% for 0.35 vol.% and 69.3% for 0.9 vol.%. 

They also developed the following correlation for Nusselt number: 

 

𝑁𝑢 = 0.0023 𝑅𝑒0.8𝑃𝑟0.3 + (0.617𝜙 − 0.135)𝑅𝑒(0.445𝜙−0.37)𝑃𝑟(1.081𝜙−1.305)              (𝟐. 𝟐𝟐) 

 

900 < 𝑅𝑒 < 12100, 0 < 𝜙 < 0.9% 

 

Sajadi and Kazemi [28] investigated the use of TiO2-water nanofluid. They reported an 

increase in heat transfer coefficient of 22% at 0.25 vol.%. They developed the following 

correlation:  

 

𝑁𝑢 = 0.067 𝑅𝑒0.71𝑃𝑟0.35 + 0.0005𝑅𝑒                                                                                     (𝟐. 𝟐𝟑)                              

5000 < 𝑅𝑒 < 30000, 0 < 𝜙 < 0.25% 

The results obtained from the experimental investigation into the turbulent regime are 

presented in Figure 2.4. 
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Figure 2.4: Graphical representation of heat transfer coefficient and Reynolds number for 

various nanoparticles at different volume concentrations for turbulent flow regime. 

 

Table 2.2: Summary of forced convection turbulent flow experimental studies on nanofluids 

under constant heat flux boundary conditions. 

Heat transfer enhancement 

mechanisms 

 

Flow regime 

(Range of Reynolds 

numbers) 

Nanofluid 

 

Author 

 

Increasing the particle volume 

concentration 

10 000 to 100 000 ɣ-Al2O3 Pak and Cho (1998) 

Particle volume concentration 2 200 to 16 000 Al2O3/EG-water 

CuO/EG-water 

SiO2/Eg-water 

Vajjha et al. (2010) 

Particle weight concentration 200 to 10 000 SiO2-water Ferrouillat et al (2011) 

Use of twisted-tape insert of twist 

ration H/D=5 

3 000 to 22 000 Fe3O4-water Sunder et al. 

Increment in particle volume 

concentration 

5 000 to 27 000 SiO2-water Azmi et al. (2013) 

Particle volume concentration 7 000 to 

15 000 

TiO2-water Kayhani et al. (2012) 

    

Particle volume concentration and 

Reynolds number 

4 000 to 20 000 Al2O3-water Sahin et al.  (2013) 

Increasing volume concentration in 

plain tube, Reynolds number and 

dimpled tube in geometry 

2 500 to 6 000 CuO-water Suresh et al.  (2012) 

Nanoparticle volume fraction 3 000 to 8 000 Copper in 

Therminol 59 
Yu et al. (2013) 

Enhancement of thermal conductivity 

by the chaotic movement of the 

nanoparticles 

1 000 to 12 000 Silver-water Asirvatham et al. (2011) 

Nanoparticle scattering 5 000 to 30 000 TiO2-water Sajadi and Kazemi (2011) 



37 

  

 

2.5.3 Experimental investigation into convective heat transfer in transitional 

flow regime 

 

Meyer et al. [24] did experiments to investigate the convective heat transfer enhancement of 

multi-walled carbon nanotubes suspended in water. They tested the nanofluid in a straight 

horizontal tube covering Reynolds number range of 1 000 to 8 000, which included the 

transition flow regime. Experiments were conducted at a constant heat flux of 13 kW/m2 

with 0.33, 0.75 and 1.0 vol% of multi-walled carbon nanotubes. The nanotubes had an 

outside diameter of 10 to 20 nm, an inside diameter of 3 to 5 nm and a length of 10 to 30 lm. 

It was found that heat transfer was enhanced when comparing the data on a Reynolds-Nusselt 

graph.  

Li et al. [149] performed tests on zinc oxide/ethylene glycol-water (ZnO/EG-water) and heat 

transfer and pressure drop were investigated in a circular pipe. The range of Reynolds 

number was from 1 000 to 6 000, including the transition from laminar to turbulent. The mass 

concentration and particle size for the nanofluid were from 0 to 5 wt.% and 26 nm 

respectively. It was found that the nanofluid had a maximum of 30% higher heat transfer 

coefficient than base fluid at mass fraction of 2.5 wt.%, whereas at higher values of the 

nanoparticle mass concentration of 5 wt.%, the heat transfer coefficient decreased. There was 

an optimal value of the concentration for the nanoparticles to have the maximal enhancement 

of the heat transfer. The measurements also showed that the pressure drop of nanofluid was 

higher than that of the base fluid in a turbulent flow regime.  

Naik et al. [150] tested CuO-propylene glycol nanofluid with less than 50 nm particles size 

and volume concentrations of 0.05, 0.1 and 0.5%. The experiments were carried out in a plain 

circular tube with helical inserts having aspect ratio from 0 to 9 for the Reynolds number 

range from 2 500 to 10 000. The enhancement of Nusselt number at 0.5% concentration was 

28% higher in a plain tube and increased by 5.4 times over the base fluid when using helical 

insert with aspect ratio of three. On the other hand, the friction factor increased by 10% for 

the plain tube and 140% for the helical insert. Liu and Yu  [23]  conducted a set of 

experiments of Al2O3-water nanofluid in a circular mini-channel. The volume concentrations 

used were 1, 2, 3.5 and 5%, and the Reynolds number range covered the laminar, transition 

and early turbulent regimes. The starting of transition was found to be delayed with the v in 
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the volume concentration and the heat transfer enhanced in the laminar flow regime with a 

penalty in the pressure drop. Ma et al. [151] performed experimental work on Fe3O4-water 

nanofluids. The fluid flowed through a horizontal copper tube in the transition regime (2 500-

5 000), the volume concentrations were 0.05, 0.16 and 0.24% and the average and local heat 

transfer coefficients were presented against Reynolds number. The results showed that the 

average heat transfer coefficient of water cannot be enhanced by adding Fe3O4 nanoparticles. 

However, it was also observed for the local heat transfer coefficient results that the 

enhancement was slightly significant at the outlet of the test section, while it became steady 

in the developed regime. Chougule and Sahu [152] examined the forced convective heat 

transfer of Al2O3-water and CNT-water nanofluids through a uniformly heated horizontal 

circular tube in the transition regime with helically twisted-tape inserts estimated 

experimentally. Tests were conducted with a varied range of particle volume concentrations 

(0.15%, 0.45%, 0.60% and 1%) and helical tape inserts of twist ratio (TR) = 1.5, 2.5 and 3. It 

was observed that the heat transfer performance of both the nanofluids increased with an 

increase in the particle volume fraction. The average increase in Nusselt number of CNT-

water nanofluids at 1vol% was 75.02%, while it was 39.03% for Al2O3-water nanofluid at the 

same volume concentration.  

2.6 Transition in plain horizontal tubes  
 

 

 

 

 

 

 

 

 

 

Figure 2.5: Representation of flow regimes in terms of Nusselt number against Reynolds 

number. 
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The regime where the flow manifests from the laminar to turbulent is known as the transition 

flow regime, as shown in Figure 2.5. In this regime, a drastic increase in the pressure drop 

takes place, and the flow fluctuates in the form of eddies and pulses. There is still a lack of 

design information on this regime, and that is the reason for the recommendation by 

designers to avoid operating in this regime [153, 154]. 

Ghajar and Tam were the first researchers to study the effect of the inlet geometry on the 

transition flow regime [155]. They measured the pressure drop in a horizontal circular test 

section, a straight tube with re-entrant, square-edged and bell-mouth inlets under adiabatic 

flow conditions. They reported a Reynolds number range of 500 to 15 000. The fully 

developed friction coefficient data for the three inlet configurations revealed that the range of 

Reynolds number values for which transition flow endured was 1 980 to 2 600 for the re-

entrant inlet, 2 070 to 2 840 for the square-edged inlet, and 2 125 to 3 200 for the bell-mouth 

inlet. The authors also developed a correlation to predict the friction coefficient for the fully 

developed flow in the transition regime for each inlet. A variation of the laminar friction 

factor with tube length for different inlets was presented and qualitative results were given. 

The local friction factor results showed that for low laminar Reynolds numbers, the friction 

factor did not depend on (x/D) only, as reported by other researchers, but it also had a strong 

dependence on Reynolds number. 

Ghajar and Tam [156] studied the influence of inlet geometry on forced and mixed 

convection heat transfer. They experimented with re-entrant, square-edged and bell-mouth 

inlets under uniform heat flux conditions. The local heat transfer coefficients were presented 

for a Reynolds number range of 280 to 49 000, Prandtl number changed from 4 to 158, and 

the range of Grashof number was from about 1 000 to 2.5 x 105. The heat transfer transition 

Reynolds number was found to be 2 000 to 8 500 for the re-entrant inlet, 2 400 to 8 800 for 

the square-edged inlet, and 3 800 to 10 500 for the bell-mouth inlet. They proposed heat 

transfer coefficient correlations for developing and fully developed forced and mixed 

convection for the three inlets. In a separate study, the same authors [157]  developed a flow 

regime map to identify the forced convection zone from the mixed convection. The flow map 

is valid for all flow regimes for the case of uniform heat flux. The map can identify the 

buoyancy effect at a particular location (X/D) by determining the value of Grashof × Prandtl 

for a specific Reynolds number. 
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Tam and Ghajar [158] investigated the effect of heating on the friction factor coefficient in 

the fully developed transition regime. They used a horizontal circular, straight test section 

with re-entrant, square-edged and bell-mouth inlets under uniform heat flux flow conditions. 

The working fluid used was a mixture of ethylene glycol-water inlet. The Reynolds number 

of 1 000 to 17 000 was covered to include the laminar, transition and turbulent regimes. The 

results revealed that the range of Reynolds number values for which transition occurred was 

2 900 to 3 500 for the re-entrant inlet, 3 100 to 3 700 for the square-edged inlet, and 5 100 to 

6 100 for the bell-mouth inlet. Different heat fluxes were used to examine the effect of 

heating on the friction factor. The results showed that the friction factor increased with an 

increase in the heating rate for the same Reynolds number due to the secondary flow caused 

by heating. The heating also affected the transition because at the highest heating value of 16 

kW/m2, the transition took place at a Reynolds number range of 4 100 to 5 900 for the re-

entrant inlet, 4 500 to 6 400 for the square-edged inlet, and 7 300 to 9 600 for the bell-mouth 

inlet. 

Olivier and Meyer [159] and Meyer and Olivier [160] performed experiments by cooling 

water in a smooth horizontal pipe with diameters of 15.88 and 19.02 mm. They used four 

inlet configurations: hydrodynamically fully developed, square-edged, re-entrant and 

bellmouth. Adiabatic and diabatic friction factor results were presented for a Reynolds 

number range of 1 000 to 20 000, Prandtl number varied between four and six, and Grashof 

number was 105. Adiabatic measurements showed that transition was well dependent on the 

inlet shape, with the transition delayed to Reynolds number of 12 000. Diabatic results 

revealed that transition was independent of the inlet, and transition occurred at Reynolds 

number of 2 100. They explained that the reason for the inlet configuration not influencing 

the transition in diabatic results was due to the secondary flow overcoming the disturbance of 

the inlets. Laminar heat transfer and friction factors were also considerably higher than their 

theoretical equivalents. This could also be connected to secondary flows. 

Olivier and Meyer [159] reported adiabatic friction factor coefficient data for fully developed 

and developing flow in the transition regime. They used enhanced tubes and three inlet 

configurations, square-edged, re-entrant and bellmouth inlets. Results proved that the inlet 

influenced transition in the same way as for the smooth tube. The transition was delayed for 

the three, and the most delayed one was the bellmouth inlet. The authors developed a 

correlation to predict the critical Reynolds number and the fully developed friction factors in 

the transition regime. The same authors investigated heat transfer and diabatic friction 
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coefficients  [161]. They added the hydrodynamically fully developed inlet to the inlets in the 

previous study. It was found, unlike the first study, that the inlet shape did not affect the 

transition as it was started at Reynolds number of 2 000 and ended at 3 000. 

Everts and Meyer [162] obtained heat transfer and pressure drop data in the transition flow 

regime for both fully and developing flow under constant heat flux. The study covered the 

Reynolds numbers between 700 and 10 000 at various heat fluxes.  They found that the 

critical Reynolds number was not a function of axial location, and the transition happened at 

the same time throughout the test section length. Nonetheless, the end of transition was 

dependent on axial position and happened earlier as the flow neared fully developed flow. 

Free convection effects induced both the start and end of the transitional flow regime and 

prompted the Reynolds number range of the transitional flow regime to reduce. They 

developed correlations to predict the beginning and end of the transitional flow regime. 

Meyer and Everts in parallel work to the previous research [163] investigated mixed 

convection laminar flow, as well as the impact of free convection on the transition along the 

tube length. They also described and developed a correlation for the relationship between 

heat transfer and pressure drop in all flow regimes including the transition regime [164]. The 

same authors, in a separate paper, presented flow regime maps. The maps were not limited to 

the fully developed flow, but were also included in the developing flow [165]. 

2.7 Conclusion  
 

The literature review presented research into the enhancement of heat transfer when using 

nanofluids. The factors influencing this improvement are the thermal conductivity, the heat 

capacity of the base fluid, Brownian motion, flow pattern, the viscosity and density of the 

volume fraction of the suspended particles, the size and shape of the particles, and the 

nanolayer thermal conductivity. Because of the importance of the preparation process in 

having an effective nanofluid, nanofluid preparation techniques were discussed in the 

literature review. 

Thermal conductivity of the nanofluids was also discussed, and some of the theoretical and 

experimental investigations were reviewed. Thermal conductivity models and the empirical 

correlation were presented. Various factors affecting the viscosity of nanofluids were 

discussed, and the section covered both experimental and theoretical investigations into 

nanofluid viscosity. The convective heat transfer of nanofluids was reviewed and presented 
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under all three regimes, and the enhancement of nanofluids during heat transfer was reported. 

It was found that there was not enough research on the transition flow regime. In the last 

section of this chapter, the transition in plain tubes was discussed, and the work of Ghajar and 

his co-authors showed the significant influence of the inlet geometry on the transition flow 

regime. Meyer and his co-authors continued the practice of Ghajar, and they focused on the 

developing flow. They developed a relationship between pressure drop and heat transfer and 

they presented flow regime maps for the developed and developing a flow. 

There is limited literature on heat transfer enhancement and pressure losses in the transition 

flow regime for nanofluids. Therefore, this study will contribute to knowledge in this area. 
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CHAPTER 3      EXPERIMENTAL SET-UP 

AND TEST SECTION   

 

3.1 Introduction 
 

In this chapter, a general description of the experimental set-up is given including 

specifications for the equipment used for measuring the necessary parameters needed for the 

analysis. The procedures followed to run the experiments are presented and the test section 

building process is explained. The data reduction method is described to illustrate the method 

used to determine the Nusselt number, heat transfer coefficients and friction coefficients from 

the first principle. The instrument accuracies and an outline of the anticipated uncertainties 

are presented, the specification for the porous media used in the second test section is 

presented, and the building procedures of filling the test section with nickel foam are also 

described. 

