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resumo  
Neste trabalho é estudado numericamente o impacto do uso de fluidos não-
newtonianos como meio de transferência de calor em micro permutadores de 
calor (MCHE). O estudo da utilização de  fluidos não newtonianos para fins de 
transferência de calor é uma área de pesquisa com interesse crescente como 
resultado do desenvolvimento de nanofluidos com características de 
transferência de calor melhoradas, já que estes geralmente apresentam um 
comportamento reológico complexo, i.e., não newtoniano. No presente trabalho, 
foram considerados nanofluidos de base aquosa produzidos a partir de 
nanotubos de carbono (MWCNT), caracterizados por um comportamento 
reológico pseudoplástico. O desempenho da transferência de calor destes 
nanofluidos  em  microcanais é avaliado para uma  extensiva gama de condições 
de operação e compreendendo variações nos parâmetros constitutivos e 
morfológicos do fluido de trabalho, identificados como  determinantes  das 
propriedades termofísicas e de transporte deste tipo de fluido, nomeadamente, 
fluido de base, geometria da nanopartícula e concentração. O problema em 
análise é estudado computacionalmente usando ferramentas de CFD, 
considerando escoamento monofásico bidimensional, em condições  
estacionárias e regime laminar, para uma geometria específica de micro 
permutador de calor. As propriedades termofísicas dos nano fluídos 
considerados, obtidas experimentalmente, foram disponibilizadas e 
convenientemente modeladas, de modo a serem integradas neste estudo. 
Como as propriedades físicas dos fluidos considerados estão diretamente 
relacionadas à composição e morfologia dos fluidos, os resultados deste estudo 
podem ser usados para estabelecer a influência relativa da propriedades deste 
tipo de nanofluido  sobre a transferência de calor e eficácia do processo de 
transferência neste tipo de sistema (micro canais), proporcionando uma forma 
de indireta de estabelecer as características do fluido de trabalho em função da 
aplicação  específica pretendida, por exemplo: micro sistemas eletromecânicos, 
energia solar, aplicações aeroespaciais, sensores, atuadores etc. 
Esta tese aborda vários objetivos da Agenda 2030 para o Desenvolvimento 
Sustentável, adotada por todos os estados-membro das nações Unidas em 
2015, nomeadamente as relacionadas direta e indiretamente com a utilização e 
disponibilidade de energia (7, 9, 11 e 13, ver: 
https://sustainabledevelopment.un.org/SDGs), uma vez que a eficácia da 
transferência de calor dita a eficiência energética da maioria dos sistemas 
térmicos, potenciando uma utilização mais racional das fontes de energia 
disponíveis, e consequentemente, um menor impacto ambiental quando se 
considera o ciclo de vida do sistema. 
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abstract 

 
The effect of using non-Newtonian fluids as a heat transfer medium in 
microchannel heat exchangers (MCHE) is numerically investigated. The study of 
Non-Newtonian fluids for heat transfer purposes is a research area with growing 
interest as a result of the development of nanofluids with enhanced heat transfer 
characteristics, as these usually show a complex rheologic behaviour. In the 
present work, water-based carbon multi-walled carbon nanotubes (MWCNT) 
fluids, showing a shear-thinning rheological behaviour were considered. The 
heat transfer performance of MWCNTs nanofluids in microchannels is assessed 
for a wide range of operating conditions and comprising the parameters known 
to directly influence the thermophysical and transport properties of this sort of 
heat transfer fluid, namely base fluid, nanoparticle geometry and concentration. 
The overall problem is computationally solved using CFD tools, considering a 
single-phase, 2D, laminar, steady state flow numerical model for a specific micro 
heat exchanger geometry. The thermophysical properties of the considered 
MWCNTs nanofluids, experimentally obtained, were made available and 
conveniently modelled. As the physical properties of the considered fluids are 
directly related to the fluids morphology, the study provides a means to establish 
the relative influence of MWCNTs nanofluids properties on the overall heat 
transfer and fluid flow effectiveness of such systems, providing a mean to 
indirectly support the tailoring of the heat transfer fluid to specific heat exchanger 
applications, e.g.: micro-electromechanical systems, solar energy, aerospace 
applications. 
This thesis addresses several goals of the  2030 Agenda for Sustainable 
Development, adopted by all United Nations Member States in 2015, namely 
those directly and indirectly related with energy use and availability (7, 9, 11 and 
13, see: https://sustainabledevelopment.un.org/sdgs), since heat transfer effectiveness 
dictates the overall energy efficiency of most thermal systems, broadening the 
scope towards more rational use of energy sources  and hence mitigate the  
environmental impact of the system’s life cycle. 
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CFD: Computational Fluid Dynamics. 

FVM: Finite Volume Method. 

SIMPLE: Semi-Implicit Method for the Pressure-Linked Equation. 

SIMPLEC: Semi-Implicit Method for Pressure Linked Equations-Consistent. 

PISO: Pressure-Implicit with Splitting of Operators. 

MWCNT: Multi-walled carbon nanotube. 

SWCNT: Single-walled carbon nanotube. 

CNT: Carbon nanotube. 
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DW: Distilled Water. 

EG: Ethylene Glycol. 

GNPs: Graphene nanoplatelets. 

Ni: Nickle. 

 Al2O3: Alumina / Aluminium Oxide. 

 Fe: Iron. 

Fe2O3: Iron Oxide. 

Cu: Copper. 

 CuO: Copper Oxide. 

 TiO2: Titania / Titanium Dioxide. 

 SiO2: Silicon Dioxide. 

 ZnO: Zinc Oxide. 

CeO2: Cerium dioxide. 

𝐷: Tube diameter (m). 

𝐷ℎ: Hydrolic diameter (m). 

𝑘: Conductivity (W/m K).  

𝑇𝑤: Wall temperature (K). 

𝑇: Temperature (K). 

𝑞: heat flux (W/m2). 
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𝐴: Area (m2) 

𝐿: length of the tube (m). 

ℎ: Heat transfer Coefficient (W/m2 K). 

ℎ𝑎𝑣𝑔: Average heat transfer coefficient (W/m2 K). 

𝑁𝑢: Nusselt number. 

𝑁𝑢𝑎𝑣𝑔: Average Nusselt number. 

𝑽: Velocity vector. 

𝑢: The axial velocity of the fluid (m/s). 

𝑇𝑓 : The bulk temperature of the fluid (K). 

𝑥: The distance from the tube inlet (m). 

𝐾𝑛: Knudsen number. 

Po: Poiseuille number. 

Th_out: Temperature at the outlet of the heating tube (K). 

Th_in: Temperature at the inlet of the heating tube (K). 

Tc_out: Temperature at the outlet of the cooling tube (K). 

Tc_in: Temperature at the inlet of the cooling tube (K). 

Num: Numerical. 

Exp: Experimental. 

lp: The length of the CNT particle (µm). 
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dp: The diameter of the particle (nm). 

𝐶µ: Represents the eddy-viscosity. 

K’: Refers to the turbulent kinetic energy equation. 

ε: Refers to the dissipation equation. 

𝐺𝑘: Represents the generation of turbulence kinetic energy due to the mean 

velocity gradients. 

 𝐶2𝜀 and  𝐶1𝜀: Constants in the turbulent model equation. 

 𝜎𝐾  and 𝜎𝜀  : The turbulent Prandtl numbers for 𝐾′ and 휀, respectively. 

 𝑆 : The mean strain rate. 

Ω𝑖𝑗  : The mean rate-of-rotation tensor. 

C2ε, 𝐴0 and 𝐴𝑠: Turbulent model constants. 

a: Thermal diffusivity (m2/s). 

aavg: The average thermal diffusivity (m2/s). 

R: The thermodynamic constant (J/K mol). 

𝐾: The measure of the average viscosity of the fluid (The consistency index, kg.sn-

2/m). 

Keq: The equivalent of the measure of the average viscosity of the fluid (The 

consistency index, kg.sn-2/m). 

n: The measure of the deviation of the fluid from Newtonian (The power-law 

index). 



 

17 
 

neq: The equivalent of the measure of the deviation of the fluid from Newtonian 

(The power-law index). 

H(T): The temperature dependence (Arrhenius law). 

𝑐𝑝: Specific heat (J/kg K). 

cp-eq: The equivalent specific heat (J/kg K). 

𝑇∗: The dimensionless temperature. 

𝑇𝑊(𝑥): The wall temperature at a specific axial location. 

𝑇𝑓(𝑥): The bulk fluid temperature at a specific axial location 

𝑇(𝑥, 𝑟): The fluid temperature at a specific point. 

Pr: Prandtl number. 

Lh: The hydraulic length. 

Lth: The thermal length. 

𝛥 : represents a non-Newtonian parameter. 

𝐺𝑟: Graetz number 

𝐺𝑟𝐿: Graetz number for x=L. 

�̇�: The volume flow (m3/s). 

𝑓 : The fanning friction factor. 

j: The Colburn j-factor (Dimensionless heat transfer coefficient) 

𝑆𝑡: Stanton number 
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JF: A dimensionless number evaluate the heat exchanger performance in 

comparison with a reference case. 

𝑓𝑅: The fanning friction factor of the reference case. 

𝑗𝑅: The Colburn j-factor of the reference case. 

𝑁𝑢𝑅: Nusselt number of the reference case. 

𝑅𝑡ℎ: The thermal resistance. 

Tmax: The maximum wall temperature (K). 

𝐶ƒ: Friction coefficient. 

𝑇0: Shift temperature (K). 

𝑇𝛼: Reference temperature (K). 

Pe: Peclet number. 

R²: Correlation factor (Fitness estimator). 

NFgroup: The nanofluid that represents the group. 

NFeq: The equivalent nanofluid. 

Greek symbols: 

𝜌: Density (kg/m3). 

ρeq: The equivalent density(kg/m3). 

𝜇: Viscosity (mPa s). 

µcor: Refers to the correlation viscosity results. 
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µexp: Refers to the experimental viscosity results. 

𝜏 : Wall shear stress (Pa). 

φ: Particle volume fraction. 

�̇�: Shear rate (s-1). 

𝛼: The ratio of the activation energy (J/mol) to the thermodynamic constant R 

(K). 

𝛼eq: The equivalent of the ratio of the activation energy (J/mol) to the 

thermodynamic constant R (K). 

𝛿: Boundary layer thickness. 

𝜂: The thermal performance factor. 

Subscripts 

out: Outlet of the tube. 

in: Inlet of the tube. 

w: Wall. 

cor: Correlation. 

Num: Numerical. 

Exp: Experimental. 

p: Particle. 

f: fluid. 

bf: Base fluid. 
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nf: Nanofluid. 

eq: Equivalent. 

max: Maximum. 

th: Thermal. 

h: Hydraulic. 

R: Reference case. 

L: Length of the tube. 

avg: Average.  
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CHAPTER 1-  INTRODUCTION 

1.1 THESIS BACKGROUND AND MOTIVATION 

Production and proper utilisation of energy are requisites to sustainable 

development. One of the most important fields of energy study is heat transfer, 

which has a wide range of applications in power generation, automotive, nuclear 

industries, aerospace application and research, marine and mining applications, 

chemical processing, petroleum, and several other areas. Industries have been 

experiencing continuous challenges to obtain higher efficiency levels and greater 

equipment reliability while reducing the overall size and cost of the design. 

Compact heat exchanger features a higher heat transfer performance, smaller 

geometric size and volume per heat load, lower fluid requirement and lower 

operational cost [1]. However, there are two problems still requiring further 

attention, namely the reduction in channel dimensions which is accompanied by 

higher pressure drop, and the amount of heat transfer which is limited by the used 

heat transfer fluid. Newton’s law of cooling (Eq. 1-1) can describe the possibilities 

of achieving higher heat transfer flow (𝑄), through the increase of heat exchanger 

area (𝐴), the temperature difference (∆𝑇), and convective heat transfer coefficient 

(h) [2]. 

 

Q =  h ∙  A ∙  ∆T Eq. 1-1 

 

The most effective way to increase heat flow, where the minimization of the 

overall volume of the heat exchanger (CHEs) is required, can be by increasing the 

convective heat transfer coefficient. The latter can be achieved by enhancing the 

thermal conductivity (𝑘) of the operated fluid (Eq. 1-2). 

 

ℎ =
𝑁𝑢 ∙ 𝑘

𝐿
 Eq. 1-2 
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Where (𝐿) is a characteristic dimension of the system and (𝑁𝑢) is Nusselt number. 

Another way is to increase heat transfer coefficient and Nusselt number by 

increasing the velocity of the fluid flow which requires higher pumping power. 

However, the low performance of the employed conventional thermal fluids in 

micro heat exchanger applications such as water, ethylene glycol and oil have poor 

thermo-physical properties, led to a necessary need for new thermal fluid to 

intensify the heat transfer process through micro heat exchangers [3]. Thus, a new 

thermal fluid called nanofluid was firstly designed by Choi and Eastman [4] in 

1995 by dispersing nanoparticles into a conventional fluid, presenting 

enhancements on the thermophysical properties. Later, several researchers have 

reported that a significant enhancement in thermal conductivity was occurred by 

suspending metallic and non-metallic nanoparticles in the base fluid [5]–[10]. 

Among the latter, Carbon Nanotubes (CNTs) have higher thermal conductivity 

than other particles [11], providing higher thermal conductivity to nanofluids. The 

superior thermophysical properties of CNTs nanofluids have attracted many 

researchers worldwide, recognising this fluid media as among the most 

interesting ones for heat exchanger applications [12]–[18]. Also, the enhanced 

thermo-physical and transport properties of these MWCNTs nanofluids (thermal 

conductivity and viscosity) with different nanoparticle geometries using mixtures 

of Distilled Water (DW) and Ethylene Glycol (EG) as base fluids at different 

nanoparticle concentration have been studied and modelled [19], [20] and [21]. 

Thus, this work intends to pursue those studies and provide further insight on 

fluid flow and heat transfer of those CNTs nanofluids when flowing though macro 

and microchannels. 

The study of parameters such as fluid temperatures, Nusselt number, heat 

transfer coefficient, friction factor and pressure drop will enable to establish the 

importance of the nanofluids properties on the heat transfer phenomena and on 

the microchannels fluid flow dynamics. For this purpose, numerical simulations 

are considered a very useful approach to the interpretation of experimental data, 

where measurements of temperature fields and heat fluxes are obviously very 

difficult or impossible to obtain. It becomes an economic prediction technique by 

avoiding the need for numerous prototype tests. Thus, computational fluid 
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dynamics (CFD) has become a very significant research technique when tackling 

heat exchanger studies. 

 A validated numerical model of microscale heat transfer systems involving 

CNTs nanofluids is, therefore, a key element to justify and clarify their importance. 

Hence, this supports the current trend toward elements miniaturization and 

higher energy efficiency of all heat transfer applications in industry, achieving 

developed sustainability and enhanced energy usage with less environmental 

impact. 

1.2 STATEMENT OF THE PROBLEM AND GENERAL OBJECTIVES 

In the available literature, experimental and numerical investigations 

related to heat transfer of nanofluids flowing in a microchannel are not abundant. 

Moreover, most previous numerical investigations for predicting MCHE 

(Microchannel Heat Transfer) with nanofluids still present a certain degree of 

uncertainty mainly related to the nanofluid lack of knowledge and its poor 

definition, both in what concerns its thermo-physical as well as its transport 

properties. 

A comprehensive experimental investigation has been carried out by 

Lamas et al. [22] and Abreu et al. [21] for assessing the thermal conductivity and 

defining the rheological behaviour of CNTs nanofluids, respectively,  establishing 

the premises to understand this system's behaviour. The available experimental 

property data will, therefore, provide the means to accurately model the 

MWCNTs/DW+EG nanofluids behaviour under investigation and predict heat 

transfer phenomena and fluid flow.  

 Moreover, the experimental data on fluid flow and heat transfer which 

were measured in the team test rig will be used for validation purposes and 

establish appropriate and reliable numerical modelling of MWCNTs/DW+EG 

nanofluids behaviour on a macrochannel. A well-known fluid (water) will be 

modelled in a typical microchannel in order to fully exploit and address the 

uncertainties related to fluid flow and heat transfer through a microchannel. With 

the latter it is intended to establish a solid ground in what concerns numerical 

modelling of fluid flow and heat phenomena on Newtonian fluid flowing through 
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a microchannel, to better isolate and tackle the challenges on microchannel 

numerical modelling and hence establish the premises for further studies into the 

intended research on non-Newtonian fluid flow and heat transfer on 

microchannels. Such studies are considered of utmost importance to increase 

nanofluids industrialization level, since they will provide the required information 

for energy systems tailoring when considering equipment reliability, 

miniaturization, as well as higher energy efficiency. 

1.3 LITERATURE REVIEW 

In the following sections, it is presented a literature survey of the subjects 

related to heat transfer of nanofluids, particularly, CNTs nanofluids and their 

thermophysical properties, as well as the most important studies on fluid flow and 

heat transfer behaviour of nanofluids through microchannels. 

1.3.1 Microchannel 

Compact heat exchanger features a higher heat transfer performance, 

smaller geometric size and volume per heat load, lower fluid requirement and 

lower operational cost [1]. Therefore, microchannels for cooling devices were 

firstly introduced by Tuckerman and Pease [23], and they were indicated to 

achieve higher thermal performances in comparison with traditional heat 

exchangers, due to their larger surface area. The techniques of such microsystem 

and single phase microchannels have been enhanced [24], rendering them 

enormous potential for a vast number of practical applications.  

Moreover, Morini et al. [25] have highlighted in detail the significant 

scaling effects such as viscous dissipation, independent-temperature 

thermophysical and entrance effects on the heat transfer and friction factor of 

fluid flow in microchannels.  

Nevertheless, there is no obvious agreed definition in the literature for the 

dimensions of the microchannel. However, a literature review by Rosa et al.[26] 

considered the channels whose hydraulic diameter lies between 1 µm and 1 mm 

as a microchannel, following a study carried by Celata et al. [27]. 
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1.3.2 Nanofluids and its applications 

As mentioned before, the suspension of nanoparticles in conventional fluids 

produces the so-called nanofluids. These nanofluids achieved an advanced level in 

enhancing the effective heat transfer coefficient [4]–[10]. According to the 

literature, nanoparticles can be metallic or non-metallic such as Cu, Ni, Fe, Al2O3, 

Fe2O3, CuO, TiO2, SiO2 and ZnO [28]. Nanostructured materials can be also carbon-

based compounds such as graphene, graphene oxide, graphite or carbon nanotube 

[29].  

1.3.2.1. Carbon nanotubes (CNTs) nanofluids (Structure) 

So far, many researchers report a significant enhancement in thermal 

conductivity when metallic and non-metallic nanoparticles are suspended in the 

base fluid [5]–[10]. Among the latter, Carbon Nanotubes (CNTs) have higher 

thermal conductivity than other particles [11], which in turn have attracted 

several researchers worldwide to the superior thermophysical properties of CNTs 

nanofluids highlighting its potential to solve the reported limitations of 

conventional working fluids in heat transfer applications [12]–[18]. Researchers 

have, therefore, been paying considerable attention to the study of thermal 

conductivity of nanofluid, besides other properties namely colloidal stability, 

density and viscosity. All those fluid properties depend on several concepts 

involving preparation techniques, nanoparticle geometry, base fluid and volume 

fraction which explain the thermal performance of CNTs nanofluids in the 

literature. 

Preparation methods: 

The main used CNT particles in nanofluids are the single-walled carbon 

nanotube (SWCNT) and the multi-walled carbon nanotube (MWCNT), which are 

produced by several technique methods such as Arc discharge, laser ablation, 

chemical vapour deposition (CVD), in addition to diffusion and premixed flame 

methods [29]. Moreover, CNTs particles are exposed to chemical treatment 

(functionalization) or mechanical treatment in order to achieve the long-term 

stability of the nanofluid.  
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There are two techniques typically used to prepare the nanofluid: two-step 

method and single-step method. In the two-step method, nanoparticles are 

initially synthesized as dry powders via physical or chemical methods. Then, the 

synthesized dry powders are dispersed in a base fluid. Usually, ultrasonication is 

used as a physical mixing of the CNTs nanoparticles and the base fluid. While in 

the single-step method both of nanoparticles production and the preparation of 

nanofluid are carried out concurrently in a combined process [31] and [32]. 

However, a comparison study between the preparations methods of CNTs 

nanofluids in order to stabilize CNTs into several types of base fluids was carried 

out by Yazid et al. [30]. The authors have studied the chemical treatments 

(covalent and non-covalent functionalization) and physical treatment for several 

particle volume fractions and types of CNTs. They have reviewed the latest 

publications in the field of long-term stability and the preparation techniques of 

CNTs nanofluid. The study referred to the covalent functionalization and 

ultrasonication as an effective method in terms of obtaining long-term stability 

and homogenous CNTs nanofluids.  

In addition, base fluid has an important effect on nanofluid performance. 

In this, it was found that carbon nanotubes generally display an excellent 

dispersion behaviour in most of the commonly used conventional heat transfer 

fluids such as Water, Ethylene Glycol, Decene, Kerosene, Silicon oil and Engine Oil 

[20], [32] and [33]. Lamas et al. [20] and Abreu et al. [21] selected the distilled 

water (DW) and ethylene glycol (EG) mixture at volume fractions of 30% and 60% 

as a base fluid due to their importance to numerous applications of heat transfer 

fluids and their properties such as density and viscosity, allowing to control the 

sedimentation performance toward a good level of stability and homogeneity. 

Stability 

Stability is one of the key features for any nanofluid in the heat transfer 

application. There is a strong propensity of nanoparticles to agglomerate in the 

fluid media which cause clogging the microchannels and break down the thermal 

properties of nanofluids. The stability of the nanofluid can be influenced by 

several factors such as surfactants, pH adjustment and preparation method [16] 

and [41]. 
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Thermal Conductivity 

The most significant thermo-physical property of nanofluids is the thermal 

conductivity which directly affects the heat transfer characteristics of the fluid 

flow. Thus, the thermal conductivity of CNTs nanofluids has been attracting many 

researchers which leads to suggest some physical models in order to predict the 

thermal conductivity of the CNTs nanofluids such as Patel et al.[35], Timofeeva et 

al.[36] and Nan et al.[37], considering the CNTs geometry, volume fraction and 

interfacial thermal resistance. Latterly, Lamas et al. [20] investigated the 

possibility of long-term MWCNTs nanofluids with stably high thermal 

conductivity. In their research, the functionalized MWCNTs particles with several 

geometries and concentrations were dispersed through a short period of 

sonication into a mixture of distilled water (DW) and ethylene glycol (EG). The 

results have shown that the nanoparticle geometry, concentration and base fluid 

are the most important parameters affecting the stability of MWCNTs nanofluids.  

Viscosity 

It must be noticed that adding nanoparticles to the base fluid not only 

increases the thermal conductivity but also increases the viscosity of the 

nanofluids and causes a change in the rheological behaviour of the resulted fluid. 

However, the increase in viscosity causes a higher pressure drop which requires 

greater pumping power. Furthermore, the change of the fluid viscosity affects 

Reynolds and Prandtl numbers which are related directly to the heat transfer 

coefficient. Therefore, Abreu et al. [21] have widely studied the viscosity and the 

control factors that have a respectable influence on the rheological behaviour of 

CNTs nanofluids. The latter enables to gather a strong database of the dynamic 

viscosity and rheological behaviour of CNTs nanofluids as a function of the base 

fluid, temperature, shear rate, and MWCNTs size and concentration. 

1.3.2.2. Applications 

One of the most promising applications of nanofluids is thermal systems. 

Some studies reported the ability to use nanofluids as a thermal energy storage 

media (phase change materials) or as absorption media for solar collectors [36] 
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and [37]. Whereas, heat transfer systems were considered as the most efficient 

usage for nanofluids, such as automotive, electronics, energy generation, and 

several other areas contain the heat transfer concept in the form of heat 

exchangers. Furthermore, important efforts were seen to use nanofluids as an 

advanced solution in compact heat exchangers applications where the high heat 

flux is located intensively such as computers, medical, transportation, energy, 

aerospace, and defence, Fig. 1-1 and [40]. 

 

 

Fig. 1-1: Some applications of the micro heat exchangers [40]. 

1.3.2.3. Research trends 

The research trends for nanofluids are growing yearly over the previous 

decade. This can be proved by the detailed increase of yearly publications on 

nanofluid presented in Fig. 1-2. Records retrieved from Scopus as of 25 October 
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2018 using ‘nanofluid’ or ‘nanofluid carbon nanotube’ as the keywords with or 

without an addition keyword ‘microchannel’. Based on the Scopus database, 

overall 13,042 publications on nanofluids and 386 publications on nanofluid 

Carbon Nanotubes (CNTs), appeared until 25/10/2018. Also, about 534 

publications on nanofluid with microchannel [23–43]. The publications include all 

types of journals and conference articles, books, letters, and others.  

 

 

 

Fig. 1-2: The number of articles on nanofluid and CNTs nanofluid published from 1993 to 
2018. 

 

So far, a few articles have imperfectly reviewed the behaviour of CNTs 

nanofluids on heat and mass transfer [11], [31] and [60]. However, there isn’t any 
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review paper focused on the thermal performance of CNTs nanofluids in the 

microchannel.  