 

3.2 Experimental set-up 
 

The basic layout of the experimental set-up is illustrated in Figure 3.1. The test rig consisted 

of a 10-litre tank (1), which was used to store and supply the nanofluid through the variable 

speed pump magnetic gear pump (2) to the test section (3). The test section was connected to 

the power supply to produce a uniform heat flux along the test section so that the water was 

heated up from Ti to Te. To prevent the heat from being lost, the heat exchanger was insulated 

using thermal insulation (4) with a thickness of 50 mm (four layers). The water left the test 

section at a higher temperature through the flow meter (5), which was used to measure the 

mass flow rate. The temperature at the inlet to the test section was maintained at 20 °C by 

cooling the hot water leaving the test section in a heat exchanger (8), where the heat was 

transferred to cold water from a chiller (6) through a circulating pump (7). The system was 

provided with a data acquisition system to receive signals from the thermocouples, pressure 

transducers, flow meters, and power supply and then to process these in a computer (9). A 

Lab View program was used for logging the data.   
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Figure 3.1: Layout of the experimental set-up. 

 

3.3 Test section  
  

Figure 3.2 presents a schematic diagram of the test section, which is a rectangular copper 

channel with a width of 8 mm, height of 5 mm, and length of 450 mm. The test section was 

heated by Constantine wire at 200 W using a DC power supply at a current of 0.75 A and 

voltage of 125 V.  

The test section was joined to the test rig using a rectangular channel with the same size and a 

length of 700 mm as a developing length to ensure that the flow was fully developed 

hydraulically as presented in Figure 3.2. An acetyl bush was used to separate the developing 

section from the test section to avoid any axial heat transfer loss. The hydrodynamic entry 

length was used to ensure that the flow was hydraulically fully developed in the laminar and 

turbulent flow regimes. The length was determined according to Kays and Crawford [166], as 

follows: 

 

𝐿𝑒𝑛𝑡𝑟𝑦 = 0.05 𝑅𝑒 𝐷ℎ                                                                                                                          (𝟑. 𝟏)  

 

The entry length was found to be 600 mm and it was made from the same material and with 

the same cross-section size as the test section. 
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Figure 3.2: Schematic diagram of the test section. 

 

Two mixers, as shown in Figure 3.2, were placed in the test section. The first was at the inlet 

of the test section before the entry length and the second mixer connected the outlet of the 

test section to the test rig, The mixtures were used in such a way to ensure the temperature at 

the inlet and the outlet of the test sections was uniform. The mixture consisted of four copper 

plates, each one positioned perpendicular to the other to assist in splitting and therefore 

mixing the streams of the flow. The design was adapted from the work of Galaktionov et al. 

[167]. The plates were 25 mm each inserted into 12.1 mm diameter pipe of 100 mm length.   

 

Figure 3.3 shows that seven thermocouple stations were attached to the test section wall (with 

four thermocouples at each station) to measure the average wall surface temperature, and two 

thermocouples were attached to the inlet and outlet to measure the inlet and outlet fluid 

temperatures respectively.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Distribution of the thermocouple stations over the test section and pressure tap 

positions. 
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A small pilot dent of 1 mm diameter was drilled into the test section to attach the 

thermocouple to the test section. The pilot dents were filled with solder, and then the test 

section was heated up to melting point to join the thermocouple end into the hole by applying 

a drop of solder.  Figure 3.4 shows the joined thermocouple with the tightly coiled heating 

wire, and also shows the adjacent coiling of the heating wire to the thermocouple to ensure 

that the heat flux throughout the test section was uniform. 

 

 

 

 

 

 

 

 

 

 

Figure 3.4: Thermocouple joint adjacent to the heating wire on the wall of the test section. 

 

The thermocouples were attached to the test section wall, then calibration was done by 

circulating water from a thermal bath into the test section, the thermal bath was thermostat-

controlled, and the temperature was varied from 15 to 50 °C with an increment of 5 °C. A 

digital thermometer was inserted into the thermal bath to log the temperature and to compare 

it with the thermocouple readings. The measurements were taken when the difference in the 

temperature between the inlet and the outlet thermocouples was less than 0.1 0C.   

The uniform heat flux on the section was achieved by attaching Constantine wire to an 800 W 

power supply. The Constantine wire has a resistivity of 5×10−7Ω. The diameter of the wire 

was 0.24 mm, and 30 m of it was used. The wire was coiled tightly and uniformly throughout 

the test section. The use of 125 V and current of 0.75 A resulted in a heat flux of 6.9 kW/m2. 

 

To measure the pressure drop across the test section, two pressure taps were attached to the 

two ends of the test section, as shown in Figure 3.3. They were 30 mm long and 4 mm 

diameter copper tubes. The pressure taps were joined to the test section by using silver solder, 

and then a 0.5 mm hole was drilled into the test section through the taps. Burrs were removed 
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after the drilling was completed to avoid any eddy formation, which could result in 

measurement error. The use of such small-hole diameters was to obtain accurate pressure 

readings because the small diameter would help to avoid flow disturbance [168]. 

3.4 The test section with porous media insert  
 

 

 

 

 

 

 

Figure 3.5: Layout of the nickel foam inserted into the test section, and the thermocouple 

station distribution. 

The same test section was filled with a porous media insert of rectangular shape to assist in 

the heat transfer enhancement by increasing the contact surface area with the channel. The 

porous media was high-porosity foam procured from Alantum, Korea. The supplied foam 

was initially a rectangular sheet of 200 x 300 mm, the standard specification of the nickel 

foam is listed in Table 3.1. 

The foam was cut into strips with the same dimensions as those of the test section to place it 

in the test section. Figure 3.6 shows the foam strips placed in the rectangular channel. 

 Table 3. 1: standard specification for the Ni foam supplied by Alantum. 

Pore size (mm) Area density 

(g/mm2) 

Porosity 

(%) 

Thickness 

(mm) 

Permeability 

3 800 98 3.5  

 

The strips were cut accurately to the required size by using water jet cutting technology; the 

strip height was made to be slightly higher than the channel height to produce strong, tight 

bonding with the channel. The dimensions of the cut foam and the open channel are 

illustrated in Figure 3(a), and the placement of the foam in the channel before and after 

mechanical bonding of the top of the channel is shown in Figure 3(b) and Figure 3(c) 

respectively.    
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Figure 3.6: Nickel foam placement in the open rectangular channel. 

 

  

 

 

 

 

 

Figure 3.7:  (a) Top opened test section and the foam, (b) foam inserted tightly into the test 

section, (c) foam mechanically ponded to the test section after the top of the test section was 

brazed. 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: (a) Mechanical ponding of the foam and the test section, (b) brazing of the top of 

the channel. 
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For the placement of the nickel porous foam in the test section, the top of the channel was 

opened, as shown in Figure 3.6, by using a bench saw, and then the top was machined to 

ensure a smooth surface to assist bonding the top of the channel to the test section, and then 

the foam was placed along the channel length by mechanical bonding, as shown in Figure 3.8 

(a). To secure the foam inside the channel, the plate was also brazed carefully, as shown in 

Figure 3.8 (b), to avoid any solder droplet to leak into the channel, preventing the clogging of 

porous media, and preventing any leaks of the nanofluids while testing. The porosity of the 

test section foam arrangement was calculated again to count for any changes occurring to the 

porous media because of the foam insertion to the channel. The porosity was found to be 3% 

less than the original foam porosity, and this value was considered for the calculation. 

 

3.5 Instruments 

3.5.1 Pressure transducers 

 

The pressure transducer of 0.08% accuracy at full scale was used to measure the pressure 

drop, the full scale of the pressure transducer was 17 kPa. The pressure transducer was 

calibrated using a water manometer, which had an accuracy of 50 Pa. Seven calibration 

points were obtained for the calibration. The calibration was conducted, and the calibration 

given by the supplier of the pressure transducer differed by 2%.  Nylon tubing was then used 

to connect the pressure tap to the pressure transducer. 

3.5.2 Flow meter  

 

One Coriolis flow meter of a maximum flow rate of 250 l/h was used to measure the flow 

rate. The factory calibration uncertainty of the flow meter was 0.05%. 

3.5.3 Power supply 

 

A direct current (DC) power supply of 800 W rated power was used to supply the heating 

wire with a heat source in the form of a DC. The maximum voltage used was 250 V at a 

current of 0.75 A. 
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3.5.4 Data acquisition system  

 

The data acquisition system consisted of a personal computer using National Instruments 

LabVIEW software, and it was utilised to record the data from thermocouples (temperatures), 

pressure transducers (pressure drops) and flow meters (mass flow rates). The data acquisition 

system also recorded the mass flow rate signal from the pump. 

3.6 Testing procedures 
 

The system was switched on by starting the pump first. The tank was filled with the testing 

fluid (either water or nanofluid), and all the valves of the circulating loop were in the correct 

position for the fluid to circulate from the tank through the test section and the other 

instruments back to the tank again. The flow rate was set at a value to correspond to the 

maximum Reynolds number before the heat flux was applied by switching the power supply 

and adjusting the required voltage. Steady-state conditions were monitored, and it was 

reached after 40 minutes, steady-state conditions were recognised when the temperature, 

pressure drop and the flow rate measurements remained unchanged for three minutes. When 

steady state was achieved, a group of data points were captured including the inlet and outlet 

temperatures, wall temperatures, pressure drop and the flow rate. A total of 200 data points 

were captured with a 1-second interval, then the flow rate was decreased and the same 

procedures were followed. In the transition regime, more data points were captured because 

the decrement of the flow rate was less than in the turbulent and the laminar flow regimes. 

3.7 Conclusion 
 

The test section was built by attaching the thermocouples along the test section, the heating 

wire was coiled carefully around the test section, and the whole test section was covered by 

thermal insulation of 50 mm. To ensure accurate measurements, the thermocouple and 

pressure transducers were calibrated and the calibration detailed in Appendix A. Special care 

was given to the nickel foam strips by cutting them into the correct size to fit tightly into the 

rectangular test section to ensure efficient contact for the heat transfer improvement. 
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CHAPTER 4      DATA REDUCTION AND 

VALIDATION OF THE SET-UP 

4.1 Introduction  
 

The data reduction and the equations used in the calculation are presented in the first part of 

this chapter. The uncertainty results of the instruments and the analysis parameters are also 

listed. In the last section of this chapter, detailed validation results are given by comparing 

the water measurements for the heat transfer and the pressure drop with the well-established 

correlations in the open literature.  

 

4.2 Data reduction  
 

4.2.1 Pressure drop 

 

The average velocity (V) of a fluid of calculated density (𝜌) and a mass flow rate (�̇�) across 

a rectangular cross-section of measured width (z) and measured height (h) can be calculated 

from the following equation: 

𝑉 = 
�̇�

𝜌 𝐴𝑐
                                                                                                                                            (𝟒. 𝟏) 

Cross-sectional area of the test section, 

  𝐴𝑐 = 𝑍ℎ                                                                                                                                             (𝟒. 𝟐) 

then, 

𝑉 = 
�̇�

𝜌 𝑧ℎ
                                                                                                                                            (𝟒. 𝟑) 

 

The hydraulic diameter of the rectangular test section can be expressed as: 

𝐷ℎ = 
4𝐴𝑐
𝑝
                                                                                                                                           (𝟒. 𝟒) 
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Perimeter: 

 𝑝 = (2𝑧 + 2ℎ)                                                                                                                                   (𝟒. 𝟓) 

The hydraulic diameter is formulated as follows:  

 𝐷ℎ =
4𝑍ℎ

2𝑍+2ℎ
                                                                                                                                        (𝟒. 𝟔)  

The Darcy equation is used to calculate the friction coefficient as a function of the measured 

hydraulic diameter (𝐷ℎ), measured pressure drop (∆𝑃), measured length (𝐿) of the test 

section and measured fluid density (𝜌), as shown in the following equation: 

 

𝑓 =
2 ∆𝑃 𝐷ℎ
𝜌𝐿 𝑉2

                                                                                                                                       (𝟒. 𝟕) 

                                                                                                            

4.2.2 Heat transfer 

 

The heat gained by the water (𝑄𝑊𝑎𝑡𝑒𝑟)   as a function of the measured inlet temperature (𝑇𝐼) 

and the measured outlet temperature (𝑇𝑒), the calculated specific heat of the water is (𝐶𝑃) : 

  �̇�𝑊𝑎𝑡𝑒𝑟 = �̇� . 𝐶𝑃 . (𝑇𝑒 − 𝑇𝑖)                                                                                                          (𝟒. 𝟖)     

   

The heat generated by the heating wire (𝑄𝐸𝑙𝑒𝑐 ), the measured voltage across the wire and the 

measured current are (V) and (I) respectively: 

�̇�𝐸𝑙𝑒𝑐 = 𝑉𝐼                                                                                                                                           (𝟒. 𝟗) 

Energy balance (EB) can be estimated as follows: 

𝐸𝐵 = 
�̇�𝑒𝑙𝑒𝑐 − �̇�𝑊𝑎𝑡𝑒𝑟

(�̇�𝑒𝑙𝑒𝑐 + �̇�𝑤𝑎𝑡𝑒𝑟)
2
⁄
                                                                                                           (𝟒. 𝟏𝟎) 

The heat flux (𝑞)̇  : 

�̇� =
�̇�𝑤𝑎𝑡𝑒𝑟
𝐴𝑠

                                                                                                                                       (𝟒. 𝟏𝟏) 
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Heat transfer area,    

𝐴𝑠 = (2𝑧 + 2ℎ)𝐿                                                                                                                            (𝟒. 𝟏𝟐) 

The heat flux is calculated from the following equation: 

                                                              

  �̇� =
�̇� . 𝐶𝑃 . (𝑇𝑒 − 𝑇𝑖)

(2𝑍 + 2ℎ)𝐿
                                                                                                                  (𝟒. 𝟏𝟑) 

The wall thermal resistance (𝑅𝑤𝑎𝑙𝑙) of the copper of thermal conductivity (𝐾𝑐𝑢) and measured 

hydraulic outer and inner diameter of (𝐷ℎ𝑂) and (𝐷ℎ𝑖) respectively: 

𝑅𝑤𝑎𝑙𝑙 = 
ln (
𝐷ℎ𝑜

𝐷ℎ𝑖
⁄ )

2𝜋𝐾𝑐𝑢𝐿
                                                                                                                (𝟒. 𝟏𝟒) 

The inner-wall surface temperature (𝑇𝑤𝑖) is obtained from the measured outer-wall surface 

temperature as: 

𝑇𝑤𝑖 = 𝑇𝑤𝑜 − 𝑄𝑤𝑎𝑡𝑒𝑟𝑅𝑤𝑎𝑙𝑙                                                                                                             (𝟒. 𝟏𝟓) 

The mean fluid temperature at a station located at x distance from where the inlet temperature 

was measured can be evaluated as follows: 

 

𝑇𝑚(𝑥) = 𝑇𝑖 +
�̇� 𝑥 (2𝑍 + 2ℎ)

�̇�𝐶𝑃
                                                                                                      (𝟒. 𝟏𝟔) 

 

To calculate the average convective heat transfer coefficient (ℎ𝑎𝑣𝑔.), the local heat transfer 

coefficient (ℎ(𝑥)) at each thermocouple station is determined as follows: 

 

ℎ(𝑥) =
�̇�

[𝑇𝑤𝑖(𝑥) − 𝑇𝑚(𝑥)]
                                                                                                            (𝟒. 𝟏𝟕) 
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The average conductive heat transfer (ℎ𝑎𝑣𝑔.) is calculated from the local convective heat 

transfer coefficient at each thermocouple station along the test section as in the following 

expression: 

ℎ𝑎𝑣𝑔 = 
ℎ(𝑥1) + ⋯………+ ℎ(𝑥𝑛)

𝑛
                                                                                            (𝟒. 𝟏𝟖) 

Nusselt number for a fluid of calculated thermal conductivity (k): 

𝑁𝑢 =
ℎ𝑎𝑣𝑔𝐷ℎ

𝑘
                                                                                                                                    (𝟒. 𝟏𝟗)                                                                                                                          

 

Reynolds number is calculated as follows, and the properties were measured at the fluid bulk 

temperature. 

𝑅𝑒 =  
𝜌𝑉𝐷ℎ

 𝜇 
                                                                                                                                       (𝟒. 𝟐𝟎)                                                   

4.3 Uncertainty analysis 
 

The procedures suggested by Dunn [169]  were used to calculate all the uncertainties of the 

measured and calculated parameters, where all the uncertainties were evaluated within the 

95% confidence interval. The details of the uncertainty analysis are presented in Appendix B. 

Table 4.1 lists the instrument accuracies which used bias error in the uncertainty analysis, 

along with their ranges and accuracies. The uncertainties were calculated at a higher 

Reynolds number of 7 800 and lower Reynolds number of 650. The uncertainty values of the 

main experimental parameters are given in Table 4.2 

 

Table 4.1: Range and accuracies of instruments.  

 

Instrument Range Accuracy 

Power supply  

Current 

Voltage 

 

0–12.5 A 

0–320 V 

 

0.5% of the measured 

value 

0.1% of the measured 

value  

Thermocouples  -200–350 °C 0.1 °C 

Flow meter  0–252 L/h 0.1%  

Pressure transducer  0–17 kPa 0.16% 
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Table 4.2: Uncertainties of the measured parameter at high and low Reynolds numbers. 

 

4.4 Validation of the experimental set-up 
 

Friction coefficients and Nusselt number measurements were considered to compare the 

measured data with the predictions. The data in the laminar and turbulent flow regimes were 

plotted and compared against the well-established correlations found in the literature. Only 

water was considered for validation because of a lack of correlations for similar nanofluids as 

the ones used in this work as well as the geometry of the test section.  

 

4.4.1 Validation of friction coefficient results 

 

A total of 43 data points were captured to plot the adiabatic friction coefficient against 

Reynolds number ranging from 500 to 8 000 to include the entire flow range including the 

transition flow regime. Figure 4.1 presents the variation adiabatic friction coefficient with 

Reynolds number. The data were compared with Leon and Roman [170] for laminar and 

turbulent flow regimes. As shown in Equation 4.21 and Equation 4.22 respectively, the two 

correlations were modified from the conventional Poiseuille correlation [171] for laminar 

flow and Blasius correlation [172] for turbulent flow to suit the rectangular cross-section 

channels: 

𝑓𝑙𝑎𝑚𝑖𝑎𝑟 =
64

𝑅𝑒∗
                                                                                                                                  (4.21) 

 

 

𝑓𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 = 0.316(𝑅𝑒∗)−0.25                                                                                                      (4.22) 

 

 

where α is the aspect ratio of the rectangular cross-section, and 𝑅𝑒∗ is the modified Reynolds 

number, which can be found as follows: 

 

 Re ∆𝑃 f h Nu 

High Re 4.46% 1.15% 1.15 4.48% 4.93% 

Low Re 4.63% 16.76% 16.70 0.85% 2.23% 
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𝑅𝑒∗ =
𝑅𝑒

2𝛼0.16
                                                                                                                                    (4.23) 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Adiabatic friction coefficient data compared with theoretical correlations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Deviation of friction coefficients from correlations in the laminar regime. 
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Figure 4.3: Deviation of friction coefficients from correlations in the turbulent regime. 

 

The deviation of the measurements in the laminar regime from the correlation is shown in 

Figure 4.2, indicating that the maximum deviation was 10% at Reynolds number of 1 700. 

The deviation was in the acceptable range because it was less than the uncertainty value of 

16.7% for the friction coefficient in the laminar regime at the lower Reynolds number values. 

On the other side of the turbulent regime, the deviation was bounded between the values of 

1.6 and 0.8% throughout the turbulent zone. The measurements were in good agreement with 

the correlation, as presented in Figure 4.3. 

 

The transitional flow regime for pure water in the rectangular channels started at a Reynolds 

number of 1 827, as shown in Figure 4.1, and the length of transition was noticed to be a 

Reynolds number of 150, while the critical Reynolds number (where transition starts) in a 

circular tube is 2 300, as reported by Cengel [173]. The earlier transition was due to the 

geometry of the test section used and the type of inlet because the inlet of the test section had 

significant effects on the critical Reynolds number, transition pattern and transition length 

[155, 156, 158].  

 

 

 

 



58 

  

4.4.2 Validation of Nusselt number results 

 

 

 

 
 

 

 

 

 

Figure 4.4: Nusselt number comparison with the correlation in the laminar flow regime. 

 

The average Reynolds number was calculated by measuring the inlet and the outlet 

temperature, and then calculating the Reynolds number base on the thermophysical 

parameters evaluated at the fluid bulk temperature. The validation of the Nusselt number data 

was carried out in the Reynolds number range of 500 to 1 700. The measured data in the 

laminar regime are presented in Figure 4.4, a comparison with the Morcos and Bergles [174] 

correlation was conducted. Morcos and Bergles [174] developed the correlation for the mixed 

convection laminar, which was the case in this work because the flow was not thermally fully 

developed. The correlation is as follows: 

𝑁𝑢 = √[(4.36)2 + [0.145 (
𝐺𝑟𝑓

∗ 𝑝𝑟𝑓
∗

𝑃𝑤𝑓
∗0.25

)

0.265

]

2

]                                                                    (4.24) 

𝐺𝑟𝑓
∗ is the modified Grashof number and is expressed as follows: 

𝐺𝑟𝑓
∗ = 𝐺𝑟𝑁𝑢 =

𝑔𝛽𝜌2𝑑3(𝑇𝑤−𝑇𝑏)

𝜇2
                                                                                            (4.25) 

By applying the correlation in Equation 4.24, the measurements matched the correlation very 

well because the correlation underpredicted the measurements in the range of Reynolds 



59 

  

number greater than 600, as shown in Figure 4.5. The maximum deviation was 0.8% below 

the measured value and was observed at Reynolds number of 1 440. 

 

 

 

 

 

 

 

 

Figure 4.5: Ratio of the predicted to the measured value of Nusselt number in the laminar 

regime. 

 

The Nusselt number data were measured by applying a heat flux of 13 kW/m2 on the test 

section and the results were compared with the correlation of Everts and Meyer [164], Olivier 

and Meyer [159] and Gnielsiki [175], as shown in Figure 4.6. The correlations and their 

limitation are listed in Table 4.3.  

Table 4.3: Correlations from the literature for the turbulent regime . 

Author Correlation Limitations 

Gnielinski [175] 

 

 

 

                                         

𝑁𝑢 =

𝑓
8
(𝑅𝑒 − 1000)𝑝𝑟

1 + 12.7 (
𝑓
8)

0.5

(𝑝𝑟
2
3 − 1)

 

𝑓 = (0.79 ln 𝑅𝑒 − 1.64) 

 

0.5 ≤ 𝑃𝑟 ≤ 2000 

3000≤Re≤500.103 

 

Olivier and Meyer [159] 𝑁𝑢 = 0.023 𝑅𝑒0.788𝑝𝑟
1
3⁄ (
𝜇𝑏
𝜇𝑤
)0.14 

 

3.73 ≤ 𝑃𝑟 ≤ 5.06 

3000 ≤ 𝑅𝑒 ≤ 17800 

Everts and Meyer [164] 𝑁𝑢

= 0.011597 (𝑝𝑟)0.42(𝑅𝑒)0.8607(
𝑝𝑟𝑏
𝑝𝑟𝑤

)0.11 

5.5 ≤ 𝑃𝑟 ≤ 6.9 

2804 ≤ 𝑅𝑒 ≤ 9787 
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Figure 4.6: Nusselt number comparison with correlations in the turbulent flow regime. 

 

The Nusselt number measurements in the turbulent regime were compared with the 

correlations of Gnielinski [175], Olivier and Meyer [159] and Everts and Meyer [164]. The 

comparison of the prediction with the measured data, as shown in Figure 4.7, revealed that 

the average Nusselt number correlated very well with the correlation of Everts and Meyer 

[164], which overpredicted the results by an average of 1.8%. The correlation of Olivier and 

Meyer [159] overpredicted the data by an average of 3.8%, which was a good prediction. 

Gnielinski [175] underpredicted the data by 6% in the Reynolds number range of 3 000 to 

5 000, and over-predicted the data by 7% for Reynolds numbers greater than 5 000. The 

correlations of both Olivier and Meyer [159] and Gnielinski [175] failed to predict the data 

on the turbulent side between Reynolds numbers of 2 000 and 3 000 because they 

underpredicted the data in this range by 12% and 21% respectively. This significant 

difference occurred because the two correlations were developed to predict the turbulent 

regime of flow for Reynolds numbers greater than 3 000. 

The entire flow regime is presented in Figure 4.8 because a set of data of Nusselt number was 

plotted against Reynolds number to identify the transition zone. The transition from laminar 

to turbulent was started at a Reynolds number of 1 750 and ended at a Reynolds number of 

2 000. Comparing the transition in this test section (rectangular profile) with the circular test 
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section, an early transition in the rectangular cross-section is noticed. The heat transfer results 

and the pressure drop results indicate that the starting and the ending of transition are the 

same on both plots, as shown in Figure 4.1 and Figure 4.8. 

 

 

 

 

 

 

 

 

 

Figure 4.7: Ratio of the predicted to the measured value of Nusselt number in the turbulent 

regime. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: Nusselt number variation with Reynolds number for the entire flow range. 
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4.5 Conclusion 
 

The experimental set-up was explained in detail including the various instruments used for 

measuring the different parameters. The construction procedures of the rectangular test 

section used in this work were presented, and the calibration of the thermocouples and the 

pressure transducers was stated. The accuracies of the equipment and the uncertainties of the 

measured parameters were tabulated, and the experimental procedures were explained. 

The experimental set-up was validated by comparing the laminar and turbulent regime 

measurements against the reliable correlations found in the literature. The deviation in the 

laminar regime was good as 0.8%, and the best agreement in the turbulent regime was an 

average deviation of 1.8%. Therefore, the experimental set-up is reliable and can be used to 

investigate the heat transfer and the pressure drop characteristics in the transition flow regime 

for the water and the nanofluids. 
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CHAPTER 5    NANOFLUID PREPARATION 

AND PROPERTY ANALYSIS   

5.1 Introduction  
 

In this chapter, the characteristics and properties of the nanoparticle materials are presented. 

The preparation of Al2O3-water and TiO2-water nanofluids is discussed, after which the 

stability of the nanofluids is judged by visual inspection and through the viscosity 

measurements over some time for all nanofluids. Both methods and the nanofluid thermal 

properties are evaluated and discussed at the end of this chapter. 

5.2 Nanoparticle size and properties 
 

Two different nanofluids were employed in this study, aluminium oxide-water nanofluid 

(Al2O3-water) and titanium dioxide-water nanofluid (TiO2-water). Three different 

concentrations (0.3, 0.5 and 1%) were used from Al2O3-water nanofluid, while four different 

volume concentrations (0.3, 0.5, 0.7 and 1%) were examined. Table 5.1 presents the main 

thermal properties for both materials used. 

Table 5.1: Properties of the nanofluid materials used.  

Property Unite Al2O3 particles TiO2 particles 

Density kg/m3 3970 4175 

Specific heat J/kg.K 765 710 

Thermal conductivity W/m.K 46 8.4 

Particle size nm 46 42 

 
Transmission electron microscopy (TEM) imaging of Al2O3-water and TiO2-water nanofluid 

was conducted to determine the particle sizes. The aggregation between the particles was 

avoided by adding acetone to the sample for quick-drying. The acetone was applied to 0.1% 

volume concentration of each case. 

 From the pictures in Figure 5.1 and Figure 5.2, the size of the nanoparticles for both 

nanofluids was calculated. The average particle size was considered by recording 10 different 

measurements for each nanoparticle, and it was found to be 46±1 nm and 42±1 nm for Al2O3 

and TiO2 nanoparticles respectively. TEM pictures for Al2O3 revealed that the shape was rod-
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like and the size was determined by measuring the width and the length of the rod. The shape 

of TiO2 particles was observed to be semi-spherical, and the size was determined by 

measuring the diameter. The standard deviation (σ) for both nanoparticle measurements was 

evaluated using Equation -5.1- and was found to be 4.3, and 16.2 for Al2O3 and TiO2 

respectively. 

𝜎 =  √
∑ (𝑋 − 𝑋)̅̅ ̅2𝑖=𝑁
𝑖=1

𝑁
                                                                                                                       (𝟓. 𝟏) 

 

 

 

 

 

 

 

 

Figure 5.1: TEM imaging of Al2O3-water nanofluid. 

 

 

 

 

 

 

 

 

 

Figure 5.2: TEM imaging of TiO2-water nanofluid. 
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5.3 Preparation of nanofluids  

5.3.1 Preparation and dilution of nanofluids 

 

A 20 wt% (5.9 vol %) aluminium oxide (gamma) nanofluid and 15 wt% (4.2 vol %) titanium 

dioxide nanofluid prepared using a one-step method was ordered from US Research 

Nanomaterial (USA). The one-step method nanofluid was used because of the longer stability 

time. Aluminium oxide-water nanofluids of volume concentrations of 0.3, 0.5 and 1% were 

prepared by diluting the high-concentration nanofluid. Each nanofluid was prepared by 

adding deionised water to the concentrated nanofluid and breaking down particle 

agglomerations using an ultrasonicator (Qsonice Q700) set at an amplitude of 60% for 20 

minutes, using 3 s pulse on and 1 s pulse off intervals. For the titanium dioxide nanofluid, 

four different volume concentrations of   0.3, 0.5, 0.7 and 1% were prepared by diluting the 

high-concentration nanofluid prepared by using the one-step method. Each nanofluid was 

prepared by adding deionised water to the concentrated one-step nanofluid and homogenising 

the diluted nanofluid by using an ultrasonicator (Qsonice Q700). Ultrasonication time of 15 

minutes and amplitude of 70% were used, with an interval of 2 s pulse on and 1s pulse off.  