Regarding the behaviour of this special type of nanofluid (CNTs nanofluid) 

in the microchannel, research and results from different publications are 

scattered with an absence of consistency. Hence, it is necessary and well-timed to 

provide useful and interesting information on the latest research results on the 

heat transfer behaviour of CNTs nanofluids in micro heat exchangers, hence 

contributing to the field of nanofluids and heat transfer which is developing 

rapidly. 

1.3.3 Nanofluids in Microchannels 

Several studies have been accomplished on the microchannel heat 

exchanger using nanofluids. A numerical study of Al2O3–water nanofluids flow 

through a microchannel heat sink (MCHS) was presented by Hung et al. [63]. The 

authors reported that the overall thermal resistance of the MCHS is reduced 

significantly by increasing the pumping power. Moreover, they have investigated 

the influence of the particle size and particle volume fraction on the thermal 

resistance of the device (MCHS).  

An experimental investigation of TiO2–water nanofluids in a microchannel 

has been realised by Manay et al. [64]. The results have shown an increase in heat 

transfer by increasing the particle volume fraction up to 1.5 vol%, accompanied 

by greater pressure drop and pumping power. Besides that, the heat transfer 

enhancement halts and a decrease start to occur, after reaching a specific high 

value of nanoparticles volume fraction (1.5 vol%), due to an increasing boundary 

layer thickness induced by high viscosity. 

A numerical study of Alumina nanofluid flow through a circular 

microchannel was accomplished by Arjun et al. [65], where the heat transfer 

during both laminar and turbulent regimes has been solved using the viscous 

laminar and standard K-ε models. In their study, they found that the enhancement 

of heat transfer in laminar nanofluid flow was greater as compared to turbulent 

nanofluid flow with respect to its base fluid. The increase in Re number caused an 

increase in Nusselt numbers and pressure drop, whereas it caused a decrease in 
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the wall surface temperature, friction factor, thermal resistance and nanofluid 

temperatures. Moreover, the increase in particle volume fraction caused a rise in 

thermal conductivity, hence increasing the heat transfer coefficient and Nusselt 

number. Also, it was noticed a higher Nusselt number at the entrance regions of 

microchannels, where the higher variability on Nusselt numbers was achieved due 

to its hydrodynamically fully developed condition. Furthermore, it was noticed 

that the entrance length for fully developed flow is highly influenced by the 

nanofluid concentrations and Reynolds number. 

A numerical study of three-dimensional incompressible steady fluid flow 

of a trapezoidal micro-channel heat sink (MCHS) using CuO/water nanofluid for 

laminar and turbulent flows were carried out by Yang et al. [66]. The study has 

shown that the pressure drop increases slightly for a nanofluid-cooled MCHS in 

the laminar flow case. 

A numerical investigation study reported by Esmaeilnejad et al. [67] for 

incompressible, steady fluid flow through a rectangular microchannel using Al2O3 

and CuO nanoparticles based nanofluid was analysed. From the results, it can be 

depicted a greater increment in the average heat transfer coefficient when 

compared with the base fluid. Moreover, it was observed that the thermal 

resistance of microchannel heat sink decreases with the increase of the 

nanoparticle volume fractions, while it decreases gradually with the increase of 

Peclet number. 

A numerical investigation on a parallel square shaped microchannel heat 

exchanger (MCHE) to study the effects of using various types of nanofluids and 

Reynolds numbers on heat transfer and fluid flow characteristics was carried out 

by Mohammed et al. [68]. In this heat exchanger, there was a hot fluid (bottom 

channels) and 25 channels for the cold fluid (top channels). The bulk temperature, 

pumping power, effectiveness, performance index, pressure drop, wall shear 

stress and the heat transfer for the hot and cold water were reported to change in 

terms of nanoparticle volume fraction, Reynolds number and the type of 

nanoparticle. The results have shown an enhancement in the performance of the 

heat exchanger using nanofluids, accompanied by a slight increase in pressure 

drop. Also, it was shown that the increase of Reynolds number decreases the 

effectiveness of the micro heat exchanger. 
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A microchannel heat sink (MCHS) with several nanofluids were 

investigated numerically by Hung et al. [63]. The effects of the nanoparticles type, 

nanoparticle size and volume concentration, base fluid, and substrate material on 

the heat transfer performance of an MCHS were presented. The results have 

shown that the high thermal conductivity of the substrate material and less wall 

thickness cause more thermal enhancing. Also, base fluids having a lower dynamic 

viscosity provide better heat transfer performance. The overall thermal resistance 

of the MCHS was reduced significantly by increasing the pumping power. 

Moreover, the improvement in heat transfer obtained by decreasing the particle 

size was relatively limited compared to the improvement caused by varying the 

particle volume fraction. 

Furthermore, the experimental and numerical investigations on single-

phase flow of nanofluids in mini/microchannels were concisely reviewed by 

Hussien et al. [69]. The characteristics of heat transfer and fluid flow through 

mini/microchannels for nanofluids, in general, were discussed. The research 

analysed the scaling effects and the nanofluid thermophysical properties (thermal 

conductivity and viscosity), considering the volume fraction, size, material of the 

nanoparticles and pH value, the addition of dispersant and operation temperature 

of the medium. The review paper has shown that only a few investigations carried 

out in order to study the several scaling effects (design of mini/microchannel, 

entrance, roughness, conjugated heat transfer, viscous dissipation effect, gravity, 

temperature, electrical double layer (EDL), wall thickness and wall thermal 

conductivity effects). It has also been shown that the enhancement of convective 

heat transfer using nanofluid flow is particularly effective in the entrance region. 

This implies that short channels are more efficient for the enhancement of heat 

transfer coefficient in mini/microchannels. Most of these studies ignored the 

effect of gravity on heat transfer in microchannels on their numerical studies. 

They have also established a comparison between the two-phase and single-phase 

articles for different types of nanofluids. However, the authors have shown that 

there are limited studies on the enhancement of heat transfer coefficient on 

mini/microchannels using nanofluids, mainly in what concerns turbulent flow and 

circular channels emphasising the stability of nanofluids as the main challenge to 

overcome. Moreover, the same has been performed by the review carried out by 
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Mohammed et al. [1]. The latter also addressed issues concerning heat transfer 

and fluid flow characteristics in a microchannel heat exchanger using nanofluids 

including nanofluids properties and heat transfer characteristics, as well as their 

limitations in several applications. 

Moreover, Wang et al. [70] studied water-based Al2O3 nanofluid as a 

coolant for various constraint conditions, such as the volume flow rate, pumping 

power, and pressure drop. The optimal geometric parameters were studied in 

terms of channels number, channel aspect ratio, and the ratio of channel width to 

the pitch. The results enabled to infer that the optimal geometric structure can be 

different under various boundary conditions, regarding the inlet volume flow 

rates, pumping powers, and pressure drops. 

Also, Garg et al. [71] reported a high value of heat transfer coefficient 

achieved for a trapezoidal cross-section geometry at the beginning of the tube 

which then decreases considerably. Moreover, rectangular-trapezoidal 

geometries achieved the maximum value of the heat transfer coefficient along the 

tube once rectangular and rectangular-trapezoidal geometries were considered at 

the same aspect ratio. Moreover, for rectangular cross-section channels, the 

aspect ratio value of 4 was the optimum geometry in the Reynolds number ranging 

from 50 to 800, when the aspect ratio values of 2, 4 and 8 were used for the 

rectangular cross-section. 

Another study by Kadja et al. [72] selected rectangular geometry as the best 

cross-section for enhancing heat transfer and reducing pumping power after 

examining nanofluid flow in the various microchannels geometries (elliptical, 

rectangular, and trapezoidal). They have also studied the sensitivity of the heat 

transfer to thermophysical properties dependence on temperature, realising that 

heat transfer increased by as much as 30 % when the latter was accounted for. 

During the conducted survey, there were found several concepts presented 

to explain the heat transfer and fluid flow performance of nanofluids, as shown in 

Table 1-1.  
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Table 1-1: Most important effects behaviour parameters of nanofluids in microchannels 
– Literature highlights. 

The concepts Correlation The influence Ref. 

The entrance length 

for fully developed 

region 

𝐿ℎ = 0.05 ∙ 𝑅𝑒 ∙ 𝐷 

𝐿𝑡ℎ = 𝐿ℎ ∙ 𝑃𝑟 

 

It depends on nanofluid properties and Re number. There are 

higher Nusselt numbers in entrances region of microchannels 

[65], 

[69] 

Boundary layer 

thickness  
𝛿 =

5 ∙  𝑥

√𝑅𝑒
 

The heat transfer performance decreases with the increase in 

the boundary-layer thickness.  

[64], 

[26] 

Knudsen number 
 

 

It is the ratio of the mean free path to the characteristic length 

of the channel, used to provides a direct indication for the 

continuum regime. 

[1], 

[73]  

Poiseuille number 𝑃𝑜 = 𝑅𝑒 ∙ 𝑓 
Po decreases slightly with decreasing Re, for partially heated 

tubes. Po = 64, for fully heated tubes.  
[74] 

Microchannel 

section  
 

Rectangle sections benefit heat performance, as well as high 

aspect ratio tubes. 
[71] 

Gravity   
Often neglected, nevertheless its influence should be 

considered when studying vertical and oblique tubes. 
 

Wall thickness  
Less wall thickness and substrate material with high thermal 

conductivity cause higher thermal performance. 
[63] 

Pumping power  𝑃𝑝𝑢𝑚𝑝 =
�̇� ∙ Δ𝑝

𝜂𝑝𝑢𝑚𝑝

 
Its increases cause an increase in pressure drop and a decrease 

in overall thermal resistance. 
 

Re number 𝑅𝑒 =
𝜌 ∙ 𝑢 ∙ 𝐷

𝜇
 

The increase in Re number leads to an increase in velocity, 

pressure drop, HTC and Nu number. 
[65] 

Friction coefficient 𝐶ƒ =  
𝜏

1
2
∙ 𝜌 ∙ 𝑢2

 It is higher for nanofluids in comparison with base fluid. [64] 

Peclet number 𝑃𝑒 = 𝑅𝑒 ∙ 𝑃𝑟 
With increasing Peclet number, the heat transfer coefficient 

increases and thermal resistance decreases. 
[1] 

 Prandtl number  𝑃𝑟 =
𝐶𝑝. 𝜇

𝑘
 

As Pr increases the difference between the wall and fluid 

temperature decreases, resulting in greater Nu number values. 
[67] 

Graetz number is 𝐺𝑧 = 𝑅𝑒 ∙ 𝑃𝑟 ∙
𝐷ℎ
𝐿

 For neglecting the entrance effect. [69] 
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1.3.4 Heat transfer of CNTs nanofluid  

Comparison against other nanofluids 

Ebrahimnia et al. [75] studied numerically the performance of 

CNT/(water-EG) and other types of nanofluids flow through a straight circular 

pipe in a laminar flow regime. The results have shown that the heat transfer 

coefficient of CNTs nanofluid is much higher compared to Titanate nanotube and, 

the Al2O3 and CuO nanofluids. Also, a study by Kamali et al. [46] reported that by 

using MWCNT–water nanofluid instead of water in a typical heat sink, the mean 

reduction in thermal resistance for MWCNT–water and Al2O3–water, in 

comparison with using water are 18% and 1%, respectively. This shows the great 

advantages of using MWCNTs nanofluids in heat sinks in comparison with Al2O3 

nanofluid. Moreover, some researchers [76], [77] and [59] have compared CNTs 

nanofluids with other types of nanofluids and they revealed a remarkable heat 

transfer coefficient for CNT nanofluids compared to other nanofluid types. 

1.3.5 Characteristics of CNTs nanofluids in heat transfer studies 

This section characterises the microstructure of the CNTs nanofluids that 

have been studied in the literature for the purpose of heat transfer. Over the years, 

nanofluids structures were under development in order to achieve high 

conductivity accompanied by high stability level and long shelf-life. Therefore, 

several types of nanoparticles have been designed which can be categorized 

regarding their dimensions (diameter and length), type (SWCNT or MWCNT) and 

treatment method (Covalent Functionalization). Also, it was used numerous types 

of the base-fluids (water, Ethanol, Oil ...) and various preparation methods for 

producing the CNTs nanofluids (one/two steps). The latter has an important 

impact on the structure and characteristics of the composed nanofluid, since these 

parameters influence several concepts such as Brownian motion, viscous 

resistance and particle-fluid interaction, hence affect the stability and other 

thermophysical properties of CNTs nanofluids such as conductivity and viscosity 

[21]and [22]. 
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Therefore, a survey of some studies regarding the fluid flow and heat 

transfer of CNTs nanofluids is presented with a focus on the identification of the 

operated CNTs nanofluid, summarized in Table 1-2. 

Experimental studies of CNTs nanofluid for fluid flow and heat transfer 

The experimental investigations are of utmost importance to characterise 

and analyse the suitability of the new fluids under development. Moreover, the 

data acquired and stored will constitute knowledge to assist subsequent systems 

detail modelling and validation. Only a few experimental studies were carried out 

on CNTs nanofluid for heat transfer investigations due to the high cost of the 

devices and materials, as follows: 

Paritosh et al. [78] have studied experimentally MWCNTs/water 

nanofluids in a tube with 914.4 mm length and 1.55 mm diameter under constant 

wall heat flux condition (q″=0.6 W/cm2). Four samples of 1 wt% multi-walled 

carbon nanotube nanofluids were prepared. The samples have been studied 

considering the effect of dispersing energy (ultrasonication) on viscosity, thermal 

conductivity, and the laminar convective heat transfer. The results present a shear 

thinning behaviour of the MWCNTs nanofluids, followed the Power Law viscosity 

model. Also, the maximum enhancement in heat transfer coefficient was 32% at 

Reynolds number Re =600 and for ultrasonication of (40 min, e = 113 J/g). The 

enhancement in heat transfer coefficient was decreased for further 

ultrasonication time. 

Amrollahi et al. [79] have studied experimentally the forced convective 

heat transfer coefficient of water/FMWCNTs nanofluids through a horizontal pipe 

of 1m length and 11.42 mm diameter for several particles volume fraction at 

laminar and turbulent flow regimes (1592 ≤ Re ≤ 4778). The results highlight that 

with the increase of nanoparticles volume fraction, Reynolds number and the 

temperature the heat transfer coefficient increases. The heat transfer 

enhancement was about 25% in comparison to the base fluid. 

Akhavan-Behabadi et al. [80] measured the thermo-physical properties of 

MWCNTs–water nanofluids and investigated its overall performance inside a coil 

wire inserted into tubes under a constant heat flux.  Also, Oliveira et al. [81] 

studied experimentally the thermal performance of MWCNTs/water–EG 
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nanofluids inside an automotive radiator. The results were analysed in terms of 

the heat transfer rate, Nusselt number and mass flow in comparison with distilled 

water. 

Moreover, a research carried out by Hussein et al. [82] investigated 

MWCNTs/GNPs water-based hybrid nanofluid and a maximum enhancement on 

the heat transfer coefficient of 43.4% and a rise in pressure drop of 11% was 

achieved for the 0.25 MWCNTs + 0.035 GNPs hybrid nanofluid in comparison with 

distilled water at a Reynolds number of 200. 

Kumaresan et al. [83] studied the heat transfer characteristics of 

MWCNTs/water–ethylene glycol mixture (70:30 by volume) in a tubular heat 

exchanger for nanofluids of 0.15, 0.3 and 0.45% particle volume fraction. The 

results indicated an increase in the Prandtl number by 115.8% at 0 °C and 180.2% 

at 40 °C for the nanofluids with 0.45 vol.% MWCNT in comparison to the base fluid. 

Also, the significant enhancement of the heat transfer coefficient was achieved in 

the entrance region.  

Ding et al. [84] investigated the heat transfer behaviour of MWCNTs/water 

nanofluids for 0.1 and 0.5% particle volume fractions flowing through a straight 

copper tube with 970 mm length and 4.5 mm inner. The results indicated a 

significant enhancement of the convective heat transfer for nanofluids containing 

0.5 wt.% CNTs at Re = 800.  

Rashidi. et al. [85] studied the heat transfer behaviour of MWCNTs/water 

nanofluids for 0.5, 1 and 2% particle volume fraction flowing through a horizontal 

tube with a diameter of 6 mm for laminar flow under constant heat flux. The 

results show considerable enhancement in the convective heat transfer coefficient 

of nanofluids, rising with the increase of CNTs concentration and Reynolds 

number. 

Chougule et al. [77] studied the convective heat transfer characteristics of 

CNT/water nanofluids through uniformly heated horizontal circular tube in the 

transition regime with helical twisted tape inserts for 0.15%, 0.45%, 0.60% and 

1% particle volume fraction. The results observed that Nusselt number increases 

with a rise in Reynolds number and particle volume fraction. The maximum 

enhancement in heat transfer was obtained by using CNT/water nanofluid with 
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1% particle volume fraction. Moreover, the paper referred to the thinner thickness 

of the boundary layer at higher Reynolds number. 

Thang et al. [86] used functionalized MWCNTs/distilled water nanofluid 

for cooling the computer processor experimentally. The MWCNTs particles have 

a diameter between 15 - 90nm and a length of 10 µm. As a result, the thermal 

resistance reduced with the increase of MWCNTs volume fraction due to the 

increase in thermal conductivity of the nanofluid, leading to reduce the saturated 

temperature of CPU by 7 °C compared to the base fluid, when the particle volume 

fraction was 1 gram/litter. Later, Thang et al. [87] studied the functionalized 

MWCNTs/(water-ethylene) nanofluid through the aluminium heat sink in order 

to cool the 450W LED floodlight. Their experimental results indicated a reduction 

in the saturated temperature of the device by 4.4 °C compared with the base fluid.  

Furthermore, research to investigate the thermal performance of a copper-

made heat sink with rectangular microchannels (w=0.25 mm, H=0.4 mm) using 

MWCNTs/water nanofluid carried out by Sarafraz et al. [15] for 0.05–0.1% 

particle volume fraction and laminar flow (Re<1400). The results referred to an 

enhancement in heat transfer coefficient by 29% in comparison to the base fluid 

and the maximum enhancement was observed at the entrance region of the 

microchannel. 

Conversely, some researchers have concluded that nanofluids have a 

negative response, such as the study by Dietz et al. [88] that investigated the 

cooling of the electronics for laminar flow of CNTs nanofluids under forced 

convection conditions. The authors have noticed that CNTs nanofluids induced a 

higher pressure drop and a higher surface temperature, thus an increase in the 

thermal resistance. 
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Table 1-2: Experimental investigations on heat transfer performance of CNTs nanofluids  

Reference CNTs nanofluid components Rheology Stability Device (D) Fluid flow 

 
BF 
 

Particle 
dp and lp 

Volume 
fraction 

    

Kumarsan 

et al. [83] 

Water+EG  

 

MWCNTs 

30-50 nm. 

10-20 µm 

0.15, 0.3 and 

0.45% 
- - 

Tubular heat 

exchanger 

D=12.7mm 

Laminar 

Ding et al. 

[84] 

Water 

 

CNTs 

- 

- 

0.1 and 0.5% Non-Newtonian - 
Tube  

D= 4.5 mm 
Laminar  

Rashidi. et 

al. [85] 

Water + 

Gum 

Arabic 

MWCNTs 

5-50 nm. 

10-20 µm 

0.5, 1.0 and 

2.0 % 
- - 

Tube 

D=6mm 
Laminar 

Chougule 

et al. [77] 

Water 

 

MWCNTs 

20-30 nm,  

3-8 µm 

0.15% - - 
Helical screw  

D=10.5mm 
Laminar 

Akhavan-

Behabadi 

et al. [80] 

Water 

 

MWCNTs 

5–20 nm. 

- 

0.05, 0.1 and 

0.2 % 
Newtonian - 

Coil wire 

inserted into 

tubes 

Turbulent  

Oliveira et 

al. [81] 

Water+EG 

 

MWCNTs 

- 

- 

0.05-0.16 % - - 
Radiator.  

Dh=7 mm 
Laminar 

Hussien et 

al. [82] 
Water 

MWCNTs+G

NPs 

15 nm.  

1-5 µm 

0.075, 0.125, 

and 0.25 % 
- 

- 

 

Tube 

D= 1.1 mm 
Laminar  

Amrollahi 

et al. [79] 

Water 

 

FMWCNTs 

150–200 nm. 

- 

0.1, 0.12, 0.2 

and 0.25 % 
- 

stable for 

months 

Tube 

D=11.42 mm 

Laminar 

and 

turbulent. 

Paritosh et 

al. [78] 
Water  

MWCNTs 

10–20 nm. 

0.5–40 µm 

1.0 %  

Non-Newtonian 

Power Law 

viscosity 

- D=1.55mm Laminar 

Thang et 

al. [86] 
water 

FMWCNTs 

10 µm. 

15 - 90nm 

0.2 and 1.2 

gram/litre. 

 

- - 

computer 

processor. 

heat sink 

- 

 

Laminar 

 

Microscale 

Sarafraz et 

al. [15] 
water 

MWCNTs 

2µm  

5-10 nm  

0.05–0.1 

Vol.%. 

 

- 

 

2-3 weeks. 

 

 

MCHS 

wc=0.25mm 

Hc=0.4mm  

Laminar 

 

Dietz et al. 

[88] 
water 

CNTs 

10-80 µm  

50 nm 

- - - 

MCHS 

wc=4mm, 

Hc=0.15mm 

Laminar 

 

BF: Base Fluid. Wc: The channel width. Hc: The channel height. 

 

1.3.6 Computational fluid dynamic (CFD) 

The literature contains much detailed information about applying 

computational fluid dynamic (CFD) problems [89] and [90]. There are basically 

two ways of modelling a flow field; the fluid is either treated as a collection of 

molecules or a continuous and indefinitely divisible continuum modelling. In the 
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latter approach, velocity, temperature, pressure, etc. are all defined at every point 

in space and time, and the conservation of mass, momentum and energy lead to a 

set of nonlinear partial differential equations (Navier-Stokes) [91], see     Fig. 1-3. 

The Navier–Stokes and energy equations are used to describe the flow and heat 

transfer in the channels. It was noticed a successful implementation of FVM in the 

fluid flow and heat transfer problems which can be explained by several reasons. 

For instance, the existence of several developed CFD codes (FLUENT, CFX and 

..etc) which provide smooth and easy with numerical implementation [92]. Also, 

the lower required computational specifications, especially for the 2D approaches 

as well as the available conservation equations provide excellent control of the 

studied phenomena with the possibility of applying several choices such as the 

dependent-temperature thermophysical properties [93]. On the other hand, some 

assumptions are usually considered, for instance, the fluid is Newtonian and 

incompressible, single-phase, steady-state and constant thermophysical 

properties. 

1.3.6.1. Numerical approach process 

The numerical approach process of the CFD problem starts with the user 

inputs (geometry, boundary conditions and materials properties) which are 

determined based on the physical problem,     Fig. 1-3. The proper mathematical 

model of the physical problem must be chosen based on some key physical 

principles and some suitable physical assumptions. Afterwards, the numerical 

solution can be implemented to the mathematical model and the selected 

variables (pressure, velocity, temperature, etc) may be obtained at the selected 

points on the mesh for detailed analysis [94]. Furthermore, for validation 

purposes, the results can be checked for consistency with the mathematical model 

(such as the behaviour at the boundaries) and if the numerical errors are 

acceptable. 
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    Fig. 1-3: A scheme of the numerical approach process of CFD [95].  

 

Furthermore, the numerical results can be compared with available 

experimental data or by performing a theoretical analysis of the physical problem 

in order to validate the numerical model. This can lead to change some physical 

assumptions or the mesh structure,     Fig. 1-3, [90]. 

However, the numerical study for a particular channel geometry is 

achieved by solving the main conservation laws for the fluid flow and the 

computational fluid dynamics (CFD) code, following three main steps when 

solving a problem [91], Fig. 1-4. These steps are as follows: a- Integrating the 

conservation equations, b- Converting the integral equations into algebraic 

equations by the discretization methods (FVM), c- Solve the obtained algebraic 

equations using the numerical iterative methods [94]. 

 



 

42 
 

 

Fig. 1-4: A scheme of solving the governing equations by CFD tools [95]. 

 

The variables of the problem (pressure, velocity, etc are determined on the 

centre of each cell of the mesh in the domain by a process called discretization. 

The discretization has an error which can be reduced by using a higher number of 

cells in the mesh (mesh refinement) or by increasing the order of accuracy of the 

interpolation. Moreover, a linearization process may be used to decrease 

iterations solving,  to account for imbalances of mass, momentum and energy to a 

certain selected tolerance [96]. 