5.3.2 Stability of nanofluids 

  
The stability was confirmed by capturing a picture of the nanofluids directly after the 

preparation and comparing it with pictures after one week. Figure 5.3 and Figure 5.4 illustrate 

the visual inspection of the stability for 1.0 vol% of Al2O3-water and TiO2-water nanofluid 

because no sedimentation was observed for one week. 

 

 

 

 

 

 

 

 

 

Figure 5.3: Aluminium oxide nanofluid (left) and titanium dioxide nanofluid (right) 

immediately after the preparation. 
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Figure 5.4: Aluminium oxide nanofluid (left) and titanium dioxide nanofluid (right) after 

seven days since the preparation. 

To confirm and verify the stability of the nanofluids, one of the properties needed to be 

measured over a period of time during which there was no change, to confirm the stability in 

addition to the visual inspection. Therefore, this was accomplished by measuring and 

observing the viscosity of the aluminium oxide-water and the titanium dioxide-water 

nanofluids. Figure 5.5 shows the viscosity of three various Al2O3-water nanofluid 

concentrations at a constant temperature of 25 °C. The viscosity over time was constant, 

indicating the stability of the nanofluids over that period. Similarly, the stability of TiO2-

water nanofluids was investigated, the viscosity measured at a temperature of 20 °C, and the 

measurement was observed over one day. Figure 5.6 displays the viscosity of all four 

concentrations over time as unchanged confirming the stability of the nanofluids over that 

period.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: Variation of the viscosity of Al2O3-water nanofluids with time at 25 °C. 
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Figure 5.6: Variation of the viscosity of TiO2-water nanofluids with time at 20 °C. 

 

5.4 Thermophysical properties of nanofluids  
 

5.4.1 Thermal conductivity  

 

Mintsa et al. [91] developed a correlation for the effective thermal conductivity of Al2O3-

water nanofluids by measuring the thermal conductivities of nanofluids at various volume 

concentrations up to 9%, and for two different nanoparticle sizes at a wide temperature range. 

In this study, the thermal conductivity of the nanofluid was calculated using their developed 

linear correlation [91], as shown in Equation 5.2. 

 
𝐾𝑛𝑓

𝐾𝑏𝑓
= 1.72∅ + 1                                                                                                                                (𝟓. 𝟐)                                                                                                                                   

 

The model of He et al. [176] was considered for the thermal conductivity of the nanofluids in 

this work, which was developed for different TiO2-water-based nanofluids, as shown in  

Equation 5.3. 

 
𝐾𝑛𝑓

𝐾𝑏𝑓
= 125.62∅2 4.82∅ + 1                                                                                                                           (𝟓. 𝟑)       
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5.4.2 Viscosity and other properties 

 

The viscosity of the nanofluid was measured using a vibro-viscometer (SV-10, A&D, Japan), 

with 5.0% uncertainty at the full range. Figure 5.7 compares the nanofluid viscosities with the 

water viscosity predicted by Popiel and Wojtkowiak [177]. It can be observed that the 

nanofluid viscosity increased with the volume concentration. Previous studies [178-184] 

reported similar results for the viscosities and thermal conductivities of nanofluids. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: Viscosities of Al2O3-water nanofluids compared with water viscosity as a 

function of temperature. 

 

The properties of the water were also determined using the equation developed by Popiel and 

Wojtkowiak [177]. The viscosity of the nanofluids was measured with a vibro-viscometer 

(SV-10, A&D, Japan) with 5.0% uncertainty at full range. Figure 5.8 compares the viscosity 

of the nanofluids with the water viscosity predicted by the correlation of  Popiel and 

Wojtkowiak [177]. The comparison shows that the viscosity of nanofluids increased with 

volume concentrating. Previous studies [178-184] reported the same observation for the 

viscosity and thermal conductivity of nanofluids. The viscosity, as shown in Figure 5.8, 

increased by increasing the volume concentration and temperature of the nanofluids. The 

viscosity increase was 1.6, 2.8, 4.2 and 6.6% for 0.3, 0.5, 0.7 and 1.0 vol% of the nanofluids 

respectively.  
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Figure 5.8: Variation of TiO2-water nanofluids viscosity with the temperature for different 

volume concentrations. 

 

The density and specific heat of the nanofluid were calculated using the following mixing 

theory equations:  

 

 

𝜌𝑛𝑓 = ∅. 𝜌𝑝 + (1 − ∅) ∗ 𝜌𝑏𝑓                                                                                                           (𝟓. 𝟒)                             
 

(𝐶𝑝)𝑛𝑓 =
∅.(𝜌.𝐶𝑝)𝑝

+(1−∅).(𝜌.𝐶𝑝)𝑏𝑓

𝜌𝑛𝑓
                                                                                                     (𝟓. 𝟓)  

 

     

                      

A comparison between the two nanofluids is conducted for the thermal conductivity and the 

viscosity as illustrated in Figures 5.9 and 5.10, the comparison results showed that the 

thermal conductivity of the titanium dioxide nanofluid is greater than the aluminium oxide 

nanofluid for all the concentrations covered in this work. However, the viscosity for the 

aluminium oxide nanofluid showed higher values compared to the titanium dioxide nanofluid 

throughout the covered concentration. 
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Figure 5. 9: Comparison of the thermal conductivity for the two nanofluids with the different 

concentrations at 25 °C 

 

 

 

 

 

 

 

 

 
Figure 5. 10: Comparison of the viscosity for the two nanofluids with the different 

concentrations at 25 °C 

5.5 Conclusion 
 

The transmission electron microscopy imaging showed that the actual particle size for Al2O3 

and TiO2 were 46 nm and 42 nm respectively, higher than the values provided by the supplier 

(30 nm for both). The nanofluids were prepared by diluting the procured dispersions. The 

stability was confirmed by recording the viscosity measurements for all the nanofluids, and it 

was found that the viscosity values remained constant. Visual inspection of the nanofluids 

was also considered to ensure the stability. The properties of the nanofluids were determined 

as the viscosity was obtained experimentally, and the other properties were predicted by 

using suitable correlations from the literature. 
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CHAPTER 6    RESULTS AND DISCUSSION 

6.1 Introduction  
 

In this chapter, the variation in pressure drop, friction coefficients, heat transfer coefficient, 

and Nusselt number with Reynolds number are presented and discussed for Al2O3-water 

nanofluids and TiO2-water nanofluids. A thermal performance factor is also presented. The 

heat transfer and pressure drop results, as well as the thermal performance analysis, are also 

discussed for the nickel foam-filled test section. The uncertaintiy of the reported 

enhancement parameters in this chapter were calculated and listed in Appendix B 

6.2 Heat transfer results of Al2O3-water nanofluids 
 

The average heat transfer coefficients and the average Nusselt number measurements of 

Al2O3-water nanofluids of 0.3, 0.5 and 1.0 vol% were compared with pure water in a 

Reynolds number range of 200 to 7 000.  

The heat transfer coefficient results, as shown in Figure 6.1, showed an enhancement of the 

heat transfer in the fully developed turbulent regime, with values of 1.0% at a Reynolds 

number of 6 364 for the 0.3 vol% nanofluid, 4.0% for the 0.5 vol%, and 11% for the 1.0 

vol%. The average enhancements of the heat transfer coefficient in the turbulent flow regime 

were 3.1% for the 0.3 vol% nanofluid, 6% for the 0.5 vol%, and 16% for the 1.0 vol% 

nanofluid. The average enhancements of the Nusselt number in the turbulent regime, as 

shown in Figure 6.2, were 2.5% for the 0.3 vol% nanofluid, 4.6% for the 0.5 vol% nanofluid, 

and 12.5% for the 1.0 vol%. The same results for the heat transfer enhancements in the 

turbulent flow regime were observed by Pak and Cho [18]. The random motion of 

nanoparticles within the fluid decreased the thermal boundary layer thickness and made a 

significant contribution to the enhancement of the convection heat transfer rate. This could be 

the reason for the enhancements of the heat transfer coefficient and Nusselt number in the 

turbulent regime [30, 137].  

Two features were observed in the transition flow regime in the rectangular channel when 

using Al2O3-water nanofluid. First, the critical Reynolds number (starting the transition) was 

earlier when using the nanofluid and occurred at a smaller Reynolds number than that of pure 

water when a higher concentration nanofluid was used. As shown in Figure 6.1 and Figure 

6.2, the transition began at Reynolds numbers of 1 731 for the 0.3 vol% nanofluid, 1 723 for 
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the 0.5 vol% nanofluid, and 1 705 for the 1.0 vol% nanofluid, and the ranges of Reynolds 

numbers over which the transition occurred were 125, 110 and 125 respectively. For all three 

nanofluids, the transition flow regime began earlier than for pure water. This early transition 

could be justified by the higher viscosity of the nanofluid because a higher viscosity led to a 

shift in the position of the transition for pure water to a new position, as shown in Figure 6.2. 

This early transition feature matched that found in the work of Meyer et al. [24], where the 

results of the nanofluids were represented as a Re-Nu graph.  

The second feature in the transition flow regime was the enhancement of the heat transfer 

coefficients for the three nanofluids, with values of 15%, 24% and 54% for the 0.3, 0.5 and 

1.0 vol% nanofluids respectively. 

The enhancements of the Nusselt number in the transition flow regime, as shown in Figure 

6.2, were found to be 14% for the 0.3 vol% nanofluid, 22% for the 0.5 vol% nanofluid and 

50% for the 1.0 vol% nanofluid. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: Heat transfer coefficient results of Al2O3-water nanofluids compared with water 

against Reynolds number. 

 

A comparison of the heat transfer enhancements in the turbulent flow regime and transition 

flow regime revealed that the heat transfer was more enhanced in the transition regime than 

in the turbulent regime. It is possible that the Brownian motion of the nanoparticles and the 

flow randomness assisted in mixing the nanoparticles with the base fluid, which contributed 
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to the better heat transfer performance in the transition flow regime. Another reason for the 

better enhancement in the transition flow regime was that the addition of small particles to 

the base fluid suppressed turbulence by playing the role of an additional source of dissipation, 

as proposed by Hetsroni [185]. 

 

 

 

 

 

 

 

 

 
 
 

 

Figure 6.2: Nusselt number results of Al2O3-water nanofluids compared with water against 

Reynolds number. 

 

6.3 Pressure drop results of Al2O3-water nanofluids 
 

The pressure drop for the water compared with the three Al2O3-water nanofluids against the 

Reynolds number for the entire flow range is shown in Figure 6.3. The pressure drop of the 

nanofluid in the turbulent flow regime increased with the volume concentration, with values 

of 11%, 19% and 46% for the 0.3, 0.5 and 1.0 vol% nanofluids respectively. 

The increase in the pressure drop was significant in the transition flow regime, with values of 

7.9%, 14% and 61% for the 0.3, 0.5 and 1.0 vol% nanofluids respectively. In the laminar 

flow regime, the pressure drop increased by 1.8% for the 0.3 vol%, 9.3% for the 0.5 vol% 

and 29% for the 1.0 vol %. 

The friction factor for the water compared with the three Al2O3-water nanofluids against the 

Reynolds number for the entire flow range is presented in Figure 6.4. The friction factor of 

the nanofluid in the laminar flow regime decreased with an increase in the volume 

concentration, and the values for all the nanofluids were lower than those for pure water at 
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the same Reynolds number. Towards the turbulent regime, the friction coefficient results for 

the nanofluids and water became difficult to distinguish because of the effect of the 

nanoparticles on the flow physics at this regime. 

The transitions shown in Figure 6.3 and Figure 6.4 occurred at the same Reynolds number as 

those seen in the Nusselt number and heat transfer coefficients results, and the range of 

Reynolds numbers over which the transitions occurred was also the same as that seen in the 

Nusselt number and heat transfer coefficient results. 

 

 

 

 

 

 

 

 

 
Figure 6.3: Pressure drops of Al2O3-water nanofluids compared with water against Reynolds 

number. 

 

 

  

 

 

 

 

 

Figure 6.4: Friction coefficients of Al2O3-water nanofluids compared with water against 

Reynolds number. 
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6.4 Comparison of convective heat transfer and pumping power 
 

The heat transfer performance of the nanofluid could be evaluated by comparing the 

convection heat transfer obtained by the nanofluid to the pumping power required to send the 

nanofluid to the laminar, transition, or turbulent flow regime. The following expression for 

the convective heat transfer efficiency (η) was used by Meriläinen et al. [186]: 

 

𝜂 =

(𝑄𝑐𝑜𝑛𝑣.)𝑛𝑓
(𝑃𝑝𝑢𝑚𝑝𝑖𝑛𝑔)𝑛𝑓
⁄

(𝑄𝑐𝑜𝑛𝑣.)𝑏𝑓
(𝑃𝑝𝑢𝑚𝑝𝑖𝑛𝑔)𝑏𝑓
⁄

                                                                                                                (𝟔. 𝟏)                               

 

where Qconv. and Ppumping are the convective heat transfer and pumping power respectively; 

and the subscriptions nf and bf indicate the nanofluid and base fluid respectively. 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5: Convective heat transfer efficiency of Al2O3-water nanofluids in turbulent and 

transition flow regimes against the volumetric concentration. 

 
 

The heat transfer efficiency, as defined in Equation 6.1, was determined by calculating the 

average convection heat transfer and pressure drop values in the transition and turbulent flow 

regimes. The results were plotted against the nanofluid volumetric concentration in Figure 

6.5. The laminar regime was not included in the comparison because of the inefficiency of 

the nanofluids in this regime, as stated in Section 4.2.1. Figure 6.5 shows that the efficiency 

of the nanofluids in the transition regime was greater than unity for a volume concentration 
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greater than 0.3 vol%, whereas it was less than unity in the turbulent regime. These 

observations show that the nanofluids used were more efficient in the transition flow regime 

because the convective heat transfer dominated the pressure drop, and adding Al2O3 

nanoparticles to the water was more efficient than simply increasing the flow rate of the 

pump.  

6.5 Heat transfer results of TiO2-water nanofluids 
 

The average heat transfer coefficient for the four nanofluids compared with pure water over 

the Reynolds number range of 200 to 8 000 is presented in Figure 6.6. The volume 

concentrations of 0.7 and 1.0% showed an average improvement in the heat transfer 

coefficient in the turbulent flow regime, the average enhancement of the heat transfer 

coefficients was 4.5 and 1.1% respectively. The heat transfer coefficient measurements for 

the 0.3 and 0.5 vol% overlaid the pure water plot. The small enhancement could explain the 

reason for the non-improvement of the smallest concentration nanofluid (0.3 and 0.5 vol%) in 

the thermal conductivity of the nanofluid (0.38% and 0.82%), and such a small increase of 

nanoparticles could not contribute to the overall heat transfer enhancement in the turbulent 

flow regime. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6:  Variation of heat transfer coefficients of TiO2-water nanofluids and water with 

Reynolds number.   

The Nusselt number of the nanofluids compared with the base fluid over Reynolds number 

span of 200 to 8 000 is depicted in Figure 6.7. The Nusselt number was enhanced when using 
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only the 0.7 vol% nanofluids with an increase of 0.5%. However, the Nusselt number 

decreased by 1.5%, 2.6% and 4.6% for the 0.3, 0.5 and 1.0 vol% nanofluids. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7:  Nusselt number variation of TiO2-water nanofluids compared with pure water.  

 

The augmentation of heat transfer coefficients when experimenting with TiO2-water 

nanofluids in the turbulent regime was due to shrinkage in the boundary layer because of 

Brownian movement of nanoparticles in the base fluid [30, 137].  

A magnified view is given to illustrate the transition, as shown in Figure 6.8 and Figure 6.9, 

and two aspects were noticed when transitioning from laminar to turbulent in the rectangular 

channels when using TiO2-water nanofluids. The first aspect is that the nanofluid 

concentration influenced the onset of transition, and it was found to be taking place at a 

smaller Reynolds number with an increase in the volume concentration. Figure 6.8 and 

Figure 6.9 illustrate the transition onset as it started at Reynolds number of 1 799 for the 0.3 

vol% nanofluid, at Reynolds number of 1 778 for the 0.5 vol% nanofluid, at Reynolds 

number of 1 754 for the 0.7 vol% nanofluid and at Reynolds number of 1 714 when using 1.0 

vol% nanofluid; the length of transition in terms of Reynolds number measured was 191, 189, 

186 and 182 respectively.  

The transition flow regime for all four nanofluids started earlier compared with that of pure 

water. The early transition linked to the greater nanofluids viscosity, which shifted the 

position of transition from what it is in Figure 6.5 to a new transition situation, as presented 

in Figure 6.7. The quicker transition agreed with the work of Meyer et al. [24]. Another note 
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concerning the transition behaviour of the current test nanofluids is the significant 

enhancement of the heat transfer of the four nanofluids, particularly in the transition zone, 

because the enhancement was 3.9% for the 0.3 vol% nanofluid, 14.8% for the 0.5 vol% 

nanofluid, 29.26% for the 0.7 vol% nanofluid and 29.33% for the 1.0 vol% nanofluid. The 

same observation was made for the Nusselt number in the transition flow regime as presented 

in Figure 6.7, namely 4.6% for the 0.3 vol% nanofluid, 11.7% for the 0.5 vol% nanofluid, 

24.3% for the 0.7 vol% and 21.9% for the 1.0 vol% nanofluid. 

 

Heat transfer enhancement in the transition regime was much higher than in the turbulent 

regime. The reasons for the substantial enhancement were the nanoparticles’ Brownian 

movement, assistance from flow eddies and vortexes from the transition flow nature in 

mixing the nanoparticles with the base fluid, and the existence of small particles in the host 

fluid, breaking turbulence by an extra source of dissipation, as suggested by Hetsroni [185]. 

 

The heat transfer enhancement in the laminar regime was negligible due to the agglomeration 

of nanoparticles associated with the low rate of flow. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8: Heat transfer coefficient enhancement of TiO2-water nanofluids in transition 

regime 

 

. 
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Figure 6.9: Nusselt number enhancement of TiO2-water in trransition regime. 

 

6.6 Pressure drop and friction coefficient results 
 

The pressure drop of water compared with four TiO2-water nanofluids is presented in Figure 

6.10 to cover the full flow range span. Results showed that the pressure drop increased with 

an increase in the concentration and the Reynolds number, as it is observed to be 2.8%, 5.4%, 

8.0% and 12.7% for the 0.3, 0.5, 0.7 and 1.0 vol% nanofluids. The penalty in the pressure in 

the transition flow regime was slightly higher than in the turbulent regime since it was 4.5% 

for the 0.3 vol% nanofluid, 11.3% for the 0.5 vol % nanofuid, 15.5% for the 0.7 vol% 

nanofluid and 22.5% for the 1.0 vol % nanofluid. The increase in the pressure drop was due 

to the particles interacting with the wall of the test section and due to the higher viscosity of 

the nanofluids compared with that of water. 

 

 

 

 
 

 

 
 

 

 

 

 

 

 

Figure 6.10:  Pressure drop of TiO2-water nanofluids and pure water as a function of 

Reynolds number. 
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The friction coefficients for various concentrations of titanium dioxide nanofluids and the 

water are displayed in Figure 6.11. The friction coefficients decreased with the rise in the 

volume concentration in the laminar regime, except for the weakest volume concentration 

nanofluid (0.3 vol%) because it was similar to the values of pure water. The friction 

coefficient data of the 0.5 and 0.7 vol% nanofluids were less than the values of pure water at 

the same Reynolds number throughout the turbulent regime, while the friction coefficient 

results for both  0.3 and 1.0% were higher than those of the water.  

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

Figure 6.11: Variation of  friction coefficient of TiO2-water nanofluids and water with 

Reynolds number. 

The friction factor coefficients in the transition flow regime were noticed to increase with 

volume and they were 2.3, 6.5,  7.7 and  15.2% for the 0.3, 0.5, 0.7 and 1.0  vol%.  The start 

and the length of transition were identical in the heat transfer and the pressure drop results, as 

shown in Section 6.5 and Secion 6.6.  

 

6.7 Evaluation of the heat transfer performance of nanofluids  
 

The thermal performance factor used to evaluate the heat transfer performance of the titanium 

dioxide aqueous nanofluid was tested in this work and was defined by comparing the Nusselt 

number of the nanofluid and the water with the friction factor. The mathematical definition is 

shown in Equation 6.2 as suggested by karwa et al. [187] for the rectangular channels:  

𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 =

𝑁𝑢𝑛𝑓
𝑁𝑢𝑓

(
𝑓𝑛𝑓
𝑓𝑓
)

1
3⁄
                                                                          (𝟔. 𝟐)  



81 

  

                                                                     

where 𝑁𝑢𝑛𝑓 and 𝑓𝑛𝑓 are the Nusselt number and the friction factor of the nanofluid, while 

𝑁𝑢𝑓 and 𝑓𝑓   are the Nusselt number and the friction factor of the host fluid respectively. 

The thermal performance factor, as outlined in Equation 6.2, was computed by calculating the 

average Nusselt number and the friction factor for all the concentrations of the nanofluids 

over Reynolds number values covering the transition and the turbulent regimes. The laminar 

flow measurements were not included because the heat transfer enhancement was negligible, 

as can be seen from Figure 6.7 and Figure 6.8.   

Figure 6.12 shows that the thermal performance factor of the nanofluids in the transition 

regime was higher than the unity value and the maximum values were 1.07, 1.15, 1.25 and 

1.19 for the 0.3, 0.5, 0.7 and 1.0 vol% nanofluid respectively. Therefore, in the transition 

regime, the nanofluids under investigation contributed to the heat transfer improvement more 

than the increase in the pumping power required due to the viscosity increase in the 

nanofluid. In the turbulent regime, the results of the thermal performance factor indicated that 

all the values for all the nanofluids were under the unity bar except for the  0.7 vol%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 6.12: Thermal performance factor of TiO2-water nanofluids over Reynolds number 

through the full flow range. 

 

6.8 Comparison of the two nanofluids   

6.8.1 Heat transfer coefficient and Nusselt number   

 

The average heat transfer coefficient and Nusselt number for Al2O3- and TiO2-water 

nanofluids compared with those of pure water over the Reynolds number range of 200 to 



82 

  

8 000 are displayed in Figure 6.13 and Figure 6.14. The heat transfer coefficient of TiO2-

water nanofluid at 0.3 vol% was identical with the pure water measurements at the laminar 

and the turbulent flow regimes, while an enhancement of 4% was noticed in the transition 

regime. The comparison of the heat transfer coefficients between TiO2-water nanofluid and 

Al2O3-water nanofluid at the 0.3% vol% revealed that Al2O3 nanofluids had a higher heat 

transfer coefficient in the turbulent and the transition flow regimes (3.1 and 15.3% 

respectively). However, no change in the laminar regime was observed for both nanofluids, 

as shown in Figure 6.13.   

                             

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.13: Comparison of heat transfer coefficient for Al2O3- and TiO2-water nanofluids at 

0.3 vol%. 

 

Nusselt number measurements for both nanofluids at the 0.3 vol% are presented in Figure 

6.14. Observations in the turbulent regime showed the lower Nusselt number for TiO2-water 

nanofluid compared with that of pure water and Al2O3-water nanofluid.  An average 

enhancement of 4% in Nusselt number for Al2O3-water in the turbulent regime was achieved 

compared with that of TiO2-water nanofluid. A significant increase was observed in the 

transition regime because it was 14% and 5% for Al2O3-water and TiO2-water respectively. A 

magnified view of the transition regime in the graph is presented in both figures to show that 

the enhancement was noticeable. The reason for the superiority of Al2O3-water nanofluid in 

heat transfer enhancement could be the higher thermal conductivity of Al2O3 than that of 

TiO2. 
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Figure 6.14: Nusselt number comparison of Al2O3- and TiO2- water nanofluids at 0.3 vol%. 

 

 

The heat transfer coefficient of the 0.5 vol% is presented in Figure 6.15. The comparison was 

conducted between both different nanofluids and pure water. The values of TiO2-water 

nanofluids overlaid the pure water measurement indicating no increase in the heat transfer 

coefficient for TiO2-water nanofluid when compared with that of base fluid in the turbulent 

regime. The same result was obtained in the laminar regime, but in the transition regime, an 

enhancement of 11.7% was earned from TiO2-water against pure water. The aluminium 

oxide-water nanofluid exhibited a noticeable enhancement in the turbulent and the transition 

regimes, because the increases in the heat transfer coefficient were 6% and 24% respectively 

higher than that of TiO2-water nanofluid. The higher increase in the transition measurements 

for Al2O3-water over TiO2-water could be because of the shape and size of the particles, as 

indicated in Section 5.2. 
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Figure 6.15: Comparison of heat transfer coefficient of Al2O3- and TiO2-water nanofluids at 

0.5 vol%. 

 

The Nusselt number for both nanofluids was compared with that of water at the volume 

concentration of 0.5% and is shown in Figure 6.16.  The Nusselt number for TiO2-water 

nanofluids was lower than that of water by 2.6% at the turbulent regime, 11.7% higher in the 

transition regime, and 6% lower in the laminar regime. Al2O3-water nanofluids had a higher 

Nusselt number of 7.2% than that of TiO2-water nanofluid in the turbulent regime and 33.9 % 

in the transition regime.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.16: Nusselt number comparison of Al2O3- and TiO2-water nanofluids at 0.5 vol%. 
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Figure 6.17: Comparison of (a) heat transfer coefficient and (b) Nusselt number for Al2O3- 

and TiO2-water nanofluids at 1.0 vol%. 

 
 

The average heat transfer coefficient for Al2O3- and TiO2-water nanofluids at 1.0% compared 

with that of pure water over the Reynolds number range of 200 to 8 000 is displayed in 

Figure 6.17. TiO2-water nanofluid showed an average improvement in the heat transfer 

coefficient in the turbulent and the transition flow regimes. The average enhancement was 1.1 

and 21.9% respectively. The heat transfer coefficients of Al2O3-water nanofluids were 14.5% 

and 25% higher than those of TiO2-water in the turbulent and the transition flow regimes 

respectively. 

The Nusselt number of the two nanofluids at 1.0 vol% was compared with the base fluid over 

Reynold number span of 200 to 8 000 (see Figure 6.18). The enhancement by Al2O3-water 

nanofluids was 12.5% higher than water and 17.1% higher than TiO2-water in the turbulent 

flow regime. In the transition, the enhancement was 50% and 28.1% higher than for water 

and TiO2-water nanofluid respectively. In the laminar regime, no enhancement was observed 

for both nanofluids. 

Magnified views are extracted from the transition regime and presented in Figure 6.13 to 

Figure 6.18. Two aspects were noticed when transitioning from laminar to turbulent in the 

rectangular channels by using TiO2- and Al2O3-water nanofluids. The first aspect was that the 

nanofluid concentration influenced the onset of transition, and it was found to be taking place 

at a smaller Reynolds number with an increase in volume concentration. For TiO2-water 
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nanofluids, the transition onset started at Reynolds number of 1 799 for the 0.3 vol% 

nanofluid, at Reynolds number of 1 778 for the 0.5 vol% nanofluid, and at Reynolds number 

of 1 714 when using 1.0 vol% nanofluid. The length of transition in terms of Reynolds 

number measure was 191, 189, 186 and 182 respectively, while for Al2O3-water nanofluid, 

the transition started at Reynolds number of 1 731, 1 723, and 1 705 respectively and the 

corresponding transition period lengths were 125, 110 and 125 respectively. 

The transition flow regime for all the tested nanofluids started earlier than for pure water. The 

early transition was linked to the higher nanofluid viscosity, which shifted the position of 

transition from what it is in Figure 4.1 to a new transition situation, as presented in Figure 

6.13 to Figure 18.  The quicker transition agreed with the work of Meyer et al. [24]. The 

second feature that was observed concerning the transition behaviour of the current test 

nanofluids, was the significant enhancement of all the concentrations for both nanofluids. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.18: Comparison of (a) heat transfer coefficient and (b) Nusselt number for Al2O3- 

and TiO2-water nanofluids at 1.0 vol%. 

 

6.8.2 Pressure drop and friction coefficient results 

 

The friction coefficients for various concentrations of water-based titanium and aluminium 

oxide nanofluids are displayed in Figure 6.19. The friction coefficients of both TiO2-water 

and Al2O3-water nanofluids decreased with the rise in the volume concentration in the 

laminar regime, except for the weakest volume concentration nanofluid (0.3 vol%) because it 

was similar to the values of pure water. In the turbulent regime, the friction coefficient results 
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for the nanofluids and water became difficult to distinguish because of the effect of the 

nanoparticles on the flow physics at this regime. 

The friction factor coefficients in the transition flow regime increased in volume, and they 

were 2.3, 6.5 and 15.2% for the 0.3, 0.5 and 1.0 vol% for TiO2-water nanofluid, and 4, 10.5 

and 25% for the 0.3, 0.5 and 1.0 vol% for Al2O3-water nanofluid. The onset and the length of 

transition happened at the same time as the heat transfer results, as shown in Section 6.8.1.  