Pressure-velocity coupling methods: 

CFD tools such as ANSYS-Fluent provide several methods of pressure-

velocity coupling: SIMPLE, SIMPLEC, PISO, and Coupled. Where the Semi-Implicit 

Method for the Pressure-Linked Equation (SIMPLE) coupling algorithm is a 

popular algorithm used for the single phase in order to couple pressure and 

velocity. The SIMPLE algorithm has been modified into a SIMPLER algorithm by 

an additional pressure equation [97]. It was presented that SIMPLER method 

requires less iterations than the SIMPLE method and it doesn’t use guessed 

pressures, but extracts the pressure field from a given velocity field which should 

be a corrected one [94]. 
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Discretization methods 

In addition, ANSYS-FLUENT allows to choose the discretization methods 

for each governing equation: Second-Order Upwind discretization, First-Order 

Upwind discretization, Power law, QUICK and Third-Order Mascl. Second-order 

accuracy is automatically used for the viscous terms [94]. Single-phase problems 

are solved using second-order upwind discretization for the flow equations and 

all scalar equations except for those for turbulence quantities, which are solved 

using first-order upwind discretization. For triangular and tetrahedral meshes, 

since the flow is never aligned with the mesh, it will generally obtain more 

accurate results by using the second-order discretization. For quad/hex meshes, 

it will also obtain better results using the second-order discretization, especially 

for complex flows [97]. 

Solvers 

There are two solver technologies available in ANSYS-FLUENT: 1- pressure-based 

and 2- density-based. The density-based solver was designed in order to approach 

the high-speed compressible flows. While, in the case of incompressible flows, the 

pressure-based solver is used [94]. 

1.3.6.2. Governing equations 

The physical principles of the used governing equations, the contained 

assumptions and the boundary conditions are the most effective part of the 

numerical approach. The governing equations are based on the fundamental laws 

of fluid flow. 

1.3.6.2.1. Laminar model 

The dimensional governing equations for steady state and laminar flow 

condition using the single-phase model are as follows: 

 

• Conservation of mass 

 

∇ · (ρ𝐕) = 0 Eq. 1-3 
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• Conservation of momentum 

 

∇ · (ρ𝐕𝐕) = −∇P + ∇ · (μ∇𝐕) Eq. 1-4 

 

• Conservation of energy 

 

∇ · ( ρCp𝐕T) = ∇ · (k∇T)+ Ф Eq. 1-5 

 

where Ф is the dissipation function, representing the irreversible conversion of 

mechanical energy to internal energy as a result of the deformation of a fluid 

element [26].  

 

Ф =
1

2
μ ∙ ∇2 Eq. 1-6 

 

Moreover, the governing equation can be in a differential form or an integral form. 

In the differential form (Eq. 1-3, Eq. 1-4 and Eq. 1-5), the fundamental laws are 

applied to an infinitesimal fluid particle, while in the integral form the 

fundamental laws are applied to a finite volume in the flow domain [96] and [90]. 

1.3.6.2.2. Turbulent models 

In addition to the governing equations of laminar flow, the turbulent model 

presents two further equations of conservation, particularly the turbulent kinetic 

energy equation (K’) and the equation of dissipation (ε), Eq. 1-7 and Eq. 1-8. There 

are several types of turbulent models such as 𝐾′-ε models and K’-ω models. Also, 

there are three models of turbulent K’-ε (standard, RNG and Realizable K’-ε 

turbulence models). 

Since the realizable model is a developed form of other K’-ε turbulence models, it 

satisfies certain mathematical constraints on the Reynolds stresses, consistent 

with the physics of turbulent flows [97]. 

Transport Equations for the Realizable K’-ε Model 
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The realizable-model was proposed by Shih et at. [98] in order to develop the 

traditional K’-ε model by considering a new eddy-viscosity formulation Eq. 1-11 

(𝐶µ as a variable). 

The turbulence kinetic energy (K’) and its rate of dissipation (ε) are obtained from 

the following transport equations: 

 

𝛻. (𝜌𝑽𝐾′) = 𝛻. [(𝜇 +
𝜇𝑡
𝜎𝐾
)𝛻𝐾′ ] + 𝐺𝐾 − 𝜌휀 Eq. 1-7 

 

𝛻. (𝜌𝑽휀) = 𝛻. [(𝜇 +
𝜇𝑡
𝜎𝜀
)𝛻휀 ] + 𝜌𝐶1𝜀𝑆휀 − 𝜌𝐶2𝜀

휀2

𝐾′ + √𝜐휀
 Eq. 1-8 

 

Where 

𝐶1𝜀 = 𝑚𝑎𝑥 [0.43,
𝜂

𝜂 + 5
] , 𝜂 = 𝑆

𝐾′

휀
 , 𝑆 = √2𝑆𝑖𝑗𝑆𝑖𝑗 Eq. 1-9 

 

In these equations, 𝐺𝑘 represents the generation of turbulence kinetic energy due 

to the mean velocity gradients. 𝐶2𝜀  and 𝐶1𝜀  are constants. 𝜎𝐾  and 𝜎𝜀  are the 

turbulent Prandtl numbers for 𝐾′ and 휀 , respectively. 𝑆  is the mean strain rate 

[97]. 

 

Turbulent Viscosity: 

In contrast to other K’- 휀  models (standard and RSS), the eddy viscosity of 

realizable-model is not constant, and it is computed from Eq. 1-10: 

 

𝜇𝑡 =  𝜌 ∙ 𝐶µ ∙
𝐾′2

휀
 Eq. 1-10 

 

Where; 

 

𝐶µ =
1

𝐴0 + 𝐴𝑠
𝐾′𝑈∗

휀

 Eq. 1-11 
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𝑈∗ = √𝑆𝑖𝑗𝑆𝑖𝑗 + Ώ ͠ 𝑖𝑗Ώ ͠ 𝑖𝑗  Eq. 1-12 

 

 

where Ω𝑖𝑗  is the mean rate-of-rotation tensor viewed in a moving reference frame 

with the angular velocity 𝑤𝑘 . The model constants (C2ε, 𝜎𝐾 , σε 𝐴0  and 𝐴𝑠) have 

been established to ensure that the model performs well for certain canonical 

flows. The model constants are given by: 

𝐶2𝜀 = 1.9,  𝜎𝐾 = 1.0,  𝜎𝜀 = 1.2,  𝐴0 = 4.04  and  𝐴𝑠 = √6 cos𝜑. 

1.3.7 Numerical studies of CNTs nanofluid 

Numerical simulations are considered a very helpful method to investigate 

several situations, where measurements of temperature and velocity fields are 

certainly very hard or impossible to obtain. Numerical methods may become an 

economic prediction technique by avoiding the need for various laboratory tests. 

The study of parameters such as fluid temperatures, Nusselt number, heat transfer 

coefficient, thermal resistance, friction factor and pressure drop will enable to 

establish the importance of the nanofluids modelled properties on the heat 

transfer phenomena and on the microchannel fluid flow dynamics. A survey of the 

numerical studies available in the literature for fluid flow and heat transfer of 

CNTs nanofluid, was conducted and both numerical methods and the way of 

computing the thermophysical properties of the nanofluid are summarized in 

Table 1-3. 

Mini-scale 

Rashmi et al. [99] have studied experimentally and numerical CNTs/water-

Gum Arabic nanofluids through the concentric tube heat exchanger. The results 

indicated an enhancement of the heat transfer coefficient of 68.6% at 30 g/s flow 

rate in comparison with base fluid. The authors refer to a Newtonian behaviour of 

CNTs nanofluids at 0.01 Vol%. Numerical results exhibited good agreement with 

the experimental results when the model of 2D Fluent 6.3. was used under the 

Ώ ͠ 𝑖𝑗 = Ω𝑖𝑗 − 2휀𝑖𝑗𝐾𝑤𝐾 

Ω𝑖𝑗 = Ω𝑖𝑗 − 휀𝑖𝑗𝐾𝑤𝐾 
Eq. 1-13 
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conditions of single-phase, steady state and incompressible flow to simulate the 

laminar flow of CNTs nanofluids.  

 Also, Kamali et al. [100] studied numerically aqueous 1.0 wt% MWCNTs 

nanofluids as single phase and Non-Newtonian fluid in a horizontal tube with a 

diameter of 1.55 mm under constant wall heat flux. The numerical results have 

shown an agreement with the experimental measurements of the local heat 

transfer coefficient. the latter renders the numerical approach of such MWCNTs 

nanofluids an important tool for analysing the fluid flow and heat transfer 

phenomena even with non-Newtonian behaviour. Also, the results indicated the 

significant effect of the near wall region on the heat transfer coefficient in the case 

of non-Newtonian behaviour of MWCNTs nanofluid. 

Micro-scale 

A few researchers have limitedly studied the behaviour of some CNTs 

nanofluids in microchannels. Arani et al. [60] investigated numerically the laminar 

flow and heat transfer behaviour of water/single-wall carbon nanotubes 

(SWCNTs) flowing through a double-layered microchannel heat sink (MCHS). The 

investigation carried out for particle volume fraction of 0.04 and 0.08, proposed 

Newtonian single-phase fluid with independent-temperature thermophysical 

properties. The test section consists of double silicon microchannels and the 

dimensions are 20mm length, 0.45mm height and 0.05mm width, for each 

channel. Significant enhancement in heat transfer coefficient was observed with 

the increase of Reynolds number and SWCNTs volume fractions, accompanied by 

an increase in pressure drop in comparison with distilled water. Moreover, the 

reduction in thermal resistance was observed with increase in particle volume 

fraction, allowing to reach the favoured dimensionless temperature in less 

distance of microchannel than distilled water. 

Nikkhah et al.[52] numerically investigated water/ FMWCNT nanofluid in 

a 2D microchannel with slip boundary condition under a periodic heat flux. The 

study carried out for Reynolds number between 1 to 100 and particle volume 

fraction of 0.12% and 0.25%. The proposed fluid flow is Newtonian, single phase, 

laminar, steady and incompressible. Thermophysical properties of water and 

FMWCNT nanofluid were considered at a constant temperature of T = 306 K. The 
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results indicated an enhancement of Nusselt number when particle volume 

fraction, Reynolds number and slip velocity coefficient increase. Also, the Nusselt 

number has a maximum value at the inlet and decreases along the length of 

microchannel. 

Arabpour et al. [61] numerically investigated the behaviour of temperature 

domain and hydrodynamic of laminar flow of kerosene/multi-walled carbon 

nanotubes in the microchannel heat sink for the two-dimensional double-layer 

microchannel. The study found that by increasing Reynolds number and volume 

fraction of nanoparticles, the maximum temperature factor reduces. The increase 

in dimensionless slip velocity coefficient causes the enhancement of heat transfer 

amount. 

Nojoomizadeh et al. [58] investigated numerically the oil/(MWCNT) 

nanofluid in a two-dimensional microchannel under a fluctuating heat flux. The 

study highlights that the velocity of the nanofluid increases with the increase in 

Reynolds number, hence heat transfer needs less time which raises the local 

Nusselt number. The Nusselt number increased for high Reynolds numbers and 

low porosity. 

A numerical study carried out by Ebrahimi et al. [101] to investigate the 

cooling performance of a microchannel heat sink with MWCNTs/water nanofluid. 

The results have shown that the use of MWCNTs/water in a microchannel heat 

sink causes lower thermal resistance in comparison with other nanofluids types.  

A numerical study was conducted by Kamali et al. [46] for a laminar flow 

in a simplified microchannel. The results reported that the heat transfer 

performance of (MWCNT/water) achieved the lowest thermal resistance in 

comparison with (Al2O3/water) for 1.0% nanoparticle volume fraction when the 

same boundary conditions were applied. Moreover, the average heat transfer 

coefficient enhancement in the heat sink compared to the base fluid was by 36% 

for MWCNT/ water. 

 In another paper, Halelfadl et al. [47] have optimized the thermal 

resistance and the pumping power of MWCNTs/water nanofluid in a rectangular 

microchannel heat sink for laminar flow. The results have shown a significant 

enhancement in heat transfer behaviour compared with the base fluid at high 

temperatures. 
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Table 1-3: Heat transfer of CNTs Nanofluids– numerical modelling and fluid property 
definition 

Research Nanofluid 
Thermal 
Conductivity 

Viscosity 
/rheology 

Device 
geometry 

Numerical 
model  

validation 
reference 

assumptions 

Rashmi et 

al.[99] 

CNTs/ 

water-gum 

0.01 vol.% 

Exp. 

Constant-T 

 

Exp. 

Constant-T 

Newtonian 

Concentric 

tube heat 

exchanger 

D= 11.3 

mm 

Navier-

Stokes, 

SIMPLE. 

Laminar 

Exp. Water 

2D, single-

phase, no slip, 

incompressible 

Kamali et 

al.[100] 

 CNTs/ 

Water 

1 vol.% 

Exp. 

Dependent -T 

 

Exp. 

Constant-T 

Non-

Newtonian 

Tube 

D=1.55mm 

Navier-

Stokes, 

SIMPLE. 

Laminar 

[78] 

Exp. CNTs 

nanofluid 

2D, single-

phase, no slip, 

incompressible 

Arabpour 

et al.[102] 

MWCNTs/

kerosene 

4 and 8 

vol.% 

Exp. 

Constant-T 

Exp, 

Constant-T 

- 

MCHS 

Hc=50 µm 

Navier-

Stokes, 

SIMPLE. 

Laminar 

[52] 

(numerical) 

2D, single-

phase, no slip, 

incompressible 

Arani et 

al.[60] 

SWCNTs/ 

water 

0.04 and 

0.08 vol.% 

Exp. 

Constant-T 

 

Exp,  

Constant-T 

- 

MCHS 

Wc= 

0.05mm 

Hc=0.45m

m 

 

Navier-

Stokes, 

SIMPLE. 

Laminar 

[103] 

Exp. Al2O3 

and TiO2 

nanofluid 

3D, single-

phase, no slip, 

incompressible 

Nikkhah et 

al. [52] 

FMWCNTs

/ water 

0.12 and 

0.25 vol% 

Exp. 

Constant-T 

 

Exp,  

Constant-T 

- 

Micro 

channel 

- 

Navier-

Stokes, 

SIMPLE. 

Laminar 

[79], Exp. 

MWCNTs 

nanofluids, 

D=11.42mm 

and [104] 

(numerical)  

 

0.001–0.1 for 

velocity slip, 

2D, steady and 

incompressible 

- A periodic 

heat flux 

Nojoomiza

deh et 

al.[58] 

- MWCNT/ 

Oil 

0.1, 0.2 

and 0.4 

vol.% 

Exp. 

Constant-T 

 

Exp,  

Constant-T 

- 

Micro 

channel 

- 

Navier-

Stokes, 

SIMPLE. 

Laminar 

Teamah et al. 

2011 

(Numerical) 

2D, single-

phase, no slip, 

incompressible 

Ebrahimi 

et al. [101] 

MWCNTs/ 

water 

1.0 vol.%. 

Sabbaghzadeh 

model, 2007 

 

Einstein 

model 

1959 

- 

MCHS 

Wc/W=0.6 

H/Wc=8.2 

Navier-

Stokes 

- 

Jang et al. 

2006 and 

Min et al. 

2004 

Exp. water 

- 

Kamali et 

al.[46] 

 

MWCNT/ 

water 

1.0 vol.%. 

 

Exp,  

Constant-T 

 

Exp. 

Constant-T 

- 

MCHS 

Wc= 280 

µm 

Hc= 430 

µm 

Navier-

Stokes, 

SIMPLE. 

Laminar. 

 

[105] 

(Numerical) 

3D, single 

phase, -, 

incompressible 

Wc: The channel width. Hc: The channel height. W: The MCHS width. H: The MCHS height. 

 

It has appeared that the researchers have studied only some types of CNTs 

nanofluid in microchannels such as water/SWCNT, Kerosene/MWCNTs, and 

oil/MWCNT. None of the researchers seems to have studied the behaviour of 

(DW+EG)/MWCNTs nanofluids in the microchannel. Moreover, the CNTs 

nanoparticles were produced by different methods. Therefore, there are several 

characteristics of different CNTs nanofluids. Besides that, there is no serious 

investigation on the stability and the shelf life of the used CNTs nanofluid and the 
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thermophysical properties seem to have been modelled through mixture laws, 

with poor support from experimental data. However, an accurate thermophysical 

property database is very important when a numerical approach is applied to 

investigate the heat transfer phenomena and hydraulic behaviour of nanofluids. 

Furthermore, any generalization regarding nanofluids must be avoided, since 

misunderstanding may occur when expecting a specific behaviour for CNTs 

nanofluid. 

1.3.8 Synthesis (State of the art identifying gaps in knowledge) 

This section summarises the literature review with emphasis on recent 

studies regarding microchannel heat exchangers operated using nanofluids, 

particularly CNTs nanofluids. It has clearly appeared that there are emergency 

needs to increase the produced energy and rising the energy efficiency in most of 

the machines, industries and systems, required to enhance the heat transfer 

capacity by using nanofluids instead of conventional fluids. The most important 

ideas and concepts of the current literature review can be presented as follows: 

- Most of the previous studies regarding CNTs nanofluids have reported 

significant enhancement in heat transfer coefficient and the results always 

challenge the restrictions of using conventional thermal fluids. 

- The extension of this literature review for numerous nanofluids types 

highlights several options for simulating the CNTs nanofluids flow in microscale. 

The presented numerical studies have a good agreement with the correlated 

experimental data rendering the numerical approach method feasible and 

appropriate. In addition, a single channel seems to be more appropriate for 

studying nanofluid behaviour and its heat transfer phenomena. Thus, a numerical 

approach based on conventional CFD techniques can cover and measure all the 

important factors which are necessary for a complete understanding of the 

microfluidics phenomena.  

- Most of the experimental and numerical investigations have reported 

Nusselt number, heat transfer coefficient, Reynolds number, Prandtl number, 

friction factor and pressure drop as the most important parameters addressed 

when studying heat transfer in a microchannel. Furthermore, the researchers 
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have used the temperature profile, thermal resistance, overall heat transfer 

coefficient, pumping power, overall performance index coefficient to evaluate the 

micro heat sink and MCHE performance.  

- Nevertheless, experimental and numerical studies related to enhancing 

the heat transfer coefficient in a microchannel using nanofluids are limited. Also, 

there is still a lack in the investigation concerning CNTs nanofluids flowing 

through microchannels. Moreover, most numerical studies considered that the 

nanofluids properties are constant which causes inaccuracy when predicting 

MCHE, due to the large temperature differences in the MCHE and the strong 

temperature-dependent properties of nanofluids. 

- Different characteristics of CNTs nanofluids have been presented in the 

studies of heat transfer and fluid flow. Parameters such as base fluid, particle size, 

particle volume fraction, and preparation method affecting the produced CNTs 

nanofluid have also been reported to have a direct influence on the CNTs 

thermophysical properties. Nevertheless, none of the reported studies has 

investigated the behaviour of (DW+EG)/MWCNTs nanofluid in a microchannel. It 

should, however, be mentioned, that most of the studies reviewed in this section, 

did not include a serious investigation on the thermophysical and transport 

properties of the used CNTs nanofluid. 

-Most of the researchers have highlighted the necessity to further exploit 

the design of efficient compact heat exchangers for electronic cooling and other 

similar applications, since CNTs nanofluids are considered as promising coolants 

in microchannels  
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1.4 THESIS SPECIFIC OBJECTIVES AND RESEARCH QUESTIONS 

 This work comes in the continuation of the previous work developed by 

Lamas et al. [22] and Abreu et al. [21]. They have experimentally prepared the 

MWCNTs nanofluids in a wide range of volume fractions (φ=0.25, 0.5, 1.0 and 

1.5%) and for different nanoparticle aspect ratios with two bases fluids 

(DW+60%EG and DW+30%EG).  

The main objective of this work is to provide guidance for using CNTs 

nanofluid in micro heat exchanger applications. To accomplish the latter, the first 

objective of this work is to study MWCNTs nanofluid flow in a well-understood 

macroscale problem. This will enable to propose a tailored method for defining 

thermophysical properties of MWCNTs nanofluids, establishing new correlations 

of viscosity and conductivity to be used in a numerical approach for modelling 

heat transfer and fluid flow. 

The second objective is to study the fundamental concepts of fluid flow 

through a microchannel for conventional fluids, in order to establish the 

fundamental basis for the study of MWCNTs nanofluid flow in a microchannel. 

This will test the level of accuracy and understanding of the problem, defining a 

proper methodology and acceptable assumptions for a numerical investigation on 

heat transfer and fluid flow in microchannels. 

Based on the results of the previously established objectives, the third 

objective is to investigate numerically the fluid flow and heat transfer of MWCNTs 

nanofluids through a single microchannel. Here it is intended to analyse different 

samples of MWCNTs nanofluids (corresponding to different particles morphology 

and concentration, together with two ethylene glycol concentrations in the base 

fluid as single-phase fluid). The nanofluids thermophysical properties and 

rheological behaviour will be properly modelled so an extensive numerical 

investigation to evaluate the heat and momentum transport phenomena 

associated with the laminar flow of shear thinning fluids in microchannels will be 

carried out. 

Moreover, based on the understanding of the heat transfer phenomena of 

MWCNTS nanofluids in microchannels, it will be also intended to evaluate the 

system overall performance taking into account the energy efficiency 
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enhancement, considering both the heat transfer gains and the pumping power 

increase due to the pressure drop. 

The proposed research work contributes to the worldwide scientific 

knowledge answering to the following questions: 

1- How do different MWCNTs nanofluids structures affect the heat 

transfer enhancement in microchannels for different flow 

conditions?  

2- How will the performance of microchannel be when using MWCNTs 

nanofluids as a heat transfer fluid regarding Nusselt number and 

pressure drop? 

3- How will the use of nanofluid in CHE contribute to enhancing the 

efficiency of the energy systems? What is the effect of that on the 

environmental and climatic change? 

1.5 THESIS CONTRIBUTION 

According to the previous literature review and the conclusions, it can be 

safely said that the amount of understanding and knowledge in this emerging field 

of CNTs nanofluid flow through microchannel is still at an early stage. Therefore, 

the strong database of carbon nanotubes nanofluids properties which were built 

by Lamas et al. [22] and Abreu et al. [21] can be used in further numerical 

investigations in order to have the necessary knowledge to fully establish the heat 

transfer concepts of CNTs nanofluid in a microchannel. 

During the conducted survey, only a few studies explaining the heat 

transfer and fluid flow behaviour of CNTs nanofluids in microchannels were 

found. In addition to the work reported in the literature, the authors highlighted, 

dependent-temperature properties, rheology behaviour, viscous heating, 

entrance effects, inlet temperature and pressure drop as fundamental parameters 

to consider when modelling and designing systems involving CNTs nanofluids in 

microchannels. Table 1-4, summarizes the mechanism concepts that affect heat 

transfer and fluid flow of CNTs nanofluid in a microchannel. 

Fig. 1-5 presents the methodology intended to be carried out to accomplish 

the highlighted contribution. 
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Table 1-4: Mechanism concepts that affect heat transfer and fluid flow of CNTs nanofluid. 

Reference HTCE BF Ф% T (K) 
Dependent- 
properties 

Consider the 
rheology 

viscous  
heating 

Entrance 
 effects 

Pressure 
drop 

Arabpour et 

al.[102] 

x  x      

Arani et 

al.[60] 

x  x     x 

Nikkhah et 

al.[52] 

x  x      

Nojoomizad

eh et al.[58] 

X  X      

Ebrahimi 

et al.[101] 

X  X      

Kamali et 

al.[46] 

X       X  

 

Halelfadl et 

al.[47] 

X        

Rashmi et 

al.[99] 

x        

Kamali et 

al.[100] 

x   x x    

HTCE = heat transfer coefficient enhancement. BF: Base Fluid. T: temperature. 
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Fig. 1-5: A scheme clarifies the thesis contribution for the CNTs nanofluid in MCHE. 
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Therefore, this research aims to contribute to the required development in 

heat transfer applications by establishing guidance of using CNTs nanofluid in the 

micro heat exchanger. To this purpose, a validated numerical model can be a good 

tool for a wide range of investigations for many concepts and parameters that 

define the heat transfer performance of MWCNTs nanofluids in a microchannel. 

The acquired results are expected to contribute to present scientific knowledge as 

well as support for future work, both at the fundamental and engineering level. 

1.6 THESIS ORGANIZATION 

In Chapter-1 an overview of the relevant literature on heat transfer and 

fluid flow of nanofluids through the microchannel is presented, particularly for 

CNTs nanofluids and its thermophysical properties. The latter includes the 

experimental and numerical investigations, allowing to outline the gaps of 

knowledge besides the objectives and the challenges. 

 In Chapter-2 a numerical study, validated with experimental data, is 

carried out on convective heat transfer and laminar flow of MWCNTs nanofluids 

in a macrochannel, presenting new correlations for thermophysical properties of 

MWCNTs nanofluids to be used in a numerical approach (CFD) of heat transfer 

and fluid flow problems, particularly for the following intended step of micro heat 

exchangers. 

 Chapter-3 revises in detail some fundamental concepts of fluid flow 

through microchannel for conventional single-phase fluids (water). The latter 

intends to separate the fluid dynamics uncertainty rendered by the tube geometry 

(microscale) from the uncertainties introduced from a new fluid (nanofluid). In 

addition, a few case studies of fluid flow behaviour within a microchannel are 

selected to be reproduced by a developed numerical model in order to define and 

validate a proper methodology and the acceptable assumptions for the numerical 

investigation on the case. 

Based on the results of the previous steps, Chapter-4 investigates the heat 

transfer and fluid flow of Non-Newtonian shear thinning fluids, particularly 

MWCNTs nanofluids, flowing in microchannels under a constant heat flux 

condition. The latter is carried out by using the presented correlations of the 
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thermophysical properties of MWCNTs nanofluid from Chapter-2, and the 

presented methodology of building a proper numerical approach for fluid flow 

and heat transfer in microchannel from Chapter-3. The nanofluids samples are 

analysed and modelled numerically depending on their thermophysical 

properties, mainly thermal conductivity and viscosity. Besides, this chapter 

assesses the overall energy efficiency enhancement for the studied non-

Newtonian fluids (MWCNTs nanofluids). Finally, in Chapter-5 the major 

conclusions and future research objectives are given. 
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CHAPTER 2-  Experimental and numerical study of 

convective heat transfer and laminar flow of MWCNTs 

nanofluid in a horizontal macroscale-tube 

2.1 CHAPTER SYNTHESIS AND PURPOSE 

During this chapter, it is carried out a numerical and experimental study in 

order to fully establish the efficiency of MWCNTs nanofluids in macroscale 

devices. The nanofluid behaviour and the capability of the numerical approach to 

compute the fluid thermophysical properties will be fully exploited. Moreover, the 

study of a well-understood macroscale problem, where an extensive fluid 

property database is available will be used to test the validity of the required 

thermophysical properties correlations to properly define the nanofluid 

behaviour in the numerical model, establishing the right premises for the intended 

following studies (i.e. MWCNTS nanofluid through microchannels). 

 The current chapter proposes a tailored method for defining 

thermophysical properties of MWCNTs nanofluids, mainly concerning the 

viscosity and the conductivity, establishing new correlations. The latter is used in 

a numerical approach for modelling heat transfer and fluid flow and the results 

are compared with experimentally obtained ones. Moreover, the method of using 

constant thermophysical properties of the nanofluid for the numerical approach 

is tested, besides the empirical method of using Shah equation. 

This chapter also establishes a comparison between the theoretical, 

experimental and numerical results for heat transfer coefficient and Nu number 

as a function of Reynolds number for different MWCNTs nanofluids through a 

macroscale tube.  

 

2.2 INTRODUCTION 

Heat transfer is essential in a wide range of industries everywhere in the 

world, from power generation, automotive, chemical processing, oil extraction 
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and refining, renewable energy technologies to several other areas. Usually, these 

types of energy systems depend on thermal fluids to enhance heat transfer, such 

as water, ethylene glycol or oils. However, these conventional fluids have poor 

thermo-physical properties, limiting the effectiveness of such thermal systems 

when overall size and costs reduction are mandatory. As mentioned before, 

MWCNTs nanofluid is an important option to enhance heat transfer systems. 

Therefore, Lamas et al. [19] prepared Multi-Walled Carbon Nanotubes (MWCNTs) 

nanofluids and studied their thermo-rheological properties, experimentally. The 

colloidal stability, the thermal conductivity and viscosity for different MWCNTs 

volume fractions, for a wide range of temperatures, were investigated. 

Furthermore, to attain proper colloidal stability, the authors optimized the ultra-

sonication mixing-time with a UV-vis spectrophotometer. The same research team 

reported that the colloidal stability benefits from a higher base fluid viscosity and 

reduced particle size, Lamas et al. [106]. Moreover, the authors also refer to the 

methods of producing high-quality nanofluids in terms of the balance between 

high conductivity and long shelf life [20]. The highest enhancement of thermal 

conductivity was reported to be about 17% for MWCNTs volume fraction of 1.5%. 

Besides that, the viscosity becomes larger with the increase of particle volume 

fraction, leading to an increased pressure drop, and pumping power. The obtained 

results suggest that MWCNTs with a smaller diameter enhance the quality and a 

good agreement between the experimental and numerical results was reported 

with a deviation of 3%. In addition, a numerical investigation on MWCNTs/water 

through a straight tube under laminar flow and constant heat flux conditions were 

carried out by Kamali et al. [100] using the finite volume method to numerically 

solve the Navier–Stokes equations coupled with the energy equation. The results 

confirmed that CNTs nanofluid has a better heat transfer performance than the 

respective base fluid and a good agreement of the computational results with the 

available experimental data for CNTs nanofluid regarding heat transfer 

coefficient, was found. It should be mentioned, however, that nanofluid tailoring 

prior to its extensive usage in any industrial application is fundamental since the 

knowledge of the dynamics of such promising systems is still embryonic. Despite 

that, among the literature, it is possible to encounter numerically studies for 

several types of nanoparticles beside the CNTs nanofluid [107]. For instance, 
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Ebrahimnia et al. [75] reported their evaluation of laminar convective heat 

transfer performance and pressure drop of different nanofluids flowing in a 

straight circular pipe. The authors found out that heat transfer coefficient and 

pressure drop of different types of nanofluids have similar behaviour with respect 

to changes in some parameters such as particle concentration and Reynolds 

number, while the heat transfer characteristics of nanofluids are highly affected 

by the type of base fluid and nanoparticle. Moreover, the study refers to the 

parameters which are important to choose a suitable nanofluid for each 

application such as the amount of heat transfer enhancement, pump power, 

stability and cost, whereas, some applications may need a low freezing 

temperature nanofluid. 

 It should, however, be referred that some researchers have concluded that 

CNTs nanofluids have a negative response, such as Dietz & Joshi [88]. These 

authors noticed that CNTs nanofluids caused a higher pressure drop and higher 

surface temperature leading to a thermal resistance rise. This numerical 

investigation of CNTs nanofluids used a single-phase approach, laminar and 

forced convection conditions through electronics cooling device. Furthermore, the 

CNTs nanofluids used in previous heat transfer studies [69], [108], [109] have 

different characteristics regarding many aspects namely: the preparation method, 

base fluid, nanoparticle geometry and operation conditions. In addition, it was 

noticed a lack regarding the ageing effect on the thermophysical properties, most 

of the times nothing is mentioned regarding the stability and shelf life 

investigations of the CNTs nanofluids that have been used in most of past studies.  

Despite all the research effort put on nanofluids and regardless of their 

established potential, their application in industry is still not an accomplishment. 

The major drawback regarding poor industrialization lies essentially in model 

scattering within the research community, lack of agreement and robustness of 

assumptions, rendering heat transfer modelling integration very difficult or 

impossible. Validated numerical models of heat transfer systems involving 

nanofluids are, therefore, key elements to justify and clarify their importance and 

hence increase nanofluids industrialization level. 

This chapter presents an experimental study complemented by a CFD 

simulation of a single-phase laminar flow of a well-characterized MWCNTs 
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nanofluid in a uniformly heated tube. The study operates on a new promising 

nanofluid which has been produced by dispersing 0.25% and 0.5% volume 

fraction of functionalized MWCNTs in a mixture of distilled water (DW) and 30% 

of ethylene glycol (EG) (30% EG +70% DW) as a base fluid. Furthermore, this 

chapter is carried out with the support of an experimental properties database 

that has been gathered for a few years for several types of MWCNTs for several 

particles geometry, different particle volume fractions, base fluid and a wide range 

of temperatures, nanofluid colloidal stability and thermophysical properties can 

be found in [19], [20], [22], [32], [106], [110], [21] and [111]. Moreover, the 

numerical approach has been validated against the measured data from the 

experimental work of Kim et al. [112]. The validation of the proposed numerical 

model with a new thermophysical properties correlations of MWCNTs nanofluids 

system is presented in this chapter where the numerical results are compared 

with experimental data that enabled to determine the impacts of stable MWCNTs 

nanofluid on the Nusselt number and heat transfer coefficient in a steady state 

system, and an acceptable agreement was observed.  

2.3 EXPERIMENTAL SET-UP 

In Fig. 2-1, it can be depicted a photograph of the experimental set-up 

developed by Abreu et al. [113] to evaluate the convective heat transfer 

phenomenon of nanofluids.  

The experimental setup is composed of a reservoir (2), a peristaltic pump 

(3), a testing area (6) with a tubular heat exchanger, temperature probes to 

monitor the fluid inlet and outlet temperatures, a data acquisition system (5) and 

a shell and tube heat exchanger (4) for cooling the fluid. 
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Fig. 2-1 Photography of the experimental device. 

 

The operation of this looped system consists of a working fluid that is 

pumped out of the reservoir by means of a peristaltic pump and transported 

through silicone tubes to the testing section. Afterwards, the fluid enters a tubular 

heat exchanger where it is heated, and the temperature monitored. Next, the 

heated fluid enters the cooling shell and tube heat exchanger where the fluid is 

cooled by means of a thermal bath.  

The test section consists of a 1420 mm long circular stainless steel (grade 

316) tube, with internal and external diameters of 6 and 8 mm, respectively. These 

characteristics are disclosed in Table 2-1. 

Table 2-1: The general characteristics of the experimental facility. 

Equipment Features  

The overall length of the test section. 1420 mm 

The internal diameter of the tube. 6 mm 

The outside diameter of the pipe. 8 mm 

The total number of thermocouples. 13 

The number of surface thermocouples. 11 

Distance between thermocouples. 127 mm 

A minimum volume of fluid. 500 ml 
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The test section tube is heated using a rubber heating tape controlled by a 

potentiometer and a constant heat flux condition is applied. In order to minimize 

the heat losses, the heating tape is wrapped with aluminium tape and covered with 

glass wool. This straightforward setup allows for the determination of the 

temperature of the operating fluid at the tube inlet and outlet, as well as the 

outside tube surface temperature at intermediate positions. For this purpose, 

thirteen k-type thermocouples were used to evaluate the temperature at well-

defined points.  

2.3.1 Experimental methodology 

To evaluate the heat transfer capability of different fluids, all the tests were 

performed according to the following methodology: 

1) The thermocouples readings were verified by the dedicated 

software associated with the data acquisition system. 

2) The fluid level in the reservoir (500ml) was checked.  

3) Once the desired flow rate had been calibrated, the flow valves were 

placed in the required position to perform the test and then the 

thermal bath was switch on, enabling the control of the studied fluid 

inlet temperature. Any air bubbles that may exist in the system were 

eliminated during this step. 

4) The heating tape was switch on, and constant power of 125W was 

imposed at the test-section walls. 

5) This looped system was run until it stabilized, which was 

recognized when the desired flow and temperature were measured 

at the test section inlet. This was achieved by adjusting the flow rate 

and temperature of the thermal bath. 

Finally, the temperatures recordings were saved by a data acquisition 

system at 2-second intervals. Each experimental test was conducted for at least 30 

minutes. 
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2.3.2 Repeatability and uncertainty analysis 

In order to ensure the reliability of the experimental apparatus, two 

calibration processes were conducted. Distilled water and a mixture of 30% of 

Ethylene Glycol and water were chosen as working fluids since their 

thermophysical properties are well known. During the tests, the tube wall and 

fluid temperatures were recorded at a time interval of 2 seconds. The tests were 

conducted at a constant heat flux of 125 W, at a Reynolds number of 1000 and an 

inlet temperature of 293.15 K for the deionized water. The calibration process 

with the mixture of 30%EG and water was performed at a heat flux of 125W, a 

Reynolds number of 1500 and an entry temperature of 313 K. The obtained results 

for both fluids presented a maximum experimental error of 5% for all the 

calibration tests. Furthermore, the uncertainty in the temperature and flow rate 

measurements was calculated for a confidence interval of 95%, and they were 

found to be less than 0.5% and 0.012%, respectively. Therefore, good repeatability 

and uncertainty were achieved. 

2.3.3 The preparation of the nanofluid 

The MWCNTs nanofluids used in this study were prepared in a similar 

fashion to Lamas et al. [19], [20], [22] and [111]. The selected base fluid is a 

mixture of distilled water (DW) and 30% of ethylene glycol (EG) 

(30%EG+70%DW). The chosen MWCNTs have a diameter of 20 to 40 nanometres 

and a length of 10 to 30 micrometres. This choice relies on the fact that nanofluids 

prepared with these nanoparticles present an expected lifetime between 10 to 20 

years and a good thermal conductivity enhancement, as describe by Lamas et al. 

[20], [22] and [105]. The MWCNTs were produced by a catalysed chemical vapour 

deposition CCVD process by Cheaptubes Inc. These have a purity of (>95 wt%) 

and an ash content of (<1.5 wt%). 

A medium at 413 K of nitric and sulfuric acid at 1:3 volume ratio was used 

to covalently functionalize the MWCNTs for thirty minutes, then proper washing 

with distilled water at 373 K was issued until the acidity fully disappeared, 

followed by drying for 72 hours. To account for good dispersion of the MWCNTs 

in the base fluid, ultrasounds combined with a magnetic stirrer were used for 
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optimized time periods. In order to analyse the nanofluids dispersion and assess 

their stability, the settling velocity of the MWCNTs-nanofluids was measured 

through a stability analyser LUMiSizer 6120. The latter allowed for the prediction 

of the required time to reach full settling of MWCNTs, defined as shelf life. For 

these nanofluids (i.e. MWCNTs with diameters of 5 to 30 nanometres and a length 

of 10 to 30 micrometres, volume fractions of 0.25% vol. and 0.5% vol) it was 

estimated a shelf life between 20 to 50 years. More detailed information can be 

found in [20]. 

2.3.4 The nanofluid properties 

The thermo-physical properties of nanofluids play a significant role in heat 

transfer capability. The most important thermophysical properties are the 

density, the specific heat, the dynamic viscosity and thermal conductivity. In order 

to design a numerical approach to simulate the heat transfer of nanofluids, these 

properties must be properly characterized. In this study, the thermal conductivity 

of the considered nanofluids was experimentally assessed. It was used an ethylene 

glycol/distilled water mixture (30%EG+70%DW) as the base fluid, and different 

concentrations of MWCNTs with a diameter from 20 to 40 nanometres and lengths 

from 10 to 30 micrometres, were considered. The thermal conductivity was 

measured at different temperature levels by a KD2-pro thermal analyser, 

according to the procedure described by Lamas et al. [20] and [22]. The thermal 

conductivity measurements were performed by the coated-transient hot wire 

(THW) for temperature ranging from 283 K to 333 K at the MWCNTs volume 

fraction of 0.25% vol. and 0.5% vol. More than twenty readings for each 

temperature were done, remaining in each temperature for 5 hours, where the 

measurements are taken every 15 minutes. 

The temperature of the samples was ensured by a circulating thermal bath 

in a double-jacketed bottle fitted in a block cavity of rigid polyurethane foam, to 

decrease the vibrations provided by the laboratory environment. Furthermore, 

the experimental apparatus was calibrated with the base fluid (DW+30%EG) and 

the maximum variation was 1.8% from the empirical values. 
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There is no standardized methodology to assess the viscosity of nanofluids. 

Despite that, the effective viscosity of the produced liquid samples was assessed 

by Abreu et al. [21] with the orientation of the International Organization for 

Standardization (ISO) and from the German Institute for Standardization (DIN), 

more particularly from ISO 3219, and the DIN 53019. These standards specify a 

methodology to determine the viscosity at a defined shear rate by means of 

rotational viscometers. Viscosity was assessed for a temperature ranging from 

283 to 313 K and shear rates ranging from 50 to 400 s-1, and more than ten 

repetitions were performed for each sample at each temperature, maintaining the 

sampler temperature constant during measurements. The results have shown 

that viscosity is influenced by several parameters namely, temperature, shear rate 

and particle volume concentration and its appropriate modelling requires further 

insight, more detailed information can be found in [21]. The density and specific 

heat of the nanofluids were calculated using the model proposed by Pak and Cho 

Eq. 2-1 [114] and the model of Xuan and Roetzel Eq. 2-2 [115], respectively, 

 

𝜌𝑛𝑓 = 𝜑 ∙ 𝜌𝑝 + (1 − 𝜑) ∙ 𝜌𝑏𝑓 Eq. 2-1 

 

𝑐𝑝,𝑛𝑓 =
𝜑 ∙ (𝜌 ∙ 𝑐𝑝)𝑝 + (1 − 𝜑) ∙ (𝜌 ∙ 𝑐𝑝)𝑏𝑓

𝜌𝑛𝑓
 Eq. 2-2 

 

where the subscripts 𝑛𝑓  represent nanofluid, 𝑝  the particle, and 𝑏𝑓  the 

base fluid. The thermophysical properties of nanofluids used for this numerical 

work at the tube inlet are summarized in Table 2-2. 

Table 2-2: Thermophysical properties of the nanofluids at the tube inlet (293.15 K). 

Fluid properties k (W/m. K) ρ (kg/m3) cp (J/kg. K) 

BF+%0.25 CNT 0.463 1048 4480 

BF+%0.5 CNT 0.465 1106 4384 
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Furthermore, this study suggests using variable-thermophysical 

properties of MWCNTs nanofluid for the numerical approach to achieve a high 

level of accuracy. Therefore, new conductivity correlations as a function of 

temperature were produced by performing a polynomial fitting curve on the 

conductivity experimental data of the MWCNTs nanofluids and base fluid 

(EG30%) [22], resulting well-fitted correlations of conductivity as function of the 

temperature, Table 2-3 (Eq. 2-3, Eq. 2-4 and Eq. 2-5), with a maximum deviation 

of 0.5%, as shown in Fig. 2-2. 

Table 2-3 Thermal conductivity correlations. 

Equation k = a T3 + b T2 + c T +d  

Parameters a b c d  

0.25 vol% 4.444E-07 -4.026E−04 1.222E−01 -1.196E+01 Eq. 2-3 

0.5 vol% 3.843E-07 -3.492E−04 1.065E−01 -1.042E+01 Eq. 2-4 

EG30% 8.704E-07 -8.003E-04 2.458E-01 -2.476E+01 Eq. 2-5 

 

 

 

Fig. 2-2: Deviation of the proposed correlations of thermal conductivity in comparison 

with experimental data. 

 

Furthermore, new viscosity correlations as a function of temperature and 

shear rate were produced by performing a Non-Newtonian power low viscosity 

fitting curve (Eq. 2-6, [97]) on the viscosity experimental data [21], considering 
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the observed non-Newtonian shear-thinning rheological behaviour of MWCNTs 

nanofluid. 

 

µ = 𝐾 �̇�𝑛−1 𝐻(𝑇) where, 𝐻(𝑇) = 𝑒𝑥𝑝 [𝛼 (
1

𝑇−𝑇0
−

1

𝑇𝛼−𝑇0
)]                Eq. 2-6 

 

Where, 𝐻(𝑇) is the temperature dependence (Arrhenius law). 𝐾 , 𝑛, 𝛼, 𝑇0  and 𝑇𝛼 

are input parameters. 𝐾  is a measure of the average viscosity of the nanofluid 

(The consistency index), 𝑛  is a measure of the deviation of the fluid from 

Newtonian (The power-law index, determined as n<1 for shear-thinning 

behaviour), 𝛼  (K) is the ratio of the activation energy (J/K mol) to the 

thermodynamic constant R (J/mol). Also, 𝑇𝛼 and 𝑇0 are the reference temperature 

(𝑇𝛼=293.15 K) and the temperature shift (𝑇0=273 K), respectively. �̇� is the shear 

rate (1/s). 

 The validation of the accomplished power-law correlations fitting curve of 

viscosity (Eq. 2-7 and Eq. 2-8) in comparison with experimental data is shown in 

Fig. 2-3. According to this figure, the MWCNTs nanofluids viscosity data fit well by 

the proposed correlations with a maximum deviation of 6%. 

0.25 vol%: 

 

µ = 2.589𝐸 − 03 �̇�−0.01466 𝑒𝑥𝑝 [2100 (
1

𝑇 − 𝑇0
−

1

293.15 − 𝑇0
)] 

 

Eq. 2-7 

0.5 vol%: µ = 2.972 − 03 �̇�−0.02893𝑒𝑥𝑝 [2100 (
1

𝑇 − 𝑇0
−

1

293.15 − 𝑇0
)] Eq. 2-8 
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Fig. 2-3: The deviation of the proposed correlations of viscosity in comparison with experimental data 

for 0.25% and 0.5% MWCNTs nanofluids. 

 

Also, the correlation of base fluid (EG30%) viscosity as a function of 

temperature (Eq. 2-9) was produced by performing a polynomial fitting curve on 

the experimental viscosity data of the base fluid (EG30%) [21]. The presented 

correlation achieved a maximum deviation of 1.5%. 

 

EG30%:  µ = -8.056E-09 T3 + 8.042E-06 T2 - 2.696E-0 T + 3.046E-01 Eq. 2-9 
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Consequently, dependent-temperature thermophysical properties 

correlations of the Non-Newtonian MWCNTs nanofluid were well-accomplished 

to be utilized in a numerical approach for fluid flow and heat transfer 

investigation. 

2.4 MATHEMATICAL MODELLING 

In the present study, the single-phase approach model is numerically 

implemented using the finite volume method (FVM) that transforms the 

governing equations to a form of algebraic equations that can be solved 

numerically. Moreover, a second order upwind method was used in order to 

include the convective and diffusive terms. Pressure and velocity were coupled 

using Semi-Implicit Method for Pressure-Linked Equations [SIMPLE] [90]. The 

simulations are carried out in the software code ANSYS-FLUENT version 18.2 

environment [97].  

2.4.1 Geometric configuration 

According to the experiment setup, the numerical domain was established 

as a two-dimensional tube (2D) with 1.27 m length and 6 mm inner diameter as it 

can be depicted from Fig. 2-4. The imposed experimental boundary condition was 

a constant heat flux of 125 W at the tube’s wall. For that purpose, the electrical 

heater was applied to the external wall of the test section and then covered by a 

layer of insulation material, see Fig. 2-1 for details. During the experiment, the 

current and voltage applied to the electrical heater were measured in order to 

check the respective power. The heat flux can be determined by dividing the 

electric resistance power by the test section surface area (0.0239 m2). For that 

reason, the tube wall boundary condition was considered as a constant heat flux 

of 5224.3 W/m2. 
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Fig. 2-4: Schematic diagram of the numerical region (test part). 

 

2.4.2 Governing equations 

The simulation has used the Navier-Stokes and energy equations to model 

the convective heat transfer and fluid flow since the Laminar model in the ANSYS- 

FLUENT software was applied. The dimensional governing equations for steady 

state and laminar flow condition using the single-phase model are presented in 

section 1.3.6.2.1, [116]. 

2.4.3 Boundary conditions 

The process was accomplished assuming an incompressible fluid, a 

laminar flow and the heat losses to the surroundings by radiation or conduction 

were neglected, due to the appropriate thermal insulation. In addition, the 

thermophysical properties of the MWCNTs nanofluid and the base fluid at the inlet 

of the tube were obtained, Table 2-2, and were also used when modelling the 

constant-thermophysical properties numerical approach. Furthermore, when 

numerically modelling the Non-Newtonian MWCNTs nanofluid the temperature-

dependent thermophysical properties correlations were used (Eq. 2-3, Eq. 2-4, Eq. 

2-7 and Eq. 2-8). The inlet temperature (Tin) was considered at 293.15 K. Also, the 

uniform axial velocity profiles (uin) at the tube inlet have been determined based 

on the experimental operation data and Reynold number as it is shown in Eq. 2-10 

[2],  

 

𝑅𝑒 =
𝜌 ∙ 𝑢 ∙ 𝐷

𝜇
 Eq. 2-10 
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Where, (𝑢) is the velocity of the fluid flow, (𝜇) is the viscosity and (𝜌) is the density 

of the fluid. In addition, non-slip wall condition and a constant uniform heat flux 

were considered as the boundary conditions at the tube wall. 

2.5 RESULTS AND DISCUSSION 

2.5.1 Mesh optimisation and validation  

In order to guarantee mesh-independent results, four different mesh 

distributions (47519, 139531, 104026 and 63021 nodes) were tested. The 

simulation has been done for the same test section and laminar flow of water was 

considered for three different Reynolds numbers, considering both cases of 

dependent-temperature and independent-temperature for the thermophysical 

properties of the fluid. In order to evaluate the mesh dependency of the numerical 

results, the simulations with increasing mesh resolution were carried out and the 

obtained Nu curves were compared, Fig. 2-5. 

 

 

Fig. 2-5: Mesh independency for water flow according to Nusselt number as a function 
of Re number. 
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a significant change in the determined Nu, which was compared with the 

experimental results showing a deviation lower than 4% for both cases of using 

dependent  and independent-temperature thermophysical properties conditions, 

leading to the conclusion that the 63021 nodes mesh is acceptable for simulation 

of this system, being a trade-off between accuracy and computational cost. 

Moreover, Nu number decreases with the Reynolds number in both experimental 

and numerical results until Nu= 8 at Re=1000 with a deviation between 

experimental and numerical values of 2%. These results lead to the conclusion 

that the mesh with 63021 nodes is adequate for the simulation of this system. 

At the first stage, the CFD model was validated comparing CFD results with 

those determined by the correlation reported by Kim et al. [112] for water at the 

same boundary conditions. Then the results were evaluated along the tube in the 

axial direction and compared with experimental data at Re= 16520 and it was 

noticed a maximum deviation of 4%, likewise, the Nu number has shown a high 

value at the entrance region of the tube, decreasing along its axial direction, both 

for the numerical and experimental results, as it can be depicted from Fig. 2-6 . 

 

 

Fig. 2-6: Numerical and experimental Nusselt number as a function of axial position 
along the tube for distilled water, for Re=1620. 
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2-10, Fig. 2-11 and Fig. 2-12, and a good representation of the experimental data 

was obtained. 