 

 

 
 

 

 

 

 

 

 

 

Figure 6.19: Variation of friction coefficients with Reynolds number for all nanofluids 

compared with water. 

 

The pressure drop of water compared with that of Al2O3- and TiO2-water nanofluids is 

presented in Figure 6.20 to cover the full flow range span. Results showed that the pressure 

drop for all nanofluids increased with an increase in the concentration and the Reynolds 

number. Al2O3-water nanofluids resulted in a higher pressure drop than for TiO2-water 

nanofluids in the turbulent flow and the increase was 8.2%, 13.6% and 33.3% for the 0.3, 0.5 

and 1.0 vol% nanofluid. The penalty in the pressure in the transition flow regime was slightly 

higher than in the turbulent regime since it was 3.4% for the 0.3 vol% nanofluid, 2.7% for the 

0.5 vol% and 38.5% for the 1.0 vol% nanofluid. The increase in the pressure drop was due to 

the interaction of the particles with the wall of the test section and also the higher viscosity of 

the nanofluids than that of water. 
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Figure 6.20: Variation of pressure drop with Reynolds number for all nanofluids compared 

with water. 

6.8.3 Thermal performance evaluation of nanofluids  

 

 

 

 

 

 

 

 

 

 

Figure 6.21: Thermal performance factor variation with volume concentration in the turbulent 

and the transition regimes for TiO2- and Al2O3-water-based nanofluids. 

 

The thermal performance factor, as outlined in Equation 6.2, was computed by calculating the 

average Nusselt number and friction factor for all the concentrations of the nanofluids over 

Reynolds number values covering the transition and turbulent regimes. The laminar flow 

measurements were not included because the heat transfer enhancement was negligible. 
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The thermal performance factor of the nanofluids in the transition regime was higher than the 

unity value for both nanofluids at all test concentrations, as indicated in Figure 6.21, and the 

maximum values were 1.47 and 1.14 at the 1.0 vol% for Al2O3-water and TiO2-water 

nanofluids respectively. Therefore, in the transition regime, the nanofluids under 

investigation contributed to the heat transfer improvement more than the increase in the 

pumping power required due to the viscosity increase in the nanofluid. In the turbulent 

regime, the thermal performance factor indicated that all the concentrations of TiO2-water 

nanofluids were not suitable to use due to the thermal performance factor of values lower 

than the unity. However, the thermal  performance of Al2O3-water nanofluid in the turbulent 

regime was better and the maximum value was 1.1 at the volume concentration of 1%.   

6.9 Heat transfer results of the porous media insert  

6.9.1 Pressure drop across the test section with the nickel foam insert 

 

Equation 6.3 represents the relation between the pressure gradient through the porous media 

and flow velocity. For the high fluid velocity, the inertial effect is dominant and the flow 

range is known as non-Darcy flow regime. The flow range in the test section under 

investigation falls under the non-Darcy flow regime: 

𝑑𝑝

𝑑𝑥
=
𝜇

𝐾
𝑉 +

𝐶𝐸

√𝐾
𝜌𝑉2                                                                                                                         (𝟔. 𝟑) 

where 𝐾 is the permeability, which describes the conductivity of the porous media for the 

Newtonian permutation. The permeability value of a porous medium may vary with the 

geometrical characteristic. Therefore, it is necessary to calculate the nickel foam that is 

inserted into the rectangular test section. Equation 6.4 is a reformulation of Equation 6.3 for 

the purpose of the linearisation of the equation: 

1

𝜇𝑉
(
𝑑𝑝

𝑑𝑥
) =

1

𝐾
+
𝐶𝐸

√𝐾
 
𝜌𝑉

𝜇
                                                                                                                  (𝟔. 𝟒) 

Figure 6.22 shows the linear relation between 
1

𝜇𝑉
(
𝑑𝑝

𝑑𝑥
) and  

𝜌𝑉

𝜇
 . The values of the permeability 

(K) and Ergun coefficient (𝐶𝐸) are extracted from the figure and are 0.000162 and 0.00078 

respectively. 

A common way to write Reynolds number is to define √𝐾 as characteristic length, as 

follows: 
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𝑅𝑒 =
𝜌 𝑉 √𝐾

𝜇
                                                                                                                                      (𝟔. 𝟓) 

The friction coefficient is calculated by the measurements of the pressure drop using 

Equation 6.6: 

 

𝑓 =
∆𝑃 𝐷ℎ
𝜌𝐿𝑉2

                                                                                                                                          (𝟔. 𝟔) 

 

 

 

 

 

 

 

 

 

Figure 6.22: Linear relation of pressure gradient across the porous media with the velocity. 

 

The friction coefficient variation with the Reynolds number for the test section with the 

nickel foam insert is shown in Figure 6.23. The permeability-based Reynolds number span 

ranged between 2 000 and 6 500. The range corresponded to the full flow range in the empty 

test section (laminar to turbulent including the transition regime). The friction coefficient of 

the foam-filled test section showed no change in the pattern of the measurements, which 

indicated no transition and the flow regime followed the non-Darcy flow regime. Moreover, 

the values of the friction coefficient were significantly higher than those for the empty test 

section value (24.5 times higher than the values of the empty test section), and this could be 

explained by the complicated structure of the nickel foam resulting in a flow fouling and 

therefore high pressure drop across the test section. 
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Figure 6.23: Friction coefficient variation with Reynolds number of the empty test section 

compared with the test section with nickel foam insert. 

 

6.9.2 Heat transfer evaluation of the test section with the nickel foam insert 

 

The variation of the local Nusselt number for two Reynolds numbers at seven various 

positions along the test section is presented in Figure 6.24. For both Reynolds numbers 

(higher and lower), the Nusselt number decreased until the value of x/d =30. This length was 

the entrance length, in which the flow was still thermally developing. These results indicated 

no effect of the foam in the thermal entrance length compared with the empty test section. 

The Nusselt number for the Re = 8 400 remained constant along the remaining length, while 

the Nusselt number at Reynolds number of 1 710 increased with the length of the tube, and it 

was 2.7 times higher than the value of Nusselt number at the position of x/d=30. Figure 6.25 

shows the average Nusselt number variation with Reynolds number for the water flow across 

the nickel foam in the rectangular test section. The results were compared with the empty test 

section results. A drastic increase in Nusselt number was observed by using the nickel foam 

because the increase was three times on average compared with that of the empty test section.  

The Nusselt number for the foam-filled test section increased with a higher rate in lower 

Reynolds number, a 77% increase for the range of Reynolds number between 1 700 and 

6 000 was observed, while the increase in Nusselt number for the higher Reynolds number 

range (6 000-10 000) was as little as 13%. This result could be justified by observing the 

behaviour of local heat transfer for the higher and low flow rate, as illustrated in Figure 6.24, 

because the increase in the Nusselt number was almost negligible at the higher Reynolds 

number compared with the lower Reynolds number. Another feature demonstrated in Figure 



92 

  

6.25 is the one pattern of Nusselt number variation with Reynolds number; because no 

transition was noticed in the tested flow range. The transition from the laminar to turbulent 

was observed for the flow in the empty test section at Reynolds number of 1 750 and ended at 

Reynolds number of 2 000. This showed the effect of the porous media on the transition 

because no transition occurred when inserting the nickel foam in the rectangular test section.   

 

 

 

 

 

 

 

Figure 6.24: Local Nusselt number of two different flow rates through nickel foam in a 

rectangular test section. 

 

 

 

 

 

 

 

 

 

 

Figure 6.25: Nusselt number comparison of flow through an empty rectangular test section 

and nickel foam-inserted test section. 
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6.9.3 Heat transfer enhancement evaluation of the nickel foam test section 

 

The thermal performance factor was used as heat transfer enhancement criteria, as stated in 

Equation 6.2, to compare between the obtained heat transfer enhancement and the penalty in 

the pressure drop. Figure 6.26 shows that the thermal performance factor was higher than the 

unity through the entire Reynolds number range of 2 000 to 6 500. The higher performance 

factor values proved the feasibility of using the nickel foam as a method of heat transfer 

enhancement although the high-pressure drop occurred when using the foam. The results also 

revealed that the operation of the foam-filled rectangular test section was better than at the 

lower flow rates because the thermal performance factor was observed to be 1.7. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.26: Thermal performance factor variation with Reynolds number for flow through 

nickel foam in a rectangular test section. 

 

6.10 Conclusion  
 

The pressure drop and the heat transfer for the water were measured and compared with three 

Al2O3-water nanofluids and four TiO2-water nanofluids against the Reynolds number for the 

entire flow range. The increase in the pressure drop was significant in the transition flow 

regime for all the nanofluids. The maximum pressure drop for Al2O3-water nanofluids was 
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61% for the 1.0 vol%, while, for TiO2-water nanofluids, the maximum increase in the 

pressure drop was 22.5% for the 1.0 vol%.  

The enhancement of the heat transfer coefficients in the transition flow regime was higher 

than in the turbulent and laminar regimes for Al2O3- and TiO2-water nanofluids. The 

maximum enhancement in the transition regime was 54% at the 1.0 vol%, while it was 29.3 

% at 1.0 vol%. Both Al2O3- and TiO2-water nanofluid results showed that the transition 

occurred earlier than with that of water. The foam-filled test section was constructed by 

ponding the foam strips to the channel, and the permeability was determined by linearising 

the no-Darcy flow pressure gradient equation. The pressure drop for the foam test section was 

24.5 times higher than for the empty test section. However, the heat transfer in terms of 

Nusselt number showed an increase of three times of the empty test section value. The overall 

thermal performance factor showed the effectiveness of filling the test section with high-

porosity nickel foam. No transition regime was noticed for the foam-filled test section on 

either the heat transfer results or the pressure drop results, while transition from laminar to 

turbulent was found for the empty test section.    
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CHAPTER 7     

CONCLUSION AND RECOMMENDATIONS 

7.1 Summary  
 

Improvement in the heat transfer performance of heat exchangers can be achieved by two 

methods. The first approach is by using more effective heat transport fluids, which improve 

thermal properties such as nanofluids. The second approach is by increasing the heat transfer 

area of the heat exchanger itself, and this can be practically done by attaching fins or inserts 

to heat exchanger walls or by filling the heat exchanger tubes with porous media. In this 

study, both approaches were experimentally investigated with more focus on the nanofluids.  

The transition flow regime was specifically discussed because of a lack of research on 

nanofluids in this regime. 

A rectangular test section of 450 mm was used with a hydrodynamic length of 600 mm 

attached to the test section. The test section was provided with two mixers at the inlet and the 

outlet, and seven thermocouples were attached to the outer surface of the test section to 

measure the average surface temperature. Two pressure taps were added to the two ends of 

the test section to measure the differential pressure across the test section. The test section 

was uniformly heated using an electrical power supply. Three concentrations of aluminium 

oxide-water nanofluids and four concentrations of titanium dioxide-water nanofluids were 

used. 

The same test section was filled with a porous media insert of rectangular shape to assist in 

heat transfer enhancement. The porous media was high-porosity nickel foam. The heat 

transfer and pressure drop characteristics of water flowing through the nickel foam in the 

rectangular test section were investigated. 

The results of the experiments of the nanofluids in the empty test section, and the water 

flowing in the porous media-filled test section are outlined in the following sections. 
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7.2 Conclusions  
 

7.2.1 Conclusions on aluminium oxide-water nanofluids  

 

Aluminium oxide-water nanofluids with volume concentrations of 0.3%, 0.5% and 1.0% 

were tested in a uniformly heated rectangular channel for the entire flow regime, and the 

following conclusions were made: 

  

 The transition to turbulent flow in a rectangular channel started earlier than in 

conventional circular channels. 

 The transition started earlier when using the nanofluids compared than when using 

water, as observed in both the heat transfer and pressure drop results. 

 The enhancement of the heat transfer coefficient was 43% more in the transition 

regime than in the turbulent regime. 

 The convective heat transfer efficiency was 1.3% at 1.0 vol% in the transition flow 

regime, whereas it was 0.55% at the same volume concentration in the turbulent flow 

regime. Therefore, the pressure drop in the turbulent flow regime was found to be 

greater than the heat transfer, whereas, in the transition regime, the heat transfer was 

found to be greater than the pressure drop.  

 Enhancements of the heat transfer coefficients and Nusselt number were observed in 

the turbulent flow regime for all three nanofluids, with a maximum enhancement of 

11% when using the 1.0 vol% nanofluid. 

 No heat transfer enhancement occurred in the laminar regime for this nanofluid, and 

the friction factors for the nanofluids tested were significantly higher than for pure 

water.  

 Pressure drop increased with the volume concentration. 

 

7.2.2 Conclusions on titanium dioxide-water nanofluids  

 

Titanium dioxide-aqueous nanofluids of 0.3, 0.5, 0.7 and 1.0 vol% were examined in a 

constantly heated rectangular channel for the full range of flow, and the following 

conclusions were made: 
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 The transition started earlier in the rectangular cross-section channels than in the 

conventional round channels. 

 Using TiO2-water nanofluids resulted in an earlier transition than for water. 

 The heat transfer coefficient was significantly enhanced in the transition flow regime: 

a maximum average enhancement of 29.3% was achieved by using the 1.0 vol% 

nanofluid. 

 A Nusselt number enhancement of 24.3% was obtained in the transition regime by 

using 0.7 vol% nanofluid. 

 Heat transfer coefficient and Nusselt number results in the turbulent regime showed 

that all TiO2-water nanofluids of volume concentrations of  0.7% and 1% enhanced 

the heat transfer. 

 The thermal performance factor showed better performance of the nanofluids under 

investigation in the transition regime than in the turbulent and the laminar flow 

regimes.  

 Improvement in heat transfer was negligible in the laminar regime for TiO2-water 

nanofluid. 

 The pressure drop and friction coefficient increased with an increase in the volume 

concentration and Reynolds number. 

 The investigated nanofluids in the transition regime were more thermally efficient 

than in the laminar and turbulent regimes. 

 

7.2.3 Conclusions on comparison of aluminum with titanium dioxide-water 

nanofluids  

 

Titanium dioxide-aqueous nanofluids of 0.3, 0.5 and 1.0 vol% were examined and compared 

with the water-based aluminium oxide nanofluids at the same concentrations in a 

continuously heated rectangular channel for the full range of flow. The following conclusions 

were made: 

i. Using TiO2-water nanofluids resulted in an earlier transition than when using water 

and later transition than when using Al2O3-water nanofluid. 

ii. Nusselt number and heat transfer coefficients were significantly enhanced in the 

transitional flow regime; maximum average enhancements of 21.9% and 29.3% were 
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respectively achieved at 1.0 vol% of TiO2-water nanofluid. Maximum enhancements 

of 50% and 54.2% were respectively achieved at 1.0 vol% of Al2O3-water nanofluid. 

iii. No enhancement was observed in Nusselt number in the turbulent regime for TiO2-

water nanofluids. However, a maximum enhancement of 12.5% was achieved for 

Al2O3-water nanofluid of 1.0 vol %, and the maximum enhancement in the heat 

transfer coefficients  for TiO2-water in the turbulent regime was 1.1% at 1.0 vol %, 

while it was 15.6% for Al2O3-water nanofluid at the same volume concentration.  

iv. Improvement in heat transfer was negligible in the laminar regime for TiO2-water and 

Al2O3-water nanofluids. 

v. Thermal performance factor results showed that all the investigated nanofluids in the 

transition regime were thermally more efficient than in the laminar and turbulent 

regimes. 