2.5.2 Heat transfer 

In general, adding nanoparticles to the base fluid results in an increase of 

thermal conductivity, which in turn enhances the heat transfer capability. As it can 

be depicted from Eq. 2-11, the heat transfer coefficient is assessed by Newton’s 

law of cooling, where the temperature at the wall 𝑇𝑤, the bulk fluid temperature 

 𝑇𝑓, and the imposed heat flux must be evaluated. It can be noted that the decrease 

in the difference between the tube wall temperature and the bulk temperature of 

nanofluids is a sign and a measure of an enhanced heat transfer coefficient. 

 

ℎ =
𝑞

𝑇𝑤 − 𝑇𝑓
 Eq. 2-11 

 

The bulk temperature of the fluid (𝑇𝑓) can be numerically obtained by the 

Area-Weighted Average method at each location selected along the test section of 

the tube using ANSYS-FLUENT model, as well as for the temperature at the wall 

(𝑇𝑤 ) which can be numerically determined at each wanted point on the test 

section model, Fig. 2-7. The temperature values are changing with the change of 

the fluid flow conditions. 

Moreover, the bulk temperature of the fluid 𝑇𝑓  can be calculated by Eq. 

2-12, 

 

𝑇𝑓 = 𝑇𝑖𝑛 +
𝑞 ∙ 𝜋 ∙ 𝐷 ∙ 𝐿

�̇� ∙ 𝑐𝑝
 Eq. 2-12 

 

where (𝑞) is the total heat flux, ( 𝑇𝑖𝑛) is the inlet temperature measurement, and 

(�̇�) is the flow rate, (𝐿) is the tube length and ( 𝐷) is the tube diameter. Therefore, 

the required temperatures (𝑇𝑓 , 𝑇𝑤 ) of the tested fluid flows for the MWCNTs 

nanofluids (0.25% and 0.5%) and the base fluid (EG30%) were calculated and 

measured for several Reynolds number (Re=1000, 1500 and 2000). The 

numerical results of both cases (variable and constant-thermophysical 
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properties) were compared with the experimental data as it shown in Fig. 2-8 and 

Fig. 2-9. 

 
 

 
 

 

 

  

 

Fig. 2-7: The test section model showing the resulted temperature field at the outlet of the tube 
for deferent cases: (a: 0.5%CNTs-Re=1000, b: 0.25% CNTs, R  e=1000, c: 0.5%CNTs-Re=2000 and 
d: 0.25%CNTs-Re=2000 ).  

a: 0.5% CNTs, Re=1000 

b: 0.25% CNTs, Re=1000 

d: 0.25% CNTs, Re=2000 

c: 0.5% CNTs, Re=2000 

Inlet Outlet 
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Fig. 2-8: Numerical and experimental wall temperature as a function of axial position 

along the tube for the base fluid and (0.25% and 0.5%) CNTs nanofluids for Reynolds 

numbers of (Re=2000,1500, and Re=1000).  
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Fig. 2-9: Numerical and experimental fluid temperature at the outlet of the tube as a 
function of Reynolds number for (a:0.5%CNTs. b:0.25%CNTs. c: EG30%.). 
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It can be noticed a decrease in the wall temperature (𝑇𝑤) with the increase 

of particle volume fraction and Reynolds number, which refers to the benefit of 

using MWCNTs nanofluids to reduce the surface temperature in cooling 

applications. Also, the wall temperature increases along the tube in the axial 

direction, rendering a good agreement between the numerical and experimental 

results for several fluid flow conditions, Fig. 2-8. 

Moreover, with the increase of particle volume fraction and Reynolds 

number the outlet temperature (𝑇𝑓,𝑜𝑢𝑡 ) decreases, Fig. 2-9. The latter may be 

explained by Eq. 2-12, where it can be depicted that the temperature of the fluid 

decreases with the increase of fluid flow (𝑚)̇  and the specific heat (𝑐𝑝) of the 

operating fluid. 

In addition, the average heat transfer coefficient ℎ𝑎𝑣𝑔 is given by the Eq. 

2-13: 

 

ℎ𝑎𝑣𝑔 =
1

𝐿
∫ ℎ(𝑥) 𝑑𝑥

𝐿

0

 Eq. 2-13 

 

Furthermore, the convective heat transfer coefficient can be determined 

from Eq. 2-17 after calculating the Nusselt number using the following Shah Eq. 

2-14 and Eq. 2-15 [117], for laminar flows under constant heat wall flux.  

 

 𝑁𝑢 = 1.953 (𝑅𝑒 ∙ 𝑃𝑟 ∙
𝐷

𝑥
)

1

3
            for    (𝑅𝑒 ∙ 𝑃𝑟 ∙

𝐷

𝑥
) ≥ 33.33  

 

 Eq. 2-14 

 

𝑁𝑢 = 4.3640 + 0.0722 ∙ 𝑅𝑒 ∙ 𝑃𝑟 ∙
𝐷

𝑥
        for   (𝑅𝑒 ∙ 𝑃𝑟 ∙

𝐷

𝑥
) ≤ 33.33  Eq. 2-15 

 

where 𝑃𝑟 is the Prandtl number, which is given by Eq. 2-16 [2], and 𝑘 is the fluid 

thermal conductivity. 

 

𝑃𝑟 =
𝑐𝑝 ∙ 𝜇

𝑘
 

 

 Eq. 2-16 
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ℎ =
𝑁𝑢 ∙ 𝐷

𝑘
  Eq. 2-17 

The convective heat transfer coefficients, obtained numerically, were 

compared with those experimentally measured and those analytically calculated 

using Shah Eq. 2-14 and Eq. 2-15 for three Reynolds numbers (Re= 1000, 1500 

and 2000), see Fig. 2-10, Fig. 2-11 and Fig. 2-12. 
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Fig. 2-10: Numerical and experimental convective heat transfer coefficient as a function 
of axial position along the tube for Re=1000 (a:0.25%CNTs, b:0.5%CNTs, c: EG30%). 
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Fig. 2-11: Numerical and experimental convective heat transfer coefficient as a function 

of axial position along the tube for Re=1500 (a: 0.25%CNTs, b: 0.5%CNTs, c: EG30%). 
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Fig. 2-12: Numerical and experimental convective heat transfer coefficient as a function 

of axial position along the tube for Re=2000 (a: 0.25%CNTs, b: 0.5%CNTs, c: EG30%). 
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From the obtained results, it can be clearly depicted that the numerical 

single-phase model provides a good approximation of the experimental data for 

all the cases studied (particle volume fractions and Reynolds numbers), achieving 

better results when variable-thermophysical properties are used. Moreover, the 

convective heat transfer coefficient of MWCNTs nanofluid enhances when the 

particle volume fraction increases. In addition, the numerical and experimental 

results denote a respectable enhancement in the heat transfer coefficient when 

the Reynolds number increases. 

On the other hand, the predictions of the numerical model are in good 

agreement with the experimental results for the low particle volume fraction 

(0.25% and 0.5%) and laminar flows, particularly when variable thermophysical 

properties are used, Table 2-4. Moreover, the predictions of Shah’s equation have 

shown a variation of 15 % with the experimental results, rendering to the 

numerical approach more capability for better predictions in comparison with the 

use of Shah’s equation in laminar flow for MWCNTs nanofluid. It was also 

observed a high heat transfer coefficient at the entrance region of the tube for all 

the tests, which can be explained by a fully developed hydrodynamic boundary 

layer which affects the respective thermal layer. Almost constant heat transfer 

coefficients are achieved along the circular tube for all the tests, which refers to 

the benefit of short channels to achieve higher heat transfer coefficients. 

The impact of nanoparticle volume fraction on the average heat transfer 

coefficient is shown in Fig. 2-13. The experimental and numerical data report an 

average enhancement in heat transfer coefficient by 10.3%, 9.6% and 9.2%, 

respectively for Re = 1000, Re = 1500 and Re=2000, because of adding 0.25% 

MWCNTs volume fraction to the base fluid. Whereas, for the nanofluid containing 

0.5% MWCNTs volume fraction the average enhancements are about 12.85%, 

14.30% and 14.63%, respectively for Re = 2000, Re = 1500 and Re=1000.  
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Fig. 2-13: Average convective heat transfer coefficient as a function of nanoparticle 

concentration. (a: Re =1000, b: Re = 1500, c; Re=2000). 
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Finally, the results determined with the numerical single-phase model, for 

both cases when using constant-properties and variable-properties, were 

compared with those obtained from the experimental data. The results show a 

maximum deviation of 5 % when the constant properties were used. While it 

shows a maximum deviation of 4 % when the correlations of the variable 

properties were used. Both numerical approaches, however, provide better-

estimated results than those obtained by Shah equation. Moreover, with the 

increase of the Reynolds number, the deviation between the numerical results and 

experimental results increases as shown in Table 2-4. 

Table 2-4: Average deviation between numerically predicted data and experimental 
results 

Average Deviation 

0.25% MWCNTs nanofluid 

Re 1000 1500 2000 

Shah Eq. 13.1% 13.9% 14.7% 

Num. constant 1.0% 3.5% 4.5% 

Num. variable 0.9% 2.7% 3.9% 

0.5% MWCNTs nanofluid 

Shah Eq. 13.7% 14.2% 14.9% 

Num. constant 2.7% 3.7% 4.8% 

Num. variable 1.8% 2.9% 3.9% 

 

2.5.3 Nusselt Number 

As it would be expected per its definition the enhancement on the Nusselt 

number is consistent with the convective heat transfer coefficient enhancement 

noticed in figures Fig. 2-10, Fig. 2-11 and Fig. 2-12. From the latter, it can clearly 

be noticed that heat transfer coefficients rise as the particle volume fraction and 

the Re number increase. The same behaviour for Nusselt number was noticed in 

Fig. 2-14  where the variation of the computed Nusselt number for the nanofluids 

within evaluation is compared with the experimental data for the laminar flow 

regime. The average Nusselt number of the base fluid (30%EG+70%water) and 

the nanofluids increase is dependent on different parameters such as volume 
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concentration and Reynolds number. The results highlight that the average 

increase in Nusselt numbers for (0.25% MWCNTs) and (0.5% MWCNTs) 

nanofluids in comparison to that of the base fluid is linked with an increase in heat 

transfer coefficient. The obtained Nusselt numbers for nanofluids were enhanced 

with an increase in particle concentrations for equal Reynolds numbers.  

 

 

 

Fig. 2-14: Numerical and experimental Average Nusselt numbers as a function of 

Reynolds number. 

 

In general, the addition of MWCNTs nanoparticles to a base fluid will 

increase the heat transfer rate, because of the high thermal conductivity of the 

mixture, which is due to the larger surface area of nanoparticles for molecular 

collisions [22], [32]. This is clearly shown in the last figures as an increase in 

nanoparticles volume fraction resulted in an enhanced heat transfer coefficient 

and Nusselt number.  
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2.5.4 Pressure Drop, Wall Shear Stress and Friction coefficient 

The impact of heat flux and Reynolds number on the pressure drop and 

friction coefficient of the MWCNTs nanofluid flow along the circular tube is shown 

in Fig. 2-15 and Fig. 2-16. It can be noticed that the pressure drop is increasing 

while the friction coefficient decreases with Reynolds number rise. The friction 

coefficient is given by the following Eq. 2-18, 

 

𝐶𝑓 = (2 ∙ 𝜏)/(𝜌 ∙ 𝑢2 )  Eq. 2-18 

 

where 𝐶𝑓 is the friction coefficient of the MWCNTs nanofluid, 𝜏 is the wall 

shear stress of the MWCNTs nanofluid, 𝜌 is the density of the nanofluid, and 𝑢 is 

the axial velocity of the nanofluid.  

By adding MWCNTs to the base fluid, not only the conductivity increases, 

but viscosity also increases which results in higher pressure drop due to the 

friction coefficient rise. As it would be expected, the highest-pressure drop was 

observed at a Re=2000 for 0.5%MWCNTs-basefluid (3185.1 Pa) followed by 

0.25%MWCNTs-basefluid (2886.4 Pa) and base fluid (2679.3 Pa), respectively, 

when constant-thermophysical properties were considered, see Fig. 2-15. While 

slightly lower pressure drops were observed when variable-thermophysical 

properties are considered, in this case, the highest-pressure drop was (3089.8 Pa) 

at a Re=2000 for 0.5%MWCNTs-basefluid followed by 0.25%MWCNTs-basefluid 

(2860.5Pa) and base fluid (2664.249 Pa), respectively. 

Moreover, the relative increase in pressure drop for MWCNTs nanofluids, 

when compared with the base fluid, in constant-properties case, was (16.2%) for 

0.5%MWCNTs-basefluid and (9.8%) for 0.25%MWCNTs-basefluid. Whereas, in 

variable-properties case, it was (14.8%) for 0.5%MWCNTs-basefluid and (9.3%) 

for 0.25%MWCNTs-basefluid. The total pressure drop has been numerically 

calculated by the Area-Weighted Average method to determine the pressure 

difference between the inlet and the outlet of the test section model using ANSYS-

FLUENT model [97]. 

 The highest friction coefficient (0.0298) was found at Re = 1000 for the 

(0.5%MWCNTs-base fluid) and it decreases with the decreasing of particle volume 
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fraction for the same Reynolds number. From Fig. 2-16, it can be depicted that for 

the same particle volume fraction, the friction coefficient decreases with the 

increasing of Reynolds number, as it would be expected. Moreover, the variation 

between the numerical results of the friction factor in both cases (constant and 

variable-properties) is very low with a maximum deviation of 1.5%. 

. 
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Fig. 2-15: Pressure drop for MWCNTs nanofluids and the base fluid as a function of 
Reynolds number.  

 

 

Fig. 2-16: Friction coefficient for MWCNTs nanofluids and the base fluid as a function 
of Reynolds number. 
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2.5.5 Wall Shear Stress 

Wall shear stress is directly coupled to the pumping power as it is a 

function of pressure drop. Moreover, it is a combined function of viscosity, 

dimensions of the tube and the velocity, resulting in a nonlinear function. As the 

geometry is constant, the only variables left to influence the wall shear stresses 

are viscosity and velocity of the MWCNs nanofluids. Wall shear stress results for 

MWCNTs nanofluids are presented in Fig. 2-17. Since Wall Shear Stress can be 

obtained directly by the numerical model, it can be concluded that the wall shear 

stress for MWCNTs nanofluids increases when MWCNTs volume fraction is 

increased for equal Reynolds numbers conditions. In addition, as the MWCNTs 

particle volume fraction rises, the wall shear stress increases due to the 

enhancement of the nanofluid viscosity. The lower value was 2.01 Pa at Re=1000 

for the base fluid, while the highest value observed was 5.61 Pa at Re= 2000 for 

0.5%MWCNTs-base fluid nanofluid. It may be said, however, that wall shear stress 

consistently increased with Reynolds number, as it can clearly be seen in, Fig. 

2-17. Moreover, it can be noticed from Fig. 2-15 and Fig. 2-17 that the variation 

between the achieved values for the different particle volume fractions at the 

same Reynolds number, rises as the Reynolds number increases, showing the 

effect of adding MWCNTs particles to the base fluid on the wall shear stress and 

pressure drop. 

 

Fig. 2-17: Wall Shear Stress for MWCNTs nanofluids and base fluid as a function of Re number. 
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Furthermore, the deviation between the numerical results of wall shear 

stress in both cases (constant and variable-thermophysical properties) are shown 

in Fig. 2-18. A maximum deviation of 2.5% was observed at a Re=2000 for 

0.5%MWCNTs-basefluid. The deviation rises with the increase of Reynolds 

number and particle volume fraction, and the highest deviation was noticed at the 

end of the tube. The latter can be explained by the effects of the conductivity and 

viscosity changes of MWCNTs nanofluid, according to the temperature and 

velocity gradients of the fluid flow. 

 

 

 

Fig. 2-18: Wall Shear Stress for MWCNTs nanofluids as a function of axial position along 

the tube for both cases: variable- thermophysical properties and constant-properties 

(a: 0.5%CNTs, b: 0.25%CNTs). 
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2.6 CHAPTER CONCLUSION 

In this chapter, experimental work and numerical simulation on laminar 

flow and heat transfer performance in a circular tube were presented, in order to 

investigate the impacts of using a long-term MWCNTs/(DW+EG) nanofluid on the 

heat transfer. An experimental set-up was used to assess the heat transfer 

performance of MWCNTs/(DW+EG) nanofluids under steady-state laminar 

conditions. Moreover, CFD tools of ANSYS-FLUENT software were applied to 

develop a single-phase approach model. The comparisons between the numerical 

and the experimental results were carried out for the heat transfer coefficient and 

Nusselt number. The performance of MWCNTs/(DW+EG) nanofluids regarding 

heat transfer coefficient, pressure drop, friction coefficient and wall shear stress, 

were properly investigated. The main conclusions and results were drawn as 

follows: 

1- The heat transfer coefficient and consequently, the Nusselt number, 

increased consistently with an increase of both Reynolds number and 

particle volume fraction. Almost a constant heat transfer coefficient was 

achieved along the circular tube due to its hydrodynamic fully developed 

nature, whereas the thermally developing conditions caused a higher heat 

transfer coefficient at the entrance region of the tube.  

2- The average increase in the heat transfer coefficient for (0.25% MWCNTs) 

and (0.5% MWCNTs) nanofluids were about 10% and 14% in comparison 

to that of the base fluid, respectively. 

3- The pressure drop and wall shear stress increase were consistent with an 

increase in both Reynolds number and particle volume fraction, whereas 

the friction coefficient decreased with the increase in Reynolds number. 

Moreover, the rise of pressure drop, in variable-properties case, was 

(14.8%) for 0.5%MWCNTs-basefluid and (9.3%) for 0.25%MWCNTs-

basefluid, comparing with that of the base fluid. While, the rise of pressure 

drops, in constant- properties assumption case, was higher with a 

maximum deviation of (1.5%). 

4- Also, this study presents the deviation of the numerical (variable and 

constant-properties cases) and empirical (Shah equation) results in 
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comparison with the experimental data. The highest deviation was 

observed for Shah equation results by (15%), followed by the numerical 

results of constant-properties assumption case (5%), and then by the 

numerical results of variable-properties consideration case (4%). 

5- The numerical results present a good agreement with the experimental 

data for all tests, mainly when variable-thermophysical properties 

conditions of nanofluid were considered, which reports a good capability 

of the single-phase approach in investigating the MWCNTs nanofluid for 

other conditions and applications. Furthermore, the proposed correlations 

of viscosity and conductivity of MWCNTs nanofluid were validated and 

achieved good confidence for further numerical approaches of heat 

transfer studies about MWCNTs nanofluids, particularly for the following 

intended approach of fluid flow in microscale heat exchangers.  
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CHAPTER 3-  FUNDAMENTALS OF FLUID FLOW AND 

HEAT TRANSFER IN MICROCHANNELS 

3.1 CHAPTER SYNTHESIS 

In this Chapter, the fundamental concepts of fluid flow through a 

microchannel for conventional fluids are presented, analysed and discussed, in 

order to establish the fundamental basis for the following intended approach: the 

study of MWCNTs nanofluid flow in a microchannel. The latter intends to separate 

the fluid dynamics uncertainty rendered by the tube geometry, particularly when 

CFD tools are concerned, from the uncertainties introduced from a new fluid, 

inferring to the overall problem further robustness.  

To accomplish the above stated, in this chapter, the literature is reviewed 

on both available numerical and experimental models and methods to tackle fluid 

flow through a microchannel. Moreover, a few case studies are selected, and a 

numerical model developed to predict fluid flow behaviour within a microchannel, 

in order to test the level of accuracy and understanding of the problem. 

Furthermore, the obtained results when compared with experimental studies 

seem to indicate that a proper methodology is defined and those acceptable 

assumptions are established, when CFD tools are used to investigate heat transfer 

and fluid flow in microscale heat exchangers. 

3.2 INTRODUCTION 

There is a rapid development in microsystem technology involving 

microelectronic cooling systems, medicine engineering, power generation, 

automotive, nuclear industries, chemical processing, aerospace and other micro 

heat exchanger applications [40] and [118], which need a particular heat 

exchanger system for achieving the required temperature and increasing the 

device shelf life. The latter presents a continuing challenge to surpass the 

limitations of such thermal systems when overall size, saving energy and costs 

reduction is mandatory. Microchannels for heat transfer applications present high 
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thermal performance since they detain a wide respectable heat transfer surface 

area between the operating thermal fluid and the device, (see section 1.3.1, 

Chapter-1). On the other hand, the increase in pressure drop in a microchannel is 

believed to considerably lead to a considerable rise in pumping power. Moreover, 

proper consideration should be given to the so-called “scaling effects” since they 

may influence fluid flow and heat transfer characteristics through the 

microchannel, [119]. 

The literature highlights a few studies on convection heat transfer, 

concerning the performance of microchannels and their effectiveness regarding 

heat transfer enhancement [120], [121], [122], [123] and [124]. The studies have 

referred that, in contrast to conventional channels, in microchannels factors such 

as shape, viscous heating, dependent-temperature thermophysical properties and 

entrance region can’t be neglected when studying heat transfer and fluid flow [26]. 

Moreover, as the hydraulic diameter of the channel decreases, the effects of 

thermophysical property variation and viscous dissipation increases and 

significantly affect the thermal and rheological behaviour of fluid flow through the 

microchannels, affecting heat transfer phenomena [125] and [126]. 

As previously stated, numerical methods do present themselves as 

advantageous solutions to exploit hydraulic and heat transfer phenomena, 

nevertheless it is mandatory to use accurate and validated numerical models to 

investigate microscale heat transfer systems. Gad-el-hak et al. [127] have studied 

the physics of fluid flow in microdevices, presenting several issues to be 

considered in terms of the validation of some assumptions such as continuum 

fluid, applying Navier-Stokes equations and boundary conditions. Furthermore, 

some researchers have studied fluid flow through microchannels experimentally, 

theoretically and numerically, as it will be reported further ahead.  

3.3 NEWTONIAN FLUID FLOW IN MICROCHANNELS 

The use of convective heat transfer of fluid flow in microchannels to cool 

microdevices has been recommended by several researchers which lead to the use 

of different approaches (both numerical and theoretical) besides the experimental 
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method for further investigations on the fluid flow and heat transfer phenomena 

through a microchannel. 

3.3.1 Surface roughness effect and Transition Reynolds number. 

The fluid flow conditions such as the smooth and rough surface of the 

microtubes or the transition Reynolds number from the laminar regime of the 

fluid flow into the turbulent regime were mentioned in the literature, as 

summarised in Table 3-1.  

Li et al.[128] studied water flow in glass microtubes (79.9 < D < 166.3 µm), 

silicon microtubes (100.3 < D < 205.3 µm), and stainless steel microtubes (128.8 

< D < 179.8 µm) with Reynolds number below 4000. The results have shown that 

in the case of using glass and silicon microtubes, friction factor (f) and transition 

Reynolds numbers were in good agreement with the classical theoretical 

predictions, (i.e. where 𝑓 = 64/𝑅𝑒  for the friction factor and Re=2300 for the 

transition Reynolds number). For rough stainless-steel microtubes, the transition 

Reynolds number was Re= 1700-1900 and friction factors were 15–37% higher 

than the theoretical predictions ( 64/𝑅𝑒 ) in tubes with relatively smaller 

diameters, while a rough agreement was observed for larger tubes. The measured 

relative roughness was less than 0.1% for glass and silicon microtubes and 3.3–

3.9% for stainless steel microtubes.  

Moreover, Thompson et al. [129] measured the local velocities of the 

hydrodynamic developing flow in a circular microtube with an inner diameter of 

180 μm. For this, micro-molecular tagging velocimetry (μMTV) was used for 

different Reynolds numbers of 60, 100, 140, 290, and 350. The results suggested 

the formation of a vena contracta for the locally turbulent flow and unsteady 

laminar flow, which is different from a macroscale experiment or numerical 

simulation, where the existence of a vena contracta in the laminar regime is 

typically not observed for Re <500. Along the microtube, the velocity profile 

developed to a parabolic distribution with a relatively constant fluid in the near 

wall region. Despite the existence of the vena contracta, the hydrodynamic 

development length in the microtube can be calculated approximately by (𝑥 =

0.05 ∙ 𝐷 ∙ 𝑅𝑒) which is like the macroscale. 
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Table 3-1: Transition Reynolds number in microchannels in some previous studies. 

Researchers 
Diameter 

(µm) 

Length 

(mm) 

Smooth/ 

rough 
Fluid 

Transition 

Re 

Considered 

parameter 

Wu et al.[130] 25.9 - 291  - smooth water 1500-2000 
Nu number and 

Friction factor 

Li et al.[128] 79-206  14-119 
smooth  

rough 
water 

 2000-2300 

1700-1900 
Friction factor 

Yang et al.[131] 502-4010  200-1000  smooth water 2200 Friction factor 

Maynes et al. [132] 705  141.9  smooth water 2200 Friction factor 

Mala et al.[133] 50-254  55-88 smooth water 1000-1500 Pressure gradient 

Kandliker et al.[134] 620-1067 - Rough water 2000 Friction factor 

Sharp et al.[135] 50-247 - smooth water 1800-2200 Friction factor 

 

It can be depicted from the reviewed studies above, and summarised in 

Table 3-1, that the transition from laminar to turbulent flow in microchannels 

starts much earlier than it occurs in the conventional case (at macroscale case). 