7.2.4 Conclusions on nickel foam-filled test section  

 

The nickel foam-filled rectangular test section was subjected to uniform heat flux and the test 

was carried out in the range of the perambilty-based Reynolds number of 1 700 to 1 000, and 

the following conclusions were made from the results: 

 

vi. A higher pressure drop when using the nickel foam was observed than when using the 

empty test section. 

vii. The local heat transfer results for the nickel foam test section showed that the thermal 

entry length did not depend on the flow rate.  

viii. The heat transfer increment was constant towards the exit of the test section at the 

higher flow rates, while it increased rapidly at the lower flow rates.  

ix. Nusselt numbers for the foam-filled test were higher than for the empty test section 

indicating a heat transfer improvement when using nickel foam. 

x. No transition regime was noticed for the foam-filled test section on either the heat 

transfer results or the pressure drop results, while transition from laminar to turbulent 

was found for the empty test section.   

7.3 Recommendations  

 

 Modification of the experimental system is necessary to investigate the transition flow 

regime for nanofluid volume concentrations of more than 1.0%. 
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 Conducting the experiment with nanofluids with other base fluids than water to 

generalise the obtained results and to obtain accurate correlations for the heat transfer 

enhancement in the transition flow regime is recommended. 

 Experimenting with a long test section to investigate the transition flow regime when 

the flow is thermally fully developed and comparing this with the current results is 

recommended. 

 Development of correlations in the transition flow regime by conducting experiments 

with different nanofluids with a wider concentration range. 

 Investigating with hybrid nanofluids to explore the effect of mixing  two different 

nanoparticles into the base fluid 

 Inducing a magnetic field to influence the stability and heat transfer performance of 

the nanofluids. 

 A comprehensive test conducted with a foam-filled test section by using different 

foam materials and different foam structures to conclude the effect of the foam in the 

heat transfer performance and the transition regime is recommended. 

 An experimental comparison between the nanofluids and the porous media at the 

same equivalent concentration to determine the effectiveness of both of them in the 

heat transfer characteristics is recommended.  

 

7.4 Challenges 
 

 A blockage in the pressure taps was noticed when increasing the volume 

concentration of the nanofluids more than 1%. 

 There was a restriction on using a base fluid other than the pure water because base 

fluids such as Ethylene and Propylene Glycol increase the viscosity. Therefore the 

pump cannot handle the nanofluids to reach the transition and the turbulent flow 

regimes.  

 Inserting the Nickel foam in the test section was challenged by the fact that the 

structure of the foam could be slightly changed when using the mechanical ponding 

technique, and when using the soldering to close the channel, special care needs to be 

taken to avoid spelling the solder inside the channel and causing flow blockage. 
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Appendix A 

Calibration of thermocouple and pressure 
transducers 
 

Calibration of thermocouples was accomplished by comparing the measurements of the 

thermocouples while they were attached to the test section with a PT-100 measurement. A 

water bath was used to vary the temperature of the water. The results are represented in this 

section because each station of the seven stations consists of four thermocouples, namely T 

for the top, B for the bottom, W for the west side of the channel, and E for the east side of the 

channel. Pressure transducers were also calibrated by using a manometer to correct the 

transducers’ measurements, and two transducers were used and calibrated (PT1 and PT2). 

A.1 Results of thermocouple calibration  
 

                              A. 1(a) A. 1(b) 

 

Figure A.1: Calibration of the thermocouples used to measure the water temperature at (a) the 

inlet and (b) the outlet of the test section. 
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                              A. 2(a) A. 2(b) 

  

 

  

 

 

 

 

 

 

 

 

 

                             A. 2(c) 

 

Figure A.2: Calibration of the four thermocouples in the first station: (a) top thermocouple, 

(b) thermocouple on the bottom side and (c) thermocouple on the eastern side of the test 

section. 
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A. 3(a) A. 3(b) 

 

 

 

                        A. 3(c)        A. 3(d) 

 

Figure A.3: Calibration of the four thermocouples in the second station: (a) top thermocouple, 

(b) thermocouple on the bottom side and (c) thermocouple on the eastern side of the test 

section. 
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A. 4(a)  A. 4(b) 

 

 

                        A. 4(c)        A. 4(d) 

Figure A.4: Calibration of the four thermocouples in the third station: (a) top thermocouple, 

(b) thermocouple on the bottom side and (c) thermocouple on the eastern side of the test 

section. 
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A. 5(a)  A. 5(b) 

 

                        A. 5(c)         A. 5(d) 

Figure A.5: Calibration of the four thermocouples in the fourth station: (a) top thermocouple, 

(b) thermocouple on the bottom side and (c) thermocouple on the eastern side of the test 

section. 
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                        A. 6(c)        A. 6(d) 

Figure A.6: Calibration of the four thermocouples in the fifth station: (a) top thermocouple, 

(b) thermocouple on the bottom side and (c) thermocouple on the eastern side of the test 

section. 
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                        A. 7(c)        A. 7(d) 

Figure A.7: Calibration of the four thermocouples in the sixth station: (a) top thermocouple, 

(b) thermocouple on the bottom side and (c) thermocouple on the eastern side of the test 

section. 
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                        A. 8(c)        A. 8(d) 

Figure A.8: Calibration of the four thermocouples in the seventh station: (a) top 

thermocouple, (b) thermocouple on the bottom side and (c) thermocouple on the eastern side 

of the test section. 
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A.2 Results of pressure transducer calibration   
 

 

 

 

 

 

 

 

 

 

 

 

Figure A.9: Calibration of high-range pressure transducer (PT2). 

 

 

 

  

 

 

 

 

 

 

 

Figure A.10: Calibration of low-range pressure transducer (PT1). 
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Appendix B 

Error estimation and uncertainty analysis  
 

B.1 Introduction 
 

Uncertainty and error analyses are necessary for any experimental work. In this study, the 

uncertainty of the pressure drop and the heat transfer parameters were calculated to know the 

reliability level of the measurements, which was the base of the current study. 

The error in each measured value (x) was divided into (i) bias error, which is always a 

constant value caused by sensor calibration or the initial fixed operating conditions, (ii) 

random error, and the sensor sensitivity causes it, and it is also known as the accuracy. 

The uncertainty in a measurement of a variable is the deviation of the true value of that 

variable for the mean measured value of the same variable.  

B.2 Background 
 

The uncertainty, ux, is obtained from the bias error and estimates of the random error in the 

measured data set of x: 

𝑢𝑥 = √𝑢𝐵
2 + 𝑢𝑝2  , 𝑃% 

where 𝑢𝐵 and 𝑢𝑃 are bias error and precision error in x with P% probability respectively. 

The uncertainty of parameter derived from measured variables can be calculated from a 

group of equations as follows: 

 𝑅(𝑥) = 𝑓(𝑥1, 𝑥2, … . . 𝑥𝑛) , where 𝑥𝑖 is the measured variable. The uncertainty in 𝑅 about the 

mean value �̅� and the actual value 𝑅𝑎𝑐𝑡𝑢𝑎𝑙 is defined as follows: 

 

𝑅𝑎𝑐𝑡𝑢𝑎𝑙  = 𝑅 ̅̅̅̅ + δR where δR is the uncertainty in R, and can be calculated as follows: 

 

𝛿𝑅 = √(𝛿𝑥1  
𝜕𝑅

𝜕𝑥1
)
2

+ (𝛿𝑥2  
𝜕𝑅

𝜕𝑥2
)
2

+ ……… .+ (𝛿𝑥𝑛  
𝜕𝑅

𝜕𝑥𝑛
)
2

                                             (𝑩. 𝟏) 

where 𝛿𝑥𝑖 is the uncertainty of the measured variable 𝑥𝑖 
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Perimeter of the test section: 

𝑝 = (2𝑊 + 2𝐻) 

𝜹𝑝 = √(
𝜹𝑝

𝜹𝑊
. 𝜹𝑊)

𝟐

+ (
𝜹𝑝

𝜹𝐻
. 𝜹𝐻)

𝟐

 

𝜹𝑝 = √(𝟐.𝜹𝑊)𝟐 + (𝟐.𝜹𝐻)𝟐                                                                                             

𝜹𝑝

𝒑
= √(

𝜹𝑊

𝑾+𝑯
)

𝟐

+ (
𝜹𝑯

𝑾+𝑯
)
𝟐  

                                                                               (𝑩. 𝟐) 

Heat transfer area: 

𝐴𝑠 = (2𝑧 + 2ℎ)𝐿 

δAs = √(
δAs
δW

. δW)
2

+ (
δAs
δH

. δH)
2

+ (
δAs
δL

. δL)
2

 

𝛿𝐴𝑠 = √(2𝐿. 𝛿𝑊)2 + (2𝐿. 𝛿𝐻)2 + ((2𝑊 + 2𝐻). 𝛿𝐿)
2
                                                                   

𝛿𝐴𝑠
𝐴𝑠

= √(
𝛿𝑊

𝑊 +𝐻
)
2

+ (
𝛿𝐻

𝑊 +𝐻
)
2

+ (
𝛿𝐿

𝐿
)
2

                                                                                      

𝛿𝐴𝑠
𝐴𝑠

= √(
𝜹𝑝

𝒑
)
2

+ (
𝛿𝐿

𝐿
)
2

                                                                                                                 (𝑩. 𝟑) 

 

Flow velocity: 

 

𝑉 =  
�̇�

𝜌 𝑊𝐻
 

𝜹𝑉 = √(
𝜹𝑉

𝜹�̇�
. 𝜹�̇�)

𝟐

+ (
𝜹𝑉

𝜹𝜌
. 𝜹𝜌)

𝟐

+ (
𝜹𝑉

𝜹𝑊
. 𝜹𝑊)

𝟐

+ (
𝜹𝑉

𝜹ℎ
. 𝜹𝐻)

𝟐
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𝛅V

=  √(
𝟏

𝛒𝐖𝐇
. 𝛅ṁ)

𝟐

+ (
−�̇�𝐖𝐇

(𝛒𝐖𝐇)𝟐
. 𝛅ρ)

𝟐

+ (
−�̇�𝛒𝐇

(𝛒𝐖𝐇)𝟐
. 𝛅W)

𝟐

+ (
−�̇�𝛒𝐖

(𝛒𝐖𝐇)𝟐
. 𝛅H)

𝟐

        

𝛅V

V
=  √(

𝛅ṁ

ṁ
)
𝟐

+ (
𝛅ρ

ρ
)
𝟐

+ (
𝛅W

𝑾
)
𝟐

+ (
𝛅H

𝑯
)
𝟐

                                                                           (𝑩. 𝟒) 

 

Fluid means temperature: 

 

 𝑇𝑚(𝑥) = 𝑇𝑖 +
�̇� 𝑥 𝑝

�̇�𝐶𝑃
 

 

𝜹 𝑇𝑚(𝑥) =

√
  
  
  
  
  

(
𝜹𝑇𝑚(𝑥)

𝜹𝑇𝑖 
. 𝜹𝑇𝑖 )

𝟐

+ (
𝜹𝑇𝑚(𝑥)

𝜹�̇�
. 𝜹�̇�)

𝟐

+ (
𝜹𝑇𝑚(𝑥)

𝜹𝑥
. 𝜹𝑥)

𝟐

+ (
𝜹𝑇𝑚(𝑥)

𝜹𝑝
. 𝝏𝑝)

𝟐

+(
𝜹𝑇𝑚(𝑥)

𝜹�̇�
. 𝝏�̇�)

𝟐

+ (
𝜹𝑇𝑚(𝑥)

𝜹𝐶𝑃
. 𝜹𝐶𝑃)

𝟐  

 

 

𝜹 𝑇𝑚(𝑥)

= √(𝜹𝑇𝑖 )𝟐 + (
 𝑥. 𝑝

�̇�𝐶𝑃
. 𝜹�̇�)

𝟐

+ (
�̇� .  𝑝

�̇�𝐶𝑃
. 𝜹𝑥)

𝟐

+ (
�̇�. 𝑥

�̇�𝐶𝑃
. 𝜹𝑝)

𝟐

+ (
�̇� 𝑥 𝑝

�̇�2𝐶𝑃
. 𝜹�̇�)

𝟐

+ (−
�̇� 𝑥 𝑝

�̇�𝐶𝑃
2 . 𝜹𝐶𝑃)

𝟐

  

 

𝜹 𝑇𝑚(𝑥)

𝑇𝑚(𝑥)

=

√
  
  
  
  
 

(
�̇�𝐶𝑃

�̇�𝐶𝑃𝑇𝑖 + �̇� 𝑥 𝑝
. 𝜹𝑇𝑖 )

𝟐

+ (
 𝑥. 𝑝

�̇�𝐶𝑃𝑇𝑖 + �̇� 𝑥 𝑝
. 𝜹�̇�)

𝟐

+ (
�̇� .  𝑝

�̇�𝐶𝑃𝑇𝑖 + �̇� 𝑥 𝑝
. 𝜹𝑥)

𝟐

+ (
�̇�. 𝑥

�̇�𝐶𝑃𝑇𝑖 + �̇� 𝑥 𝑝
. 𝜹𝑝)

𝟐

+(
�̇� 𝑥 𝑝

�̇�𝐶𝑃𝑇𝑖 + �̇� 𝑥 𝑝
.
𝜹�̇�

�̇�
)
𝟐

+ (
�̇� 𝑥 𝑝

�̇�𝐶𝑃𝑇𝑖 + �̇� 𝑥 𝑝

. 𝜹𝐶𝑃
𝐶𝑃

)
𝟐  

                                                                                                                                                                        (𝑩. 𝟓) 
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Heat transfer input to the test section: 

 

𝑄𝑤 = �̇� . 𝐶𝑃 . (𝑇𝑒 − 𝑇𝑖) 

    

𝜹𝑄𝑤 = √(
𝜹𝑄�̇�
𝜹�̇�

. 𝜹�̇�)

𝟐

+ (
𝜹𝑄�̇�
𝜹𝑐𝑝

. 𝜹𝑐𝑝)

𝟐

+ (
𝜹𝑄�̇�
𝜹𝑇𝑒

. 𝜹𝑇𝑒)

𝟐

+ (
𝜹𝑄�̇�
𝜹𝑇𝑖

. 𝜹𝑇𝑖)

𝟐

 

𝜹𝑄𝑤 =

 √(𝒄𝒑(𝑻𝒆 − 𝑻𝒊). 𝜹�̇�)
𝟐
+ (�̇�(𝑻𝒆 − 𝑻𝒊). 𝜹𝑐𝑝)

𝟐
+ (�̇�𝒄𝒑. 𝜹𝑇𝑒)

𝟐
+ (−�̇�𝒄𝒑. 𝜹𝑇𝑖)

𝟐
               

 

𝜹𝑄𝑤
𝑄𝑤

= √(
𝜹�̇�

�̇�
)
𝟐

+ (
𝜹𝑐𝑝

𝑐𝑝
)

𝟐

+ (
𝜹𝑇𝑒

𝑻𝒆 − 𝑻𝒊
)
𝟐

+ (
𝜹𝑇𝑖

𝑻𝒆 − 𝑻𝒊
)
𝟐

                                                      (𝑩. 𝟔) 

 

Heat flux: 

�̇� =
𝑄𝑤
𝐴𝑆

 

𝜹 �̇� =  √(
𝜹�̇�

𝜹𝑄𝑤
. 𝜹𝑄𝑤)

𝟐

+ (
𝜹�̇�

𝜹𝐴𝑆
. 𝜹𝐴𝑆)

𝟐

 

  𝜹 �̇� =  √(
𝟏

𝑨𝑺
. 𝜹𝑄𝑤)

𝟐

+ (
𝑸𝑾

𝐴𝑆
𝟐 . 𝜹𝐴𝑆)

𝟐

                                                                                             

𝜹 �̇�

�̇�
=  √(

𝜹𝑄𝑤
𝑄𝑤

)
𝟐

+ (
𝜹𝐴𝑆
𝐴𝑆

)
𝟐

                                                                                                            (𝑩. 𝟕) 

Local and average heat transfer coefficient: 

  ℎ(𝑥) =
�̇�

[𝑇𝑤𝑖(𝑥)−𝑇𝑚(𝑥)]
 

 

𝛿 ℎ(𝑥) =  √(
𝛿ℎ(𝑥)

𝛿�̇�
. 𝜕�̇�)

2

+ (
𝛿ℎ(𝑥)

𝛿𝑇𝑤𝑖
. 𝜕𝑇𝑤𝑖)

2

+ (
𝛿ℎ(𝑥)

𝛿𝑇𝑚
. 𝛿𝑇𝑚)

2
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𝝏 𝒉(𝒙) = √(
𝜹�̇�

𝑻𝒘𝒊 − 𝑻𝒎
)
𝟐

+ (
−�̇�

(𝑻𝒘𝒊 − 𝑻𝒎)
𝟐
. 𝝏𝑻𝒘𝒊)

𝟐

+ (
�̇�

(𝑻𝒘𝒊 − 𝑻𝒎)
𝟐
. 𝜹𝑻𝒎)

𝟐

                               

𝝏 𝒉(𝒙)

𝒉(𝒙)
= √(

𝜹�̇�

�̇�
)
𝟐

+ (
𝝏𝑻𝒘𝒊

𝑻𝒘𝒊 − 𝑻𝒎
)
𝟐

+ (
𝜹𝑻𝒎

𝑻𝒘𝒊 − 𝑻𝒎
)
𝟐

                                                                              (𝑩. 𝟖) 

 

For the average heat transfer: 

  

𝒉𝒂𝒗𝒈 = 
𝒉(𝒙𝟏) + ⋯………+ 𝒉(𝒙𝒏)

𝒏
 

𝛅 𝐡𝐚𝐯𝐠. = √(
𝛅 𝐡𝐚𝐯𝐠.

𝛅h(x1)
)

2

. 𝛅h(xn) + ⋯+ (
𝛅 𝐡𝐚𝐯𝐠.

𝛅h(xn)
)

2

. 𝛅h(xn) 

 

𝜹 𝒉𝒂𝒗𝒈.

 𝒉𝒂𝒗𝒈.
= √

1

𝑛
((
𝜹 𝒉(𝒙𝟏)

 𝒉(𝒙𝟏)
)

𝟐

+ (
𝜹 𝒉(𝒙𝟐)

 𝒉(𝒙𝟐)
)

𝟐

+⋯+ (
𝜹 𝒉(𝒙𝒏)

 𝒉(𝒙𝒏)
)

2

)                                      (𝑩. 𝟗) 

                                                       

 

Reynolds number: 

            

𝑹𝒆 =  
𝝆𝑽𝑫𝒉

 𝝁 
 

𝜹𝑅𝑒 =  √(
𝜹𝑅𝑒

𝜹𝜌
. 𝜹𝜌)

𝟐

+ (
𝜹𝑅𝑒

𝜹𝑉
. 𝜹𝑉)

𝟐

+ (
𝜹𝑅𝑒

𝜹𝐷ℎ
. 𝜹𝐷ℎ)

𝟐

+ (
𝜹𝑅𝑒

𝜹𝜇
. 𝜹𝜇)

𝟐

 

𝜹𝑅𝑒 =  √(
𝑽𝑫𝒉

𝜇
. 𝜹𝜌)

𝟐

+ (
𝝆𝑫𝒉

𝜇
. 𝜹𝑉)

𝟐

+ (
𝝆𝑽

𝜇
. 𝜹𝐷ℎ)

𝟐

+ (−
𝝆𝑽𝐷ℎ
𝜇2

. 𝜹𝜇)
𝟐

          

𝜹𝑅𝑒

𝑅𝑒
=  √(

𝜹𝜌

𝜌
)
𝟐

+ (
𝜹𝑉

𝑽
)
𝟐

+ (
𝜹𝐷ℎ
𝐷ℎ

)
𝟐

+ (
𝜹𝜇

𝜇
)
𝟐

                                                         (𝑩. 𝟏𝟎) 
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Friction coefficient: 

𝑓 =
2 ∆𝑃 𝐷ℎ
𝜌𝐿 𝑉2

 

𝜹𝑓 = √(
𝜹𝑓

𝜹∆𝑃
. 𝜹∆𝑃)

𝟐

+ (
𝜹𝑓

𝜹𝐷ℎ
. 𝜹𝐷ℎ)

𝟐

+ (
𝜹𝑓

𝜹𝜌
. 𝜹𝜌)

𝟐

+ (
𝜹𝑓

𝜹𝐿
. 𝜹𝐿)

𝟐

+ (
𝜹𝑓

𝜹𝑉
. 𝜹𝑉)

𝟐

 

𝜹𝑓 =

√
  
  
  
  
  

(
𝟐𝐷ℎ
𝜌𝐿𝑉2

. 𝜹∆𝑃)
𝟐

+ (
𝟐∆𝑃

𝜌𝐿𝑉2
. 𝜹𝐷ℎ)

𝟐

+ (
−𝟐∆𝑃𝐷ℎ𝐿𝑉2

(𝜌𝐿𝑉2)2
. 𝜹𝜌)

𝟐

+ (
−𝟐∆𝑃𝐷ℎ𝜌𝑉2

(𝜌𝐿𝑉2)2
. 𝜹𝐿)

𝟐

+(
−𝟒∆𝑃𝐷ℎ𝜌𝐿𝑉

(𝜌𝐿𝑉2)2
. 𝜹𝑉)

𝟐
 

                                                                                                                              

                                                                                                                              

𝜹𝑓

𝑓
= √(

𝜹∆𝑃

∆𝑃
)
𝟐

+ (
𝜹𝐷ℎ
𝐷ℎ

)
𝟐

+ (
𝜹𝜌

𝜌
)
𝟐

+ (
𝜹𝐿

𝐿
)
𝟐

+ (
𝟐𝜹𝑉

𝑉
)
𝟐

                                     (𝑩. 𝟏𝟏) 

 

Hydraulic diameter: 

Dh =
2WH

(W+ H)
 

𝛅Dh = √(
2H2

(W+ H)2
. δW)

2

+ (
2W2H

(W+ H)2
. δW)

2

 

𝛅Dh
Dh

= √(
H

(W+ H)
. δW)

2

+ (
W

(W+ H)
. δW)

2

                                                                    (𝑩. 𝟏𝟐) 

 

Nusselt number: 

  𝑁𝑢 =
ℎ𝑎𝑣𝑔𝐷ℎ

𝑘
 

 

𝜹𝑁𝑢 = √(
𝜹𝑁𝑢

𝜹ℎ𝑎𝑣𝑔.
. 𝜹ℎ𝑎𝑣𝑔.)

𝟐

+ (
𝜹𝑁𝑢

𝜹𝐷ℎ
. 𝜹𝐷ℎ)

𝟐

+ (
𝜹𝑁𝑢

𝜹𝑘
. 𝜹𝑘)

𝟐
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𝜹𝑁𝑢 = √(
 𝐷ℎ
𝑘
. 𝜹ℎ𝑎𝑣𝑔.)

𝟐

+ (
 ℎ𝑎𝑣𝑔.

𝑘
. 𝜹𝐷ℎ)

𝟐

+ (
− ℎ𝑎𝑣𝑔. 𝐷ℎ

𝑘2
. 𝜹𝑘)

𝟐

                                     

𝜹𝑁𝑢

𝑁𝑢
= √(

𝜹ℎ𝑎𝑣𝑔.

ℎ𝑎𝑣𝑔.
)

𝟐

+ (
𝜹𝐷ℎ
𝐷ℎ

)
𝟐

+ (
𝜹𝑘

𝒌
)
𝟐

                                                                                 (𝑩. 𝟏𝟑) 

 

Prandtl number: 

𝑝𝑟 =
𝜇𝑐𝑝

𝑘
 

𝜹𝑝𝑟 = √(
𝜹𝑝𝑟

𝜹𝜇
. 𝜹𝜇)

𝟐

+ (
𝜹𝑝𝑟

𝜹𝑐𝑝
. 𝜹𝑐𝑝)

𝟐

+ (
𝜹𝑝𝑟

𝜹𝑘
. 𝜹𝑘)

𝟐

 

𝜹𝑝𝑟 = √(
𝒄𝒑

𝒌
. 𝜹𝜇)

𝟐

+ (
𝝁

𝒌
. 𝜹𝑐𝑝)

𝟐

+ (
−𝝁𝒄𝒑

𝒌𝟐
. 𝜹𝑘)

𝟐

                                                                 (𝑩. 𝟏𝟒) 

𝜹𝑝𝑟

𝑝𝑟
= √(

𝜹𝜇

𝜇
)
𝟐

+ (
𝜹𝑐𝑝

𝑐𝑝
)

𝟐

+ (
𝜹𝑘

𝑘
)
𝟐

                                                                                          (𝑩. 𝟏𝟒) 

 

B.3 Uncertainty results  
 

Table B.1: Uncertainty of the instruments used in the tests.  

Instrument Range  Uncertainty 

Flow meter  0 – 0.07 kg/s  0.1 % 

Pressure sensor  0 – 17 kPa 0.21% 

Thermocouples -200 – 350 ℃ 0.1 ℃ 

Power supply 0 – 320 V 
0 – 12.5 A 

0.33 V 
0.04 A 

 

Table B.2: Uncertainty of pure water properties. 

Instrument Uncertainty 

Specific heat  0.1 % 

Viscosity  0.21% 

Density 0.1 ℃ 

Thermal conductivity  0.33 V 
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Table B.3: Uncertainty of heat transfer and pressure drop parameters for pure water.  

Parameter  Uncertainty (Re=600) Uncertainty (Re=7000) 

h 1.7 % 2.3 % 

Nu 2.3 % 5 % 

Re 2.1 % 1.7 % 

f  18.6 % 1.9 % 
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Appendix C 

Thermal properties of the working fluids 
 

The polynomial equation of Popiel and Wojtkowiak [177] is used to estimate the properties 

of the water. 

C.1 Water properties  
 

C.1.1 Density of saturated liquid water 

  
ρ = a + bT + cT 2 + dT 2.5 + eT 3                                                                                           (C.1) 

where 

a = 999.79684, b = 0.068317355, c = −0.010740248, d = 0.00082140905 and 

e = −2.3030988 × 10−5. uncertainty for Equation C.1 is ±0.004%. 

 

C.1.2 Specific heat of water at constant pressure 

 
ρ = a + bT + cT 1.5 + dT 2 + eT 2.5                                                                                         (C.2) 

where 

a = 4.2174356, b = −0.0056181625, c = 0.0012992528, d = −0.00011535353 and 

e = 4.14964 × 10−6. The estimated uncertainty for Equation C.2 is ±0.04%. 

 

C.1.3 Thermal conductivity of water 

 
k = a + bT + cT 1.5 + dT 2 + eT 0.5                                                                                                                              (C.3) 

where 

a = 0.5650285, b = 0.0026363895, c = −0.00012516934, d = −1.5154918 × 10−6 and 

e = −0.0009412945.  The estimated uncertainty for Equation C.3 is ±2%. 

 

C.1.4 Dynamic viscosity of water 

 

𝜇 =
1

𝑎+𝑏𝑇+𝑐𝑇2+𝑑𝑇3
                                                                                                     (C.4) 

 

where 
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a = 557.82468, b = 19.408782, c = 0.1360459, d = −3.1160832×10−4. The estimated 

uncertainty for Equation C.4 is ±1%. 

C.2 Nanofluid properties 
 

The viscosity of nanofluids used in the testing was measured, while the density and the 

specific heat were calculated using the mixture theory, which is valid for any mixture of two 

or more fluids. The thermal conductivity is predicted by using correlations from the literature 

for similar nanofluid types and concentrations. 

C.2.1 Density of the nanofluids 
 

The density of the nanofluids are calculated from the equation used in the literature:  

𝜌𝑛𝑓 = ∅. 𝜌𝑝 + (1 − ∅) ∗ 𝜌𝑏𝑓                                                                                                        (C.5) 

 

 

 

C.2.2 Specific heat of the nanofluid 
 

The specific heat is calculated based on the mixture theory as used in the literature:  

 

(𝐶𝑝)𝑛𝑓 =
∅.(𝜌.𝐶𝑝)𝑝

+(1−∅).(𝜌.𝐶𝑝)𝑏𝑓

𝜌𝑛𝑓
                                                                                                   (C.6) 

 

C.2.3 Thermal conductivity of the nanofluid 
 

Mintsa et al. [91] developed a correlation for the effective thermal conductivity of Al2O3-

water nanofluids, The correlation is valid for concentrations up to 9%, as shown in Eq. (1): 

 
𝐾𝑛𝑓

𝐾𝑏𝑓
= 1.72∅ + 1                                                                                                                               (C.7)     

                                      

The model of He et al. [176] was considered for the thermal conductivity of the nanofluids in 

this work, which was developed for different TiO2-water-based nanofluids, as shown in  Eq. 

(1): 

 
𝐾𝑛𝑓

𝐾𝑏𝑓
= 125.62∅2 4.82∅ + 1                                                                                                              (C.8)              

 