The latter is believed to be related to the microtube diameter and its material since 

for smaller diameters and rough tubes, transition regime does seem to occur 

earlier. It may be worth noting,  for future investigation purposes, that Reynolds 

numbers less than 1500 (see Table 3-1) establish the lower limit for the laminar 

regime on a microchannel.  

3.3.2 Viscous dissipation effect 

A few other studies have mentioned the viscous dissipation in their work 

concerning fluid flow in microchannels. Morini [25] highlighted the significant 

scaling effects particularly viscous dissipation on the heat transfer and friction 

factor of fluid flow in microchannels. The results referred to the role of viscous 

dissipation, conjugate heat transfer, and entrance effects (the effects of the 

thermal developing region) on the mean value of the Nusselt number. In addition, 

the impacts of scaling effects were changed when the working fluid or the 

microchannel geometry were modified. 
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Also, Koo et al. [136] studied numerically the fluid flow of water, methanol 

and isopropanol, in different conduit geometries. The results have shown that 

viscous dissipation was a strong function of the channel aspect ratio, Reynolds 

number, Eckert number, Prandtl number and conduit hydraulic diameter. 

Especially, for water flow in a tube with Dh < 50 µm, viscous dissipation became 

significant and should be considered. 

However, CFD tools provide an option for considering the viscous 

dissipation factor in the energy equation, by an additional component. The latter 

has been described previously in section 1.3.6.2. Therefore, viscous dissipation is 

modelled and considered in numerical methodology here adopted and further 

discussed ahead. 

3.3.3 Microchannels numerical modelling analysis 

The comparison between the obtained numerical or theoretical results 

with experimental data is fundamental to validate a numerical model or to verify 

and understand the fluid flow behaviour. It should be mentioned, for example,  the 

experimental investigation performed by Lelea et al. [74] on the fluid flow of 

distilled water in stainless steel microtubes with diameters of 100, 300 and 500 

µm at Re = 50–800. The experimental heat transfer and fluid flow characteristics 

were compared with numerical and theoretical results in terms of Nusselt number 

and friction constant. Where Nu = 4.36 and Shah equation were used for the 

theoretical solution of Nusselt number, and the constant value of 64 for the friction 

factor multiplied by Re number ( 𝑓 ∙ 𝑅𝑒 = 64 ). The results refer that both 

conventional theories and numerical method are applicable for water flow 

through microchannel of the above sizes, presented a reasonable agreement with 

a deviation lower than the experimental uncertainty of the measurements (<8.9% 

for friction constant and <10% for heat balance). 

Gao et al. [137] investigated the fluid flow of water through microchannels 

with diameters ranging between 200-2000 µm and Reynolds number ranging 

between 40 and 8000. The experimental results on Nusselt number were 

compared with the theoretical solution of Shah and London for laminar flow and 

have demonstrated a deviation of Nuavg/Nuth=0.88 (12%), where Nuth is the 
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theoretical value calculated by Shah Equation. The deviation increased with the 

reduction of the channel size up to Nuavge/Nuth=0.4 (60%).  

Also, Hetsroni et al. [138] have discussed several aspects of laminar flow in 

microchannels, such as pressure drop and transition from laminar to turbulent 

flow. The data from the literature have been collected and analysed for the 

circular, rectangle, triangular and trapezoidal microchannels with hydrodynamic 

diameters ranging from 15 µm to 4010 µm. The authors present a maximum 

deviation up to 12% when the theoretical results are compared with experimental 

results in terms of Poiseuille number (Po). The theoretical solution of Poiseuille 

number was applied by 𝑃𝑜 = λ ∙ 𝑅𝑒 , where λ is a constant defined by the 

microchannel shape. It should be mentioned that the uncertainty of the 

experimental results is not mentioned by Hetsroni et al. [138]. Moreover, the 

authors did not address the theoretical correlations for predicting the heat 

transfer parameters. 

Harms et al. [139] conducted an experimental study for deionized water 

flow through rectangular microchannels with 1923 and 404 µm for Reynolds 

number ranging from 173 to 12900. They have tested a single channel system and 

a multiple one. The theoretical results were significantly lower than the 

experimental results in terms of Nusselt number in laminar flow, while closer 

results were obtained in terms of friction factor. However, the experimental 

uncertainties were 5.5% for Nusselt number and 8.5% for the friction factor. The 

significant deviations can clearly be noticed in their presented figures, despite not 

being quantified.  

Bucci et al. [140], studied water flow through stainless steel microchannels 

with diameters of 172, 290 and 520 µm for Reynolds number ranging from 200 to 

6000. The results were discussed in terms of friction factor and Nusselt number. 

At Reynolds number larger than 1000, laminar flow, the Nusselt number results 

of Hausen correlation have shown a deviation of 17% from the experimental data 

for the microchannel with the diameter of 520 µm, and deviation increased by up 

to 55% for a diameter of 172 µm. Furthermore, the experimental results of the 

friction factor agree with the results of Hagen-Poiseuille correlation, particularly 

for Reynolds number lower than 1000. The authors reported that the uncertainty 
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of the experiments for Nusselt number was equal to 22.25% and for friction factor 

was equal to 8.36%. 

Most of the previously presented studies have reported a respectable 

deviation between the conventional theoretical results and the experimental data 

when the microchannels are used. This confirmed that microchannel fluid flows 

and heat transfer phenomena may not be explained by the conventional theories 

of the macro-scale channels, which are based on hypotheses such as: constant 

thermophysical properties of the fluid, negligible axial heat conduction 

and negligible viscous heating [2] and [90]. The latter leads to inconsistencies 

between the experimental and theoretical results of heat transfer and fluid flow 

through the microchannel, due to the dimensional and the near wall effects due to 

the large surface-to-volume ratio in these systems. 

Moreover, several studies have focused on the validity of the numerical 

approach, for instance, an experimental study carried out by Wu et al. [130] for 

fluid flow of deionized water through smooth silicon microchannels with 

triangular and trapezoid cross-sections for the hydraulic diameter ranged from 

25.9 to 291 µm. The experimental results were compared with the numerical 

results of Ma et al. [141] in terms of friction factor. The results confirmed that the 

Navier–Stokes equations are still valid for the laminar flow of deionized water in 

smooth microchannel having a hydraulic diameter as small as 25.9 µm, since the 

maximum relative deviation obtained was 10.9%, well within the experimental 

uncertainty, which was 11%. Moreover, for smooth channels with hydraulic 

diameters of 103.4–291 µm, transition from laminar to turbulent flow occurred at 

Re = 1500–2000. 

Qu et al. [142] studied both experimentally and numerically heat transfer 

and fluid flow of water through a microchannel heat sink. The heat sink consisted 

of an array of rectangular micro-channels 231 µm wide and 713 µm deep. Each 

microchannel has a width of 57 µm and a depth of 180 µm, and are separated by a 

43 µm wall. The Reynolds number ranged from 139 to 1672. A numerical code 

based on the finite difference method and the SIMPLE algorithm is developed to 

solve the governing equations. The numerical method includes Navier–Stokes and 

energy equations with some assumptions as follows: steady fluid flow and heat 

transfer, incompressible fluid, laminar flow, no-slip boundary condition, constant 
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fluid properties, negligible radiation heat transfer, negligible superimposed 

natural convective heat transfer. The numerical model was validated by 

comparing the numerical results with available experimental data in the literature 

and a good agreement was observed. Moreover, their experimental and numerical 

results achieved a satisfying agreement for most of the tests with a deviation 

within the experimental uncertainty of the study, outlined by error bars in the 

figures (they didn’t report specific values). Although, one exception occurred for 

the inlet thermal resistance parameter at lower Reynolds numbers which was 

explained by the heat loss during the experiments which is more significant for 

small Reynolds numbers, because of the weak convective heat transfer of the fluid.  

Tiselj et al. [143] evaluated experimentally and numerically heat transfer 

characteristics of water flowing through triangular silicon micro-channels with a 

hydraulic diameter of 160 µm in the range of Reynolds number 3.2 to 64. The 

results have shown an acceptable agreement between the experimental results 

and the numerical results in terms of fluid temperature. The study confirmed the 

validity of using Navier–Stokes and energy equations to describe the heat transfer 

of the fluid flow in microchannels as a common basis. It should be referred that 

the authors didn’t present the values of the deviations and the experimental 

uncertainty. 

A numerical investigation carried out by Lee et al. [144] on the laminar flow 

of water through rectangular microchannels with a hydraulic diameter between 

318-903 µm for Reynolds number ranging between 300 and 3500. The authors 

found that numerical predictions based on a classical continuum approach are 

consistent with the experimental data with an average deviation of 5% which is 

less than the revealed experimental uncertainties ranging from 6% to 17%. The 

latter happened when the entrance and boundary conditions imposed in the 

experiment are accurately implemented in the simulation. 

  



 

103 
 

Table 3-2: Summary of some investigations studying the validity of using a numerical 
approach for microscale fluid flow. 

Researchers 
Dh (µm) 

Re 
Fluid 

Considered 

parameter 

Deviation from experimental 

data 

Qu et al. 

[142] 

Dh=114.3 

Re=140 - 1400 
water 

 

Nu number, 

Temperature, thermal 

resistance. 

The deviation is within the 

experimental uncertainty. 

Wu et al. 

[130] 

Dh=103.4–291 

Laminar 
water 

Nu number and 

Friction factor 

A deviation of 10.9%, set within 

the experimental uncertainty 

<11%. 

 

Lelea et al. 

[145] 

Dh=100- 500 

Re=50–800. 
water 

Nu number and 

Friction factor 

A deviation was lower than the 

experimental uncertainty 

<10%. 

Tiselj et al. 

[143] 

Dh=160 

Re =3.2–64. 
water 

Nu number and fluid 

temperature 
- 

Lee et al. 

[144] 

Dh=318-903  

Re=300-3500 
water Nu number 

A deviation of 5% less than the 

experimental uncertainty <6%. 

 

From the studies referred to above and briefly summarised in Table 3.2, 

one can conclude that the numerical approach based on the Navier–Stokes and 

energy equations with proper boundary conditions and acceptable assumptions 

is an appropriate option and it is valid for fluid flow and heat transfer 

investigations in a microchannel. Moreover, the presented comparative studies in 

the literature have investigated several fluid flow conditions (Re= 4-4000) in 

several microchannel geometries (Di= 1-4010 µm) and materials (glass, nickel, 

copper and stainless steel) providing further insight and capabilities worth 

exploiting when imposing boundary conditions on the numerical approach. The 

authors confirmed in the presented studies above that the Navier–Stokes and 

energy equations can be applied for fluid flow through microchannels with a 

hydraulic diameter higher than 25.9 µm.  

From sections 3.3.1 and 3.3.2, some conditions are clarified that must be 

considered when establishing a numerical approach for laminar flow in a 

microchannel, mainly the transition Reynolds number (Re< 1500) and the viscous 

dissipation (viscous heating). Also, an analysis has been carried out on the 

numerical models and assumptions used in the literature (section 3.3.3), 
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establishing good guidance for the implementation of a proper numerical 

methodology for the investigations into the subject, which are described in the 

following section. 

3.4 Microchannel numerical model development and validation. 

This section suggests a methodology to build a proper numerical approach 

for fluid flow through a microchannel, based on the previous investigations in the 

literature that have been discussed in section 3.3. Moreover, concerning the 

numerical model validation, therefore, some of the previous experimental studies 

(from literature) are reproduced numerically, following the suggested 

methodology and required assumptions.  

3.4.1 Mathematical modelling 

In order to reproduce numerically the experimental studies of fluid flow 

through microchannels, the numerical approach model is achieved using 

computational fluid dynamics (CFD) tools, mainly ANSYS-FLUENT version 18.2 

environment [97].  The methodology for building the numerical approach is 

chosen according to the physics problem of the selected experimental study, 

following the steps and suggestions of the computational fluid dynamics (CFD) 

theory (See section 1.3.6, Chapter-1) and the available literature on the subject 

(Section 3.3.3, Chapter-3 ). 

3.4.2 Assumptions and methodology 

In order to build the numerical model, 2D Navier–Stokes and energy 

equations are used to describe the fluid flow and heat transfer, including the 

viscous dissipation effect in the simulations. Therefore, the finite volume method 

(FVM) is used to discretize the governing equations and the SIMPLE algorithm is 

chosen to couple pressure and velocity. Also, a second order upwind method is 

used in order to include the convective and diffusive terms. In addition, a 

pressure-based solver is implemented. The convergence criteria are set such that 
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the residual errors for continuity, momentum and energy are reduced to less than 

10-6. 

Moreover, some assumptions were considered for the current simulations 

as following: (1) incompressible fluid; (2) continuum fluid flow and steady state; 

(2) laminar flow; (3) neglected radiation heat transfer; (4) neglected body force ; 

(5) neglected electrostatic force; (6) no-slip boundary condition at the wall; (7) 

fluid variable thermophysical properties (8) constant and uniform wall heat flux. 

In this study, the numerical approaches take into consideration the 

variable thermophysical properties of the fluid. Therefore, third-order polynomial 

fitting curves of the experimental data [146] and [147] are used to obtain the 

correlations for the thermal conductivity (Eq. 3-1) and viscosity (Eq. 3-2) 

dependent-temperature of distilled water. Thus, the correlations of the 

conductivity and viscosity are as following: 

 

k = -1.470E-07 T3 + 1.275E-04 T2 - 3.531E-02 T + 3.701E+00 Eq. 3-1 

 

µ = -5.098E-09 T3 + 4.955E-06 T2 - 1.6156E-03 T + 1.772E-01 Eq. 3-2 

 

3.4.3 Mesh optimisation 

The mesh optimisation and numerical results-independent process were 

carried out individually for each case of the reproduced studies. The number of 

nodes in axial and radial directions was changed according to the geometry of the 

tube in each case, and four different mesh distributions for each case were 

examined in comparison with the corresponding experimental data. The 

simulations have been done for the same test section and fluid flow conditions of 

the experimental setup. The mesh dependency of the numerical results is 

evaluated, and the simulations with increasing mesh resolution were carried out 

and the obtained numerical results were compared. The optimal mesh is chosen 

so that it achieves results-independency and good agreement with the 

experimental data, being a trade-off between accuracy and computational cost 
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(minimum number of nodes). Moreover, the nodes number are intensified near 

the microchannel wall where the velocity and temperature gradients are 

significant. 

3.4.4 The validation of the numerical methodology 

In this section, in order to validate the numerical model, the numerical 

results are compared with the experimental data of some literature studies. The 

chosen studies had investigated the fluid flow through a microchannel with 

different tube geometries and fluid flow conditions. The results are presented for 

each selected research as follows: 

Comparison with the work of Zhuo et al. [148]: 

The laminar flow and heat transfer characteristics of deionized water were 

investigated by Zhuo et al. [148] through smooth fused silica and rough stainless 

steel microtubes with the hydraulic diameters of 50–100 µm and 373–1570 µm, 

respectively. The Reynolds numbers ranged from 20 to 2400.  

In this study, the numerical simulation is carried out for water flow through 

a stainless steel microtube with an inner diameter of 373µm, outlet diameter of 

670 µm and length of 270mm at a Reynold number of 200, under wall heat flux 

condition of 36050 W/m2. Also, the suitable mesh was selected as 756126. The 

numerical results of Nusselt number are compared with the experimental data 

along the tube and an acceptable agreement is observed with an average deviation 

of 5 %, considering dependent-temperature thermophysical properties (Num-

variable), Fig. 3-1. It should be noted that a higher average deviation of 17% is 

observed when the simulation is repeated considering independent-temperature 

thermophysical properties (Num-constant, Fig. 3-1) for water, highlighting the 

significant impact of dependent-temperature properties on heat transfer and fluid 

flow through a microchannel, even at low Reynolds number (Re=200). The latter 

can be explained by the significant effect of the gradient viscosity and gradient 

conductivity on the fluid velocity and temperature profiles, particularly near the 

wall where the heat flux is applied. Thus, this factor is taken into account for the 

next simulations. 
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Fig. 3-1: Local distribution of Nu number of the tube (Di=373µm) at Re=200. 

 

Comparison with the work of Mala et al. [133]: 

Mala et al. [133] have investigated experimentally the water flow in 

microchannels with diameters ranging from 50 to 254 µm. The experimental 

results were compared with the results of the proposed conventional theory 

(Poiseuille equation for pressure drop), showing a good agreement for the large 

microtube diameters (100-254 µm). Also, the fluid flow behaviour was affected by 

the tube material. The fluid flow in the stainless Steel microtube caused less 

pressure drop gradient (ΔP/ΔL) values than Fused Silica due to the higher 

roughness of Fused Silica tube. The authors referred to the use of a numerical 

approach (Naiver-Stocks equations) for non-laminar flow and roughness tubes 

instead of conventional theory equations. 

Therefore, in this study, a stainless-steel tube of 130 µm diameter and 0.01 

length was chosen for Reynolds number ranging between 1000-1500 for the 

numerical simulations. The Mesh of 504126 nodes was chosen. The results are in 

accordance with those obtained experimentally and a maximum deviation of 7% 

is observed, Fig. 3-2. The deviation of the numerical results decreases with the 

reduction of the Reynolds number. 
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Fig. 3-2: Pressure drop (kPa) of water flow in microtube (Di=130µm) as a function of 

Re number. 

Comparison with the work of Sara et al. [149]: 

Sara et al. [149]  have investigated the fluid flow of distilled water in a 

microtube of 200 µm diameter and 0.0496 m length for Reynolds number ranging 

between 100-1100. The material of the tube was nickel.  

In this study, the numerical model is built, and the suitable mesh is chosen 

as 567126. The results show a good agreement between the numerical results and 

the experimental data, with only one exception for Re=312, as presented in Fig. 

3-3. 

 

Fig. 3-3: Pressure drop (kPa) of water flow in microtube (Di=200µm) as a function of 
Re number. 
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Comparison with the work of Lelea et al. [74]: 

Lelea et al. [74] have carried out an experimental and numerical 

investigation on heat transfer and fluid flow in microchannels of 0.1, 0.3 and 0.5 

mm diameters and for laminar flow with Re number range up to 800. The working 

fluid was distilled water and the tube material was stainless steel.  

In this study, the numerical model is built for a tube diameter of 0.3 mm 

and the suitable mesh is chosen to be of 579726 nodes. The investigation carried 

out for the case of fluid flow without heat flux conditions (Q=0 W) and for the case 

of applying uniform heat flux of q=13409 W/m2 (Q=2 W). The results are 

evaluated and compared with the experimentally obtained ones, for Nusselt 

number and friction constant (𝑓 ∙ 𝑅𝑒). It is observed an acceptable agreement 

between the numerical results and the experimental data with an average 

deviation of 2% for friction constant, and with an average deviation of 5% for 

Nusselt number, as presented in Fig. 3-4 and Fig. 3-5. 

 

 

Fig. 3-4: Friction constant (𝑓 ∙ 𝑅𝑒 ) of water flow in microtube as a 
function of Re number. 
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Fig. 3-5: Local Nusselt number of water flow in microtube as a function of the axial 
length of the tube for electrical power of Q=2 W and Re= 774. 

 

 

The validated method and assumptions that have been used in the 

numerical approach referred to above are briefly summarized as follows: 

• (2D) axisymmetric geometry (Dh>59 µm) 

• The radial direction of the mesh has 80-150 nodes according to the 

diameter. While the axial direction various according to the tube length. 

• Laminar-viscous Heating (Re<1500). 

• Navier–Stokes and energy equations 

• Single-phase, Incompressible and steady state conditions. 

• Variable-thermophysical properties. 

• Radiation heat transfer is neglected.  

• The body force is neglected. 

• The electrostatic force is neglected. 

• Pressure-based solver. 

• Second order upwind for the discretization. 

• SIMPLE algorithm. 

• The residual errors are less than 10-6. 

Moreover, the numerical results and the details of the reproduced studies 

referred to above are briefly summarised in Table 3-3. As a result, it is believed that 

the proposed numerical methodology in the sections 3.4.1, 3.4.2 and 3.4.3 for 

conventional fluids (water) in laminar flow through microchannels has been 
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conveniently validated, providing guidance for the next intended studies of 

nanofluids flow through a microchannel. 

 

Table 3-3: Summary of the reproduced studies for heat transfer and pressure drop of 

single-phase Laminar fluid flow in microchannels. 

Researcher Fluid Tube Re 
Q (W) 
T (K) 

Considered 
parameters 

Results 

Zhuo et al.[148] 

 

Water 

 

 

Di=373 µm 

L=270mm 

L/D=724 

stainless steel 

 

 

Re=200 

 

Q=12W 

Tin=293K 

 

 

Nu number. 

 

5% deviation 

Mala et al.[133] 
Water 

 

Di= 130µm 

L=0.01m 

stainless steel 

 

Re=1000-

1500 

Q=0 W 

 

Tin=293K 

 

pressure 

drops. 

 

7% deviation 

Sara et al.[149] water 

Di=200µm 

L=0.0496 m 

nickel 

 

Re=100-900 

 

Q=0 W 

 

Tin=293K 

 

pressure 

drops. 

 

4% deviation 

Lelea et al.[74] water 

Di=300µm 

L=95mm 

stainless steel 

 

1- Re=774 

2-Re=200- 

800 

 

1-Q=2W 

Tin=293K 

2- Q=0W 

Tin=293K 

Nu number 

and friction 

constant. 

 

2% Deviation 

for friction 

coefficient, and 

5% for Nu 

number. 

 
 

Turbulent flow 

In this section, the turbulent flow regime of water in the microchannel is 

numerically studied in order to determine the proper turbulent model for such 

numerical approach. In other words, a comparison between the provided 

turbulent models in ANSYS-Fluent (see section 1.3.6.2.2) against available 

experimental data in the literature is examined. 

Comparison with the work of Adamas et al.[150]: 

An experimental study of turbulent flows through microchannels was 

carried out by Adams et al. [150]. The operating fluid was distilled water flowing 

through copper microchannels with diameters between 0.102-1.09 mm. The 

research referred to higher experimental results than those obtained from the 

related conventional correlation (Gnielinski correlation) in terms of Nusselt 
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number. The deviation between the experimental and Gnielinski correlation 

results was higher for the smaller tube diameter. 

In this section, a numerical approach is carried out using ANSYS-FLUENT 

version 18.2 environment [97] and the proposed methodology in section 3.4  to 

reproduce the experimental work of Adams et al. [150] numerically and compare 

the obtained results with the correlated experimental data. Thus, the simulations 

are carried out for an axisymmetric steady, forced turbulent convective flow of 

water through a horizontal circular tube having an inner diameter of 760 µm and 

a length of 50.8 mm, using the governing equations of single-phase turbulent flow 

(see section 1.3.6.2.2, Chapter-1) and the finite volume method. The SIMPLE 

algorithm procedure has been used for the velocity-pressure coupling. The second 

order upwind scheme has been applied to discretized momentum, turbulent 

kinetic energy and turbulence dissipation ratio equations. The mesh 

independency has been studied and the mesh of 513140 nodes has been adopted. 

Moreover, to achieve the best results in turbulent flow, several turbulent 

models such as K’-ε models (Standard, realizable and RNG), K’-ω models (SST and 

Standard) and  Reynolds Stress model, have been investigated and compared in 

terms of Nusselt number, Fig. 3-6. Among the latter, results show that standard 

and Realizable K’-ε model provides well agreement with the experimental data, 

particularly for low Reynolds number, with better results for Realizable K’-ε 

model. Furthermore, the comparison between the obtained results by several 

turbulent models against experimental data have shown a maximum deviation at 

the highest Reynolds number (14000) as follows: (33%) for K’-ε RNG results, 

(16.5%) for K’-ω Standard results, (15%) for K-ω sst results, (14%) for Reynolds 

Stress results, of (9.5 %) for K’-ε standard results and (7.5 %) for K’-ε Realizable 

results.  Moreover, the computational time of the simulations in different models 

varied slightly. However, the most relevant result points out that K’-ε Realizable 

turbulent model correlates better with the experimental data. Thus, it is selected 

for further turbulent flow investigations into the subject of fluid flow and heat 

transfer in microchannels. 
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Fig. 3-6: The numerical results of several turbulence models in terms of Nusselt number 
as a function of Reynolds number. 

 

3.5 CHAPTER CONCLUSION 

In this chapter, several studies on conventional fluid flow and heat transfer 

through microchannels have been reviewed for a better understanding of the 

overall phenomena. The experimental, analytical and numerical methods in the 

field have been analysed by reviewing the literature. This allowed defining a 

proper methodology for a numerical investigation considering the microscale 

effects, mainly: dependent-temperature fluid properties, viscous heating and 

transition Reynolds number. The numerical methodology and acceptable 

assumptions have been established. The latter was then further used for 

reproducing numerically several experimental researches (different 

microchannel geometries and different operating conditions), providing 

confidence and establishing a proper validated methodology suitable to be used 

in future numerical investigations. Namely, the intended study of nanofluids flow 

through microchannels, presented in the following chapter. 
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CHAPTER 4-  HEAT TRANSFER BEHAVIOUR OF MWCNTS 

NANOFLUIDS IN MICROCHANNELS 

4.1 CHAPTER SYNTHESIS 

In this chapter, a numerical approach to investigate heat transfer and fluid 

flow of MWCNTs nanofluids (0.25-1.5 vol%) as single-phase fluids under a 

constant heat flux boundary condition through microchannels is presented. Since 

the thermophysical properties (Thermal conductivity, viscosity, density and 

specific heat) characterize the single-phase fluids, the several MWCNTs nanofluids 

samples (In terms of the base fluid, particle concentration and particle geometry) 

are being modelled numerically depending on their thermophysical properties, 

mainly conductivity and viscosity. Then, these nanofluid samples are divided into 

four groups in terms of thermal diffusivity and viscosity. Each group is 

represented by one fluid, characterized by the average thermophysical properties. 

The numerical code validation of a CFD approach based on the finite 

volume method using 2D Navier–Stokes and energy equations is conducted for 

CNTs nanofluids flow through microchannel by reproducing some available 

experimental researches. Then, the fully developed condition of the flow is studied 

and the geometric configuration of the test section is selected.   

The MWCNTs nanofluids behaviour through the microchannel is evaluated 

by assessing the respective heat transfer coefficient, Nusselt number and pressure 

drop in comparison with that of the base fluid mixture. Moreover, the study 

includes the assessment of the above-referred parameters as a function of the 

Reynolds number and fluid velocity, establishing a detailed discussion regarding 

the mechanisms of heat transfer and flow characteristics of MWCNTs nanofluids 

in microchannels. From the obtained results, it will be possible to establish the 

relationship between the addition of nanoparticles to a base fluid and the 

associated heat transfer enhancement with extensive investigations on the case.  
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4.2 INTRODUCTION 

As previously stated, the micro heat transfer systems depend significantly 

on the advantages of thermal fluids. It becomes an urgent need to use developed 

thermal fluids such as nanofluids instead of conventional fluids (water-ethylene 

glycol or oil) to intensify the heat transfer process via micro heat exchangers [3]. 

Recently, several investigations have been carried out on nanofluids for the 

potential application in micro heat transfer systems. Also, CFD tools have been 

considerably implemented for such problems. 

 Salman et al. [151] have numerically investigated the laminar flow of 

nanofluids for various nanoparticles (Al2O3, CuO, SiO2 and ZnO) suspended into 

ethylene glycol as a base fluid through a microtube has a diameter of 50 μm under 

a constant heat flux. The use of different sizes of nanoparticles (diameters of 25, 

45, 65 and 85 nm) with different particle volume fractions (1-4 Vol%) for 

Reynolds number ranging between 10-1500 was examined. The numerical 

approach based on solving 2D Navier–Stokes and energy equations are by finite 

volume method (FVM) with the SIMPLE algorithm choose to couple pressure and 

velocity. The numerical approach was validated by comparing the results with the 

work of Li et al. [148] for distilled water flow at Reynolds number of 80 under 

uniform heat flux of 9000 W/m2 in terms of Nusselt number and a good agreement 

was observed. The results presented an enhancement of Nusselt number in 

comparison with the base fluid for all nanoparticles types and the highest Nusselt 

number was achieved for SiO2–EG nanofluid. Also, it was noticed a decrease in 

Nusselt number and pressure drop with the increase in the size of the 

nanoparticles. 

Lelea [152] has investigated numerically the laminar flow of Al2O3/water 

nanofluid through a microchannel heat sink has a hydraulic diameter of 50 μm 

under a constant heat flux of  35 W/m2 for different particle volume fraction (1-9 

Vol%) and several particle sizes (dp = 13, 28 and 47 nm). Finite volume method 

with  Navier–Stokes and energy equations and  SIMPLER algorithm method is 

used for the numerical model which was validated by comparing with the results 

with the experimental work of Lee et al. [153] for Al2O3/water nanofluid flow 

through  micro heat sink has a hydraulic diameter 474 μm  and a good agreement 
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was observed. The results showed an enhancement in heat transfer coefficient for 

nanofluid which increases with the increase of particle volume fraction and 

decreases with the increase of particle’s diameter. 

Sajadifar et al. [154] have studied numerically Laminar flow of non-

Newtonian (pseudo-thinning plastic) nanofluid through a microtube has a 

diameter of 0.2 mm. The diameter of the (CMC)–Aluminium oxide nanoparticles is 

25 nm. The validation of the numerical model was achieved by comparing the 

results with numerical work of Raisi et al [104] and with numerical work of 

Keshavarz et al.[155] and Akbari et al.[156] for nanofluids. 

Jung et al [157] have studied experimentally Al2O3 nanofluids flow in 

rectangular microchannels have the dimensions of  50 * 50, 50 * 100 and 100 *100 

μm2  (Width*Hight) with 15 mm length. The nanoparticles have a diameter of 170 

nm. The results showed that the convective heat transfer coefficient increased up 

to 32% in comparison with distilled water (base fluid) at a volume fraction of 1.8 

Vol%. Also, heat transfer coefficients of all nanofluids are greater than those of 

their base fluids. In small the microchannel (50 * 50 μm2), the heat transfer 

coefficient of fluid flow is higher than those obtained at large microchannels. 

Haghighi et al. [158] have investigated experimentally the laminar flow of 

nanofluids with different nanoparticles types (Al2O3, TiO2 and CeO2) at 9 Vol.% 

concentration through a single microchannel tube has a diameter of 0.5 mm and 

length of 30 cm. The diameters of the suspended particles are 10 nm for Al2O3, 20-

30 for TiO2 and 50-100 nm for CeO2. 

Also, Kamali et al. [100] studied numerically the laminar flow of aqueous 

1% MWCNTs nanofluids as single phase and Non-Newtonian fluid in a horizontal 

tube has a diameter of 1.55mm under constant wall heat flux at Reynolds numbers 

of 600, 900 and 1200. Moreover, the numerical results were compared with the 

experimental results of  P. Garg et al. [78] and showed a good agreement in terms 

of local heat transfer coefficient, rendering the numerical approach of such 

MWCNTs nanofluids even with non-Newtonian behaviour an important tool for 

analysing the fluid flow and heat transfer phenomena of CNTs nanofluids in 

microchannels. 
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Table 4-1: Summary of some investigations on heat transfer performance of nanofluids 
with a reference to the hydrodynamic diameter of the microchannel (Dh) and the 
nanoparticle size (dp). 

Research nanofluids dp/Dh Tube Dh 
Tube 
length 

Salman et al. 

[151], 

Numerical 

(Al2O3, CuO, SiO2 and 

ZnO) /EG 

dp=25–85nm 

5E-04 –17.0E-04 50 µm 0.025 cm 

Lelea [152], 

Numerical 

Al2O3/water 

dp=13–47nm 
2.6E-4– 9.4E-04 50 μm 4.48 cm 

Sajadifar et al. 

[154], 

Numerical 

Al2O3/water 

dp=25nm 
1.2E-04 200 μm 0.5 cm 

Mehrdad et 

al.[159] 

Experimental 

TiO2, Al2O3/water 

dp=20nm 
0.4E-04 502 μm 12 cm 

Jung et al [157], 

Experimental 

Al2O3/water 

dp=170nm 
15E-04–30.0E-04 56.4 μm 1.5 cm 

Kamali et al. 

[100] 

Numerical. 

MWCNTs/water 
dp=10–20nm, lp=0.5–40 

µm 

0.4-5.10E-04 1.55mm 91.44 cm 

 

However, to the best of authors’ knowledge, the investigations of heat 

transfer and fluid flow of CNTs nanofluids through a microchannel in literature is 

quite limited (See section 1.3.5 and 1.3.7, Chapter-1). Besides, there aren’t an 

overall investigation on the used CNTs nanofluids regarding the thermophysical 

properties, particularly stability and shelf life for several particles’ geometries. 

Moreover, some important concepts such as dependent-temperature 

thermophysical properties of the nanofluid haven’t been considered. 

The present work uses a strong database of tested and developed MWCNTs 

nanofluids in a wide range of volume fractions (φ=0.25, 0.5, 0.75, 1.0 and 1.5). The 

preparation, stability, conductivity and viscosity of the nanofluids were 

investigated and achieved in previous work [20], [106] and [21]. To the authors´ 

knowledge, the literature does not contain other work with similar data and 

methodology coverage. Consequently, a numerical investigation on MWCNTs 

nanofluids through a circular microchannel is an appropriate set-up to study the 

different flow conditions and the heat transfer behaviour. The results of this study 

are analysed in terms of Heat Transfer Coefficient, Nusselt number, pressure drop 

and Reynolds number, allowing to a widely understand for the possible 
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applications of microthermal systems such as electronics and micro-electro-

mechanical systems (MEMS). 

4.3 NUMERICAL MODEL 

 As it was mentioned, the validity of using CFD tools for heat transfer and 

fluid flow of nanofluid through microchannels was examined by several 

researchers, Table 4-1, achieving a good agreement with the experimental data. In 

another hand, this section presents an investigation of using CFD for CNTs 

nanofluids through microchannel by reproducing some available experimental 

researches. Therefore, the assumptions and methodology that have been 

validated for conventional fluids in chapter-3 (Section 3.4) are considered here for 

the current numerical model using 2D Navier–Stokes and energy equations. Thus, 

the single-phase approach model is numerically achieved using the finite volume 

method (FVM) that transforms the governing equations to a form of algebraic 

equations that can be solved numerically. Moreover, a second order upwind 

method is used in order to involve the convective and diffusive terms. Pressure 

and velocity were coupled using Semi-Implicit Method for Pressure-Linked 

Equations [SIMPLE]. The simulations are carried out in the software code, ANSYS-

FLUENT version 19.0 environment [97]. In additions, the boundary conditions 

regarding Non-Newtonian fluids are considered here, particularly the velocity at 

the tube inlet and the viscosity correlation as a function of shear rate. 

4.3.1 Entrance velocity conditions 

As it is known, the Reynolds number is important to determine the flow 

regime type. In addition, it will be used in the current study to calculate the fluid 

velocity at the inlet of the tube. The generalized Reynolds number for Newtonian 

fluid flow through a pipe is depicted by Eq. 4-1, 

 

𝑅𝑒 =
𝜌 ∙ 𝑢 ∙ 𝐷

µ
 Eq. 4-1 
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Where 𝜌 is the density of the fluid, µ is the viscosity of the fluid, D is the tube 

diameter and 𝑢 is the fluid velocity. 

In the case of Non-Newtonian fluids, particularly the Power Law fluids (shear 

thinning fluids), Reynolds number was firstly introduced by Metzner and Reed 

[160]. The viscosity of Power Law fluid is given by: 

 

µ =
𝜏𝑤 

�̇�
=  

𝐾 ∙  �̇�𝑛

�̇�
=  𝐾 ∙ �̇�𝑛−1 Eq. 4-2 

 

Where 𝐾 is the consistency index and 𝑛 is the shear thinning index of the power 

law Non-newtonian fluid. Also, the viscosity can be defined based on the flow 

characteristic in a pipe as: 

 

µ =
𝜏𝑤 

8 ∙ 𝑢/𝐷
 Eq. 4-3 

 

Where, 𝜏𝑤 is the shear stress at the wall. 

Therefore, by comparing the equations Eq. 4-2 and Eq. 4-3, the viscosity can be 

defined as: 

 

µ = 𝐾 ∙ (
8 ∙ 𝑢

𝑑
)𝑛−1 =

𝐾 ∙  𝑢𝑛−1  ∙  𝐷𝑛−1 

81−𝑛
 Eq. 4-4 

 

Therefore, Reynolds number for Non-Newtonian fluid flow (Shear-thinning fluids) 

can be found by Eq. 4-4 and Eq. 4-1: 

 

𝑅𝑒 =
𝜌 ∙ 𝑢2−𝑛 ∙ 𝐷𝑛

𝐾 ∙  8𝑛−1
 Eq. 4-5 

 

The last equation Eq. 4-5 can be minimized to the final form of Re number 

equation Eq. 4-6 [154], [161] and [162], as: 

 

𝑅𝑒 =
𝜌 ∙ 𝑢2−𝑛 ∙ 𝐷𝑛

𝐾
 Eq. 4-6 
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Therefore, all the MWCNTs nanofluids in the following investigations are 

subjected to determine the velocity (𝑢) of the various nanofluids at the inlet of the 

tube in terms of the diameter of the tube 𝐷, Reynolds number, the density 𝜌, the 

consistency index  𝐾 and the power-law index 𝑛, as it is shown in Eq. 4-6.  

4.3.2 Numerical code validation (Comparative study): 

In order to investigate the using of CFD tools for CNTs nanofluids flow 

through a microchannel, the numerical results are compared with correlated 

experimental data and presented for each selected research as follows: 

Comparison with the work of P. Garg et al. [78]:  

P. Garg et al. [78] have studied experimentally the laminar flow of 1 wt.% 

MWCNTs aqueous nanofluids through circular microchannel has an inner 

diameter of 1.55 mm under constant heat flux (0.6 W/cm2) boundary conditions. 

Furthermore, the authors studied several dispersing energies (ultrasonication) 

based on processing time and four samples were investigated regarding the 

viscosity, thermal conductivity, and the laminar convective heat transfer. The 

suspended carbon nanotubes have an average outside diameter of 10–20 nm and 

length of 0.5–40 µm. Moreover, the thermophysical properties of the fluid were 

analysed and a shear-thinning behaviour was observed. Also, the four samples 

achieved good stability for over 1 month without sedimentation. The results 

indicated an enhancement in thermal conductivity and heat transfer coefficient of 

20% and 32%, respectively in comparison with the base fluid. 

Therefore, in this study, the numerical simulations are carried out for 

Sample A and Sample B, since they represent the limitations of the lowest and 

highest value in terms of thermal conductivity and viscosity. Also, the fluid flow 

conditions are determined for Reynolds numbers 600 and 1200, with the 

calculated velocity (Table 4-4) and a temperature of 288 k at the tube inlet. A 

suitable mesh was selected as 509691 nodes. Furthermore, the simulations 

carried out considering dependent-temperature of thermal conductivity and the 

Non-Newtonian nanofluid behaviour for the viscosity correlation, by fitting the 
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correlated experimental data [78]. The results of the obtained correlations are 

compared with experimental data in Fig. 4-1 and Fig. 4-2, achieving a good 

agreement with a maximum deviation of 6%. Thus, the correlations of the 

conductivity and viscosity are presented in Table 4-2 and Table 4-3. Furthermore, 

the velocity at the tube inlet for Sample A and Sample B at each Re number can be 

determined as shown in Table 4-4. 

Table 4-2:  The parameters of the viscosity correlations for Sample A and Sample B 
nanofluids. 

MWCNTs   

Equation µ = 𝐾�̇�1−𝑛𝑒𝑥𝑝 [𝛼 (
1

𝑇 − 𝑇0
−

1

𝑇𝛼 − 𝑇0
)]  

Parameters 𝑲 n 𝑻𝜶 𝛼  

Sample A 1.903E-03 0.924 288 K 2000 Eq. 4-7 

Sample B 1.77E-03 0.963 288 K 1600 Eq. 4-8 

 

 

Fig. 4-1: The polynomial fitting curve of conductivity for the experimental data of 

Sample A and Sample B nanofluids. 

 

  

0,6

0,65

0,7

0,75

285 295 305 315

C
o

n
d

u
c

ti
v
it

y

Temperature (K)

Sample B

Sample A



 

123 
 

 

 

 

Fig. 4-2: The deviation of the proposed correlations of viscosity in comparison with 

experimental data of Sample B nanofluids. 

 

Table 4-3:  Thermal conductivity correlations. 

 k=aT3 +b T2 + cT + d  

Parameters a b c d  

Sample A -8.081E-07 9.896E-04 -3.714E-01 4.482E+01 Eq. 4-9 

Sample B 1.152E-05 -9.864E-02 2.812E+00  -2.664E+02 Eq. 4-10 

 

Table 4-4: The velocity of the nanofluids at the inlet of the tube. 
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The numerical results of heat transfer coefficient are compared with the 

experimental data along the tube, as shown in Fig. 4-3. A good agreement is 

observed with an average deviation of 6 %, and a maximum deviation of 14%, 

obtained for Sample-B at Re=1200. It should be mentioned that the uncertainty of 

their experimental results regarding the heat transfer coefficient is not presented 

by P. Garg et al. [78]. Therefore, if the uncertainty is higher or equal to 14%, the 

numerical results are quite accurate. 

 

 

 

Fig. 4-3: Local heat transfer coefficient of Sample-A and Sample-B nanofluids flow in 

microtube (Di=1.55 mm) as a function of axial distance along the tube at a: Re=1200 

and b: Re=1200. 
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Comparison with the experimental study of Hussien et al. [82]  

Hussien et al. [82] have experimentally investigated the fluid flow of 

MWCNTs/ water nanofluid and MWCNTs/GNPs water-based hybrid nanofluids 

through a circular microtube (Din = 1.1 mm) at Reynolds numbers ranging 

between 200-500 in terms of heat transfer coefficient, and pressure drop. The 

nanofluids were prepared for several particle weight concentrations of 

MWCNTs/water nanofluids (0.075, 0.125, and 0.25 wt.%) which mixed with 

(0.035 wt.%) GNPs for hybrid nanofluid. The used particles have an average 

diameter around 15 nm and an average length between 1-5 µm. The results 

indicated to a significant enhancement in heat transfer coefficient in comparison 

with the base fluid and maximum enhancement of 43.4% was obtained for 0.25 

wt.%, accompanied with 11% increase in pressure drop. 

Therefore, in this section, a numerical approach is carried out for the forced 

convective flow of MWCNTs/water nanofluid through a horizontal circular tube 

having an inner diameter of 1.1 mm and a length of 270 mm. The mesh 

independency has been studied and the mesh of 630000 elements has been 

selected. 

 Furthermore, the simulations carried out considering dependent-

temperature of thermal conductivity and viscosity of nanofluid. It should be 

mentioned that the researchers didn’t present data for viscosity as a function of 

shear rate. Thus, in order to consider the rheological behaviour of MWCNTs/water 

nanofluid, the correlated experimental data located in the literature [84] and [78] 

of viscosity as a function of shear rate are analysed. The data refer to the shear-

thinning behaviour of MWCNTs/water nanofluid. Thus, the expected value of 𝑛 (A 

measure of the deviation of the fluid from Newtonian) is taken from P. Garg et al. 

[78] (n=0.962) as an average value for several ultrasonication time at the 

temperature T=303 k. The latter is confirmed in our data base, where n value 

showed a range between 0.925 to 0.986 for the low MWCNTs concentration of 

nanofluids samples (see section 4.4.2 and Table C-1). And then  𝐾  (A measure of 

the average viscosity) is determined for particle weight concentration of 0.125 

wt.% and 0.25 wt.% so that achieving the presented viscosity value at a 

temperature of 310 K [82] 0.000735 and 0.000756 (Pa. s), respectively. This has 

been done after choosing the  shear rate value as 200 1/s from the presented 
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viscosity data of MWCNTs nanofluid in [84], by comparing the viscosity values of 

Hussien et al. [82] and Ding et al. [84]. This leads to the expectation that Hussien 

et al. [82] has measured his viscosity data at a shear rate of 200 1/s. Therefore, the 

values of 𝐾 for 0.125 wt.% and 0.25 wt.% are 0.000899 and 0.000924 kg.sn-2/m. 

As (n) and (𝐾) are known now, it can find alpha (α) to compute the viscosity 

for temperatures range (300-330 K) by fitting the correlated experimental data of 

viscosity [82] using the Non-Newtonian power low viscosity fitting curve 

considering dependent-temperature and shear-thinning rheology behaviour. 

Furthermore, the final correlations of the viscosity (Eq. 4-11 and Eq. 4-12) have 

been validated in comparison with the experimental viscosity data of Hussien et 

al. [82], as shown in Fig. 4-4. Consequently, the velocity at the tube inlet can be 

determined as shown in Table 4-6. 

Table 4-5:  The viscosity correlations. 

MWCNTs µ = 𝐾 �̇�𝑛−1 𝐻(𝑇) where, 𝐻(𝑇) = 𝑒𝑥𝑝 [𝛼 (
1

𝑇−𝑇0
−

1

𝑇𝛼−𝑇0
)]                

Parameters 𝑲 n 𝑻𝜶 𝛼  

0.125wt% 0.899E-03 0.962 310 K 1800 Eq. 4-11 

0.25wt% 0.924E-03 0.962 310 K 1800 Eq. 4-12 

 

Table 4-6: The velocity of the nanofluids at the inlet of the tube. 

 
 

 

 

 

Furthermore, the thermal conductivity of nanofluid was determined by 

Hamilton and Crosser's model used by Hussien et al. [82] in his experimental 

research. Thus, the correlations of the conductivity (Eq. 4-13 and Eq. 4-14) are 

presented in Table 4-7. 

  

𝒖  m/s 

Re 200 470 

0.125 wt% 0.163 0.384 

0.25 wt% 0.167 0.391 
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Table 4-7:  Thermal conductivity correlations. 

 k=aT3 +bT2 +cT+d  

Parameters a b c d  

0.125wt% -1.675E-08 5.528E-07 5.841E-03 - 7.327E-01 Eq. 4-13 

0.25wt% -1.679E-08 5.540E-07 5.855E-03 -7.344E-01 Eq. 4-14 

 
 

 

 

Fig. 4-4: The deviation of the proposed correlations of Non-Newtonian viscosity in 

comparison with experimental data for the concentrations of MWCNTs particles: a: 

0.125 wt.% and b: 0.25 wt.%. 
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that the researchers (Hussien et al. [82]) didn’t report information about the 

uncertainty of their experimental results. In this, if the uncertainty of the 

experimental results regarding the heat transfer coefficient is higher or equal to 

13%, the numerical results are quite accurate. 

 

 

 

Fig. 4-5: Numerical and experimental convective heat transfer coefficient as a function 

of axial position along the tube for a: Re=200 and b: Re=470. 
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Fig. 4-6: Numerical results of pressure drop compared with the available experimental 

data of Hussien et al. [82]. 

 

4.4 NUMERICAL PARAMETERS AND PROCEDURE 

It is presented in Chapter 3 a validated methodology for a proper numerical 

approach accompanied by the acceptable assumptions (Section 3.4) for 

conventional fluids (such as; water) flow through the microchannel. Which 

provides guidance for the numerical approach on the micro-scale fluid flow 

situation (Transition Reynolds number, Microchannel diameter, Viscous heating, 

Dependent-temperature thermophysical properties). In another hand, the latter 

was considered in the investigation of using CFD for CNTs nanofluids through a 

microchannel in section 4.3.2, showed a good validity of using the numerical 

model for such problem, since the numerical results agree with the correlated 

experimental data in terms of HTC and pressure drop. This leads to following the 

mentioned methodology for the next investigations in this Chapter too.  

In the developed model, the Navier-Stokes and energy equations are 

applied to model the convective heat transfer and fluid flow using ANSYS- FLUENT 

software. Therefore, the governing equations for laminar flow for steady state and 
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4.4.1 Geometric configuration 

As mentioned earlier, CFD tools (ANSYS- FLUENT) with Navier-stocks and 

energy equations show an ability and validity for studying nanofluids flow 

through microtube. The numerical approach was validated for MWCNTs nanofluid 

flow through tubes have diameters of 1.55 mm and 1.1 mm. Moreover, the 

presented investigations on the fluid flow of nanofluids in microchannels (Table 

4-1) refers to the acceptable ratio of nanoparticle diameter to the microchannel 

hydrodynamic diameter (dp/Dh). Therefore, in this study, the numerical domain is 

established as a two-dimensional tube (2D) with 900 µm inner diameter achieving 

the highest value of (dp-eq/Dh= 12.0E-04) for the largest MWCNT particle size. 

Where dp-eq is the equivalent diameter of the carbon nanotube particles, 

mentioned by Lamas et al.[22]. Furthermore, four Re numbers are chosen in the 

range 0< Re < 1500 to ensure the laminar flow (see the conclusion of Chapter-3), 

performed as Re=100, 600, 1000 and 1400. The geometric configuration is 

described in Fig. 4-7, where the length of the microchannel will be determined 

according to an investigation on the hydraulic and thermal development of the 

fluid flow in section 4.4.3. 

 

 

Fig. 4-7: Schematic diagram of the numerical region (test part). 
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4.4.2 Thermophysical properties of the Nanofluids Samples: 

The preparation of MWCNTs nanofluids were carried out and explained by 

Lamas et al. [22] and Abreu et al. [21] for two aqueous fluids of ethylene glycol 

(EG) at volume fractions of 30% and 60% as base fluids and six aspect ratios of 

the geometry distribution of MWCNTs particles which suspended into each base 

fluid for different five concentrations, as shown in Table 4-8.  

 

Table 4-8: The available samples of MWCNT nanofluids in the database. 

Aspect ratio (lp/dp)  
Volume 

fractions 
 Base fluids 

333 

667 

231 

125 

50 

19 

× 

0.25% Vol. 

0. 5% Vol. 

0.75% Vol. 

1.0% Vol. 

1.5% Vol. 

× 
DW+30%EG 

DW+60%EG 

 

 

As previously state, the thermophysical properties (Thermal conductivity, 

viscosity, density and specific heat) of the nanofluids are the key elements that 

influence the heat transfer behaviour through a microchannel. Therefore, the 

thermophysical properties of the available 60 nanofluid samples are presented in 

Table A-1 and Table A-2. 

In this, the comparison study between the experimental and numerical 

results of fluid flow of MWCNTs nanofluids under heat flux conditions conducted 

in Chapter-2 enabled to develop validated thermophysical correlations of the 

thermal conductivity and the viscosity able to describe the behaviour of MWCNTs 

nanofluids when CFD tools are used. In this section, therefore, the correlations of 

computing conductivity and viscosity for several samples presented are produced 

via the same fashion that has been validated in Chapter-2. Thus, a curve fitting is 

performed on the conductivity data [163] as a function of temperature, and the 

resulted equations are summarized in Tables. Also, the viscosity correlations as a 
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function of temperature and shear rate are produced by performing a Non-

Newtonian power low viscosity fitting curve [97] on the viscosity experimental 

data [21], considering the non-Newtonian shear-thinning rheological behaviour 

of MWCNTs nanofluid.  

The density and the specific heat of the nanofluids are calculated using the 

model proposed by Pak and Cho [114] and the model of Xuan and Roetzel [115], 

respectively, presented in Chapter-2 (Eq. 2-1 and Eq. 2-2).  

Moreover, thermal diffusivity (Eq. 4-15) for each sample is calculated and 

the nanofluid that achieves the highest value is determined as a reference 

nanofluid where it is expected to have a better heat transfer performance. As a 

result, Nanofluid-20 (NF20) is chosen from Table A-1 and Table A-2  as a reference 

fluid for studying the fully developed conditions (Thermal and hydraulic 

development of the fluid flow). It should be mentioned that Nanofluid-5 (NF5) is 

excluded since it is inconsistent with the whole results, Fig. 4-8. 

 

a =
𝑘

𝜌 ∙ 𝑐𝑝
 Eq. 4-15 

 

Where a is the thermal diffusivity of the fluid (m2/s). 

 
 

 

Fig. 4-8: The thermal diffusivity as a function of viscosity for the 60 nanofluid samples. 
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an analytical study is presented in Fig. 4-8 in order to choose several samples for 

further investigations. The reported data refers to Group-1, Group-2, Group-3 and 

Group-4 as the most interesting samples in terms of the high thermal diffusivity 

and the low viscosity. Where Group-1 and Group-3 achieve good levels of thermal 

diffusivity with good levels of viscosity. The nanofluid samples of these two groups 

(1 and 3) contain 30%EG as a base fluid, which provides a freezing point 

temperature of -16 °C and boiling temperature of 104 °C [164]. Furthermore, 

Group-2 and Group-4  contain 60%EG as a base fluid, which provides a freezing 

point temperature of -47 °C and boiling temperature of 110 °C [164].  

For the heat transfer and fluid flow investigations, each group can be 

represented by one fluid, called the equivalent nanofluid (NFeq). Therefore, the 

equivalent nanofluids for Group-1 and Group-2 can be obtained by calculating the 

average of the thermophysical properties of the nanofluids located in each group.  

Moreover, from a rheological point of view, it is presented in Table C-1 the 

main parameters that describe the rheological behaviour of the nanofluid 

samples. Where  𝐾   refers to the average viscosity of the nanofluid (The 

consistency index), 𝑛 refers to the deviation of the fluid from Newtonian and 𝛼 is 

the ratio of the activation energy to the thermodynamic constant.  

Thus, the resulted thermophysical properties of the equivalent fluids are in 

Table 4-9, Table 4-10, Table B-1 and Fig. 4-9: 
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Table 4-9: The equivalent nanofluid in terms of rheological view for each group. 

  n K α  𝒏𝒆𝒒 𝑲𝒆𝒒 𝛂𝒆𝒒 

Group1 

NF6 0.986 2.589-03 2100 
 

NF21 0.985 2.520E-03 2300 
NF16 0.925 3.590E-03 2150 Average 0.962 3.218E-03 2256 
NF17 0.912 4.050E-03 2300 Stdev 0.027 4.566E-04 127 
NF26 0.986 3.170E-03 2500 conf95% 0.021 3.817E-04 98 
NF11 0.967 3.076E-03 2300 upper limit 0.983 3.600E-03 2354 
NF7 0.971 2.97E-03 2100 lower limit 0.942 2.837E-03 2159 
NF1 0.967 3.150E-03 2300 

 
NF22 0.977 2.970E-03 2300 

 

Group2 

NF44 0.938 9.900E-03 2900  
NF31 0.926 6.670E-03 3000 Average 0.957 7.548E-03 2950 
NF47 0.958 7.600E-03 3000 Stdev 0.021 1.203E-03 55 
NF36 0.98 6.748E-03 2900 conf95% 0.022 1.262E-03 57 
NF46 0.971 7.080E-03 2900 upper limit 0.979 8.810E-03 3007 
NF41 0.969 7.290E-03 3000 lower limit 0.935 6.286E-03 2893 

 

Group3 NF20 0.911 9.460E-03 2200 
 

Group4 NF50 0.935 1.550E-02 2800 

 
 
Table 4-10: The equivalent nanofluid in terms of density and specific heat. 

  ρ cp  𝛒𝒆𝒒  𝐜𝐩−𝐞𝐪 

Group 1 

NF6 1048.4 3629.3  
NF21 1048.4 3629.3 
NF16 1048.4 3629.3 Average 1049.1 3626 
NF17 1051.2 3614.5 Stdev 1.290 7 
NF26 1048.4 3629.3 conf95% 1.078 6 
NF11 1048.4 3629.3 upper limit 1050.141 3631 
NF7 1048.4 3629.3 lower limit 1047.984 3620 
NF1 1051.2 3614.5  

NF22 1048.4 3629.3 

Group 2 

NF44 1097.8 3158.5  
NF31 1089.8 3194.8 Average 1091.6 3187 
NF47 1092.5 3182.7 Stdev 3.25 15 
NF36 1089.8 3194.8 conf95% 3.41 15 
NF46 1089.8 3194.8 upper limit 1095 3202 
NF41 1089.8 3194.8 lower limit 1088 3171 

Group 3 NF20 1062.3 3555.9  

Group 4 NF50 1103.2 3134.8 
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Fig. 4-9: The equivalent nanofluid in terms of thermal conductivity as a function of 

temperature. 
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4.4.3 Boundary Conditions 

For this numerical study, the considered boundary conditions are the same 

referred at Chapter-3 (section 3.4.2), only the specific values of the tube geometry, 

inlet velocity and wall heat flux were adjusted as follow.  

Tube geometry 

The tube diameter selection was already explained at section 4.4.1. Here 

attention will be given to the tube length. As it is known, the entrance region gives 

a higher convective heat transfer coefficient and the value stabilizes after the 

entrance hydraulic development length. Therefore, a predictive analysis of the 

hydraulic development area is carried out in order to determine the suitable 

length of the tube for the current study. A numerical study conducted by Li et al. 

[165] for heat transfer in a micro-heat sink has defined the entrance length as the 

distance required for the centreline velocity to reach 99% of the fully developed 

value. Moreover, Li et al. [165], Sara et al. [149] and  Lelea et al. [74] have 

estimated the microtube length of their studies achieving the hydraulic 

development of the fluid flow. For this, the widely used theoretical correlation is 

Eq. 4-16 [2]: 

 

Lh=0.05 ∙ Re ∙ D Eq. 4-16 

 

Also, Garg et al. [78] have taken into account the achievement of thermal fully 

development of the flow by the correlation Eq. 4-17 [2]: 

 

Lth=0.05 ∙ Pr ∙ Re ∙ D Eq. 4-17 

  

Taking into consideration the highest Re number in this study (Re=1400) 

and the selected reference nanofluid (Pr=30.7), the required length should be 

L>Lh=0.063m and L>Lth=1.94 m. Where Pr number for Non-Newtonian fluids, 

described by shear thinning behaviour can be found  by Eq. 4-18 [154], [161] and 

[162] as follows: 
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𝑃𝑟 =
𝑐𝑝 (𝑢/𝐷)

𝑛−1 ∙  𝐾

𝑘𝑛𝑓
 Eq. 4-18 

 

Where 𝐾 is a measure of the average viscosity of the nanofluid (The consistency 

index), 𝑛 is a measure of the deviation of the fluid from Newtonian (The power-

law index). 𝑘𝑛𝑓 is the conductivity of the nanofluid. u is the mean velocity of the 

fluid flow. D is the diameter of the tube. 𝑐𝑝 is the specific heat of the nanofluid. 

To ensure the result, a numerical simulation is conducted for the flow of 

the reference nanofluid (Nanofluid-5) at the selected tube length (L=2.2 m > Lth). 

Moreover, an energy balance is performed (Eq. 4-19, [2]) in order to choose a heat 

flux value, avoiding the boiling of the fluid near to the wall. Where the variation 

between the outlet and inlet temperature of the fluid is determined as ( 𝑇𝑜𝑢𝑡 −

𝑇𝑖𝑛=19 °C), since the required heat flux value to obtain this temperature increase 

(19 °C) of the fluid, will cause a near wall temperature lower than the expected 

boiling point of the fluid (<104°C for the base fluid 30%EG [164]). As a result, a 

constant heat flux of 46000 W/m2 is chosen. 

 

𝑞 =
𝑐𝑝 ∙  �̇�  ∙ (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) 

𝜋 ∙  𝐷 ∙  𝐿
 Eq. 4-19 

 

Therefore, the numerical simulation is carried out for Nanofluid-20 (The 

highest thermal diffusivity) flow at Reynolds number of 1400 with a determined 

velocity (Table 4-11) and a temperature of 293.15 K at the tube inlet. Furthermore, 

the simulations carried out considering dependent-temperature of thermal 

conductivity and the Non-Newtonian nanofluid behaviour for the viscosity 

correlation, by fitting the correlated experimental data [78]. Thus, the correlations 

of the conductivity and viscosity (Eq. 4-20 and Eq. 4-21) are as following: 

 

k = 3.333E-07 T3 - 2.817E-04 T2 + 7.987E-02 T - 7.105+00 Eq. 4-20 

 

µ = 9.467𝐸 − 03 �̇�−0.0886  𝑒𝑥𝑝 [2200 (
1

𝑇 − 𝑇0
−

1

293.15 − 𝑇0
)] Eq. 4-21 
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Table 4-11: The velocity of the nanofluids at the inlet of the tube. 

 
 

 

 

It can be noticed from Fig. 4-10 that the centreline velocity reaches the 99% 

of the fully developed value at the axial location is near to the predicted distance 

by Eq. 4-16 (X=0.063 m). Moreover, it is presented in Fig. 4-11 the results of the 

velocity of the cross section at several axial locations along the tube, showing a 

change in the parabolic velocity profile until the location X=0.063 m, then it keeps 

with almost a constant profile form.  

 

 

Fig. 4-10: The centreline velocity along the tube (L=2.2 m). 

 
 

 

Fig. 4-11: The parabolic velocity profile at several axial locations along the tube. 
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Furthermore, the results of the thermal fully development are studied in 

terms of the dimensionless temperature profile, using the correlation Eq. 4-22 and 

presented in Fig. 4-12.  

 

𝑇∗ =
𝑇𝑊(𝑥) − 𝑇(𝑥, 𝑟)

𝑇𝑊(𝑥) − 𝑇𝑓(𝑥)
 Eq. 4-22 

 

As it was expected, the parabolic dimensionless temperature profile is changing 

along the tube until it reaches an axial location near to X=1.94 m, then it keeps 

with almost a constant profile. This is agreed with the predicted results of the 

theoretical correlation Eq. 4-17. 

 

 

Fig. 4-12: The dimensionless temperature profile at several axial locations along 

the tube. 

 

There is an agreement between the theoretical predictions and the obtained 

numerical results in terms of the velocity profile and dimensionless temperature 

profile for the fluid flow of Nanofluid-20 which has a Non-Newtonian (Shear-

thinning) behaviour. This can be explained by the high rheology index value 

(n=0.9114) of the used fluid since the fully developed velocity and temperature 

profiles of the Non-Newtonian fluid become flattered and flatter as (n) decreases 

[166] as shown in Fig. 4-13. 
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Fig. 4-13: The laminar velocity profiles for shear-thinning Non-Newtonian fluids 

(Pseudoplastic fluids) [166]. 

 

Moreover, the performance of the Nusselt number along the tube is presented in 

Fig. 4-14. The results refer to the high values of Nu number in the hydraulic 

development region (L<0.063 m). Then, it becomes much lower in the hydraulic 

fully developed region and slightly decreases under the influence of the thermal 

development region (L<1.94 m). 

 

Fig. 4-14: The Nusselt number along the tube. 

 

In this study, therefore, the tube length of 10 cm (L≈111×D) is chosen, 

achieving the requirements of the hydraulic development of the flow. Also, the 

expected applications are taken into consideration where the small sizes are 

required. For this, a summary of some researches carried out in the field is given 

in Table 4-12. 
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Table 4-12: Summary of some studies for heat transfer and Laminar fluid flow in 
microchannels with reference to the hydraulic developed conditions.  

Researcher fluid 
Tube 
Diameter 

Tube 
length 
 

L/D Re 𝐋/𝐃𝐑𝐞 

Lelea [152], Al2O3/water 50 μm 4.48 cm 89.6 
107–1760 
 

0.0509 

Sajadifar et al. 

[154] 
Al2O3/water 200 μm 0.5 cm 25 1, 10, 20 1.25 

Mehrdad et 

al.[159] 
TiO2/water 502 μm 12 cm 24 

200 - 
2500 

0.0096 

Jung et al [157] Al2O3/water 56.4 μm 1.5 cm 266 5 - 300 0.887 

Mala et al.[133] 
Water 
 

130µm 
 

1 cm 
 

77 
1000-
1500 

0.0513 

Sara et al.[149] water 200µm 4.96 cm 248 
40-1400 
 

0.177 

Salman et al. 

[151] 
ZnO /EG 50 µm 0.025 cm 5 80 0.0625 

 

 

Inlet velocity 

The velocity of the nanofluids at the tube inlet for each Reynolds number 

was calculated by Eq. 4-6, as shown in Table 4-13. 

Table 4-13: The velocity of the nanofluids at the inlet of the tube for each Re number. 

 

Non-Newtonian fluid  

  Re numbers 

NF K n  100 600 1000 1400 

Group1 3.22E-03 0.962 𝑢  m/s 0.27 1.54 2.53 3.50 

Group 2 7.55E-03 0.957 𝑢  m/s 0.58 3.24 5.29 7.30 

Group 3 9.46E-03 0.9114 𝑢  m/s 0.56 2.9 4.64 6.32 

Group 4 15.5 E-03 0.935 𝑢  m/s 0.96 5.33 8.60 11.80 
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Wall Heat flux 

In order to choose a suitable heat flux value, the methodology of the energy 

balance was performed above (Eq. 4-19, [2]) is repeated here for the tube length 

of 10 cm at the lowest Reynolds number (Re=100). For this, the Nanofluid with 

the minimum thermal diffusivity (NF-group2) is used with the determined 

velocity in Table 4-13 and a temperature of 293.15 k at the tube inlet. As a result, 

a constant heat flux of 80 kW/m2 is chosen. After defining the boundary 

conditions, the simulations are conducted using the parameters of the 

thermophysical properties, presented in Table 4-9, Table 4-10, Table B-1 and Fig. 

4-9.  

4.4.4 Mesh independence 

The mesh-independent results are examined by four different mesh 

distributions (877500, 625000, 450000 and 210000). The mixture of distilled 

water (DW) and 30% of ethylene glycol (EG) (Base fluid) was simulated for the 

same test section and flow conditions presented in section 4.4.1 and section 4.4.3. 

The results, Fig. 4-15, show that for meshes with element numbers equal or higher 

than 625000 elements, the Nusselt number does not have a significant change, 

leading to the conclusion that the mesh that has 625000 elements is acceptable 

for simulation of this system, being as a trade-off between accuracy and 

computational time. 

 
Fig. 4-15: Mesh independence for the base fluid (30% EG +70% DW) flow in the tube. 

 

0

2

4

6

8

10

12

0 500 1000 1500

N
u

a
v
g

e

Re

30%EG 

Mesh-625000

Mesh-877500

Mesh-450000

Mesh-210000



 

143 
 

4.5 THE RESULTS 

     The main purpose of this chapter is to assess and study the factors 

affecting the heat transfer phenomena and fluid flow of MWCNTs based nanofluids 

in a microchannel. As mentioned earlier, an overall numerical investigation was 

carried out considering several operation conditions and characteristic 

parameters. The conducted literature review presented in Chapter-1 suggested 

that the heat transfer and fluid flow performance of nanofluids in microchannels 

can be explained by the same physical laws ruling used for common fluids flowing 

in macro channels, i.e., depending on wall and fluids temperatures, Nusselt 

number and friction coefficient. In order to assess the contribution of these 

parameters, its variation should be studied as a function of axial direction along 

with the tube, Reynolds number and particle volume fractions.  

Moreover, the overall analysis of the previous investigations on heat 

transfer of nanofluids conducted in Chapter-1 identified that the thermophysical 

properties (Thermal conductivity, viscosity, density and specific heat) of the 

nanofluids are the key elements that influence the heat transfer and fluid flow 

behaviour through microchannels. These thermophysical properties, namely 

thermal conductivity and viscosity, depend on the particle concentration, particle 

geometry, and base fluid [22] and [21]. The increase of fluid conductivity leads to 

the increase of the Nusselt number resulting in an enhancement of the heat 

transfer rate by convection. The increase of fluid viscosity increases wall shear 

stress and friction factor resulting in a higher pressure drop, leading to higher 

pumping power. Also, it should be mentioned that the increase of the viscosity 

leads to an increase in the boundary-layer thickness which decreases the heat 

transfer performance. 

However, it should be noted that the temperature and velocity gradients, the 

viscosity gradient, and the thickness of the boundary layer in a fluid flowing 

through a microchannel have a significant effect on the heat transfer phenomena, 

due to the micro scales involved. In addition, nanofluids may not show a 

Newtonian behaviour, therefore attention must be given to the fluid rheology 

modelling. Geometry scale effect on gradients and fluid rheology are the key 

aspects when modelling nanofluids flows in microchannels. The obtained results 
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are qualitatively coherent with the fluid properties and flow conditions, see Fig. 

4-16, where the temperature distribution at the end of the tube for the highest and 

lowest Reynolds numbers when two different nanofluids are considered, are 

shown.  
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Fig. 4-16: The test section model showing the resulted temperature field at the outlet of the tube 
for deferent cases: (a: NFgroup1-Re=100, b: NFgroup1-Re=1400, c: NFgroup4-Re=100 and d: NFgroup4-
Re=1400 ). 

 

 

a: NFgroup1, Re=100 

b: NFgroup1, Re=1400 

c: NFgroup4, Re=100 

d: NFgroup4, Re=1400 

Inlet Outlet 
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4.5.1 The heat transfer coefficient and pressure drop 

The methodology of the heat transfer calculation presented for Chapter-2 

(section 2.5.2) will be followed here. Consequently, the local heat transfer 

coefficient is calculated by Eq. 2-11, and the average heat transfer coefficient is 

found by Eq. 2-13. Then the local Nusselt number and average Nusselt number are 

calculated by Eq. 2-17. Also, pressure drop can be calculated theoretically using 

Eq. 4-23 [2]. 

   

𝛥𝑝 =  
64 ∙  𝐿 ∙  𝑢2  ∙  𝜌 

2 ∙  𝑅𝑒 ∙  𝐷
 

         

 Eq. 4-23 

According to the nanofluids properties database, the increase of particle 

volume fraction enhances the thermal conductivity, increases the viscosity and 

degrades the specific heat of the nanofluid. This affects the heat transfer and fluid 

flow performance. Therefore, the heat transfer coefficient and pressure drop for 

the four representative nanofluids are compared at four Reynolds numbers (Re= 

100, 600, 1000 and 1400). 

From the obtained results, Fig. 4-17 and Fig. 4-18, it can be clearly depicted that 

the heat transfer coefficient enhances with increasing Reynolds number and 

thermal diffusivity, accompanied by an increase in pressure drop.  
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Fig. 4-17: Average heat transfer coefficient as a function of Reynolds number. 
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Fig. 4-18: Total pressure drop as a function of Reynolds number. 

 

Moreover, the average enhancement of heat transfer coefficient and 

pressure drop for each nanofluid in comparison with the base fluid is presented 

in Table 4-14. The numerical results refer that the increase in pressure drop for 

NFgroup3 and NFgroup4 is much higher than the increase in heat transfer coefficient, 

because of their high viscosity. This leads to select NFgroup1 and NFgroup2 as the 
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Table 4-14: Average increase of heat transfer coefficient and pressure drop. 

 NFgroup1 NFgroup2 NFgroup3 NFgroup4 

Average HTC 10.0% 7.1% 31.0% 28.2% 

Pressure drop 16.2% 8.0% 315.3% 160.1% 

 

Furthermore, the results in Table 4-15, report an enhancement in heat 

transfer coefficient with increasing Re numbers, such as for NFgroup1 it becomes by 

10.3%, at Re=600, slightly decreases to 10.2% at Re=1000 and 9.5% at Re=1400. 

The further increase in Re number causes a larger decrease in heat transfer 

coefficient enhancement, accompanied by high-pressure drops by 25,041 kPa and 

36,703 kPa for NFgroup1 at Re=1000 and 1400, respectively. This can be explained 

by the entrance length effect and the velocity of the fluid which increases with the 

increase of Re number. Thus, the effect of higher thermal diffusivity of the 

nanofluids on the heat transfer coefficient for high Re number becomes lower in 

comparison with the Re number effect.  

Table 4-15: The enhancement of the heat transfer coefficient for several Reynolds 
numbers. 

HTC 100 600 1000 1400 

NFgroup1 9.9% 10.3% 10.2% 9.5% 

NFgroup2 5.3% 8.0% 7.8% 7.2% 

NFgroup3 27.3% 33.2% 31.8% 31.5% 

NFgroup4 27.1% 29.9% 29.3% 26.3% 

 

Also, the results show a decrease in heat transfer coefficient enhancement at the 

low Re number (Re=100), which can be explained by the higher boundary layer 

thickness (𝛿), as shown in Eq. 4-24 [2]. 

 

𝛿 =
5 ∙  𝑥

√𝑅𝑒
  

       

 Eq. 4-24 
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4.5.2 Performance evaluation 

The evaluation of the heat transfer enhancement in a micro heat exchanger 

caused by using nanofluids must consider the energy losses related to the 

pressure drop increase, allowing to estimate the beneficial impact on saving 

energy. The extra energy costs of the pumping power are proportional with the 

pressure drop increase as shown in Eq. 4-25 [2]. 

 

𝑃𝑝𝑢𝑚𝑝 = �̇� ∙ Δ𝑝 Eq. 4-25 

 

Where, �̇� Is the volume flow rate (m3/s). 

Therefore, the ratio of the Colburn j-factor to the friction factor (j/f) in what is 

called ‘’Goodness factor’’, proposed by Kays and London[167], was used to 

determine the overall thermo-hydraulic performance [168]. Where 𝑓  is the 

Fanning friction factor, and Colburn j-factor is given by Eq. 4-26. 

 

𝑗 = 𝑆𝑡 ∙ 𝑃𝑟2/3            Eq. 4-26 

where 𝑆𝑡 is Stanton number, given by Eq. 4-27. 

 

𝑆𝑡 =  
𝑁𝑢

𝑅𝑒 ∙  𝑃𝑟
  

          

 Eq. 4-27 

The latter has been adopted to evaluate the performance of ten radiator tubes by 

Olsson et al. [169], and a design for a parallel, finless heat exchanger by Li et al.  

[170]. Later, Zamzamian et al. [171] have used the Area goodness factor to assess 

the relative thermal–hydraulic performance enhancement of Plate-Fin Heat 

Exchangers with Cu-water nanofluids. Furthermore, a new dimensionless number 

JF (Eq. 4-28), based on the area goodness factor concept, was presented by Yun et 

al.[172] for evaluating the thermal-hydraulic performance of a heat exchanger in 

comparison with a reference case. This dimensionless number JF has been 

adopted by Erbay et al. [173] and Qi et al. [174] in their studies of heat exchangers 

evaluation. 
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𝐽𝐹 =
𝑗/𝑗𝑅

(𝑓/𝑓𝑅)
1
3

  

         

 Eq. 4-28 

where 𝑓𝑅 and 𝑗𝑅 are the 𝑓 and 𝑗 factors of the reference case. 

A similar equation (Eq. 4-29) has been used by Wongcharee et al. [175] to define 

the thermal performance factor (𝜂) of the heat exchanger with nanofluids.  

 

𝜂 = (
𝑁𝑢

𝑁𝑢𝑅
) (

𝑓𝑅
𝑓
)

1
3

 

        

 Eq. 4-29 

 

where 𝑁𝑢𝑅 is the Nusselt number of the reference case (Non-enhanced case). 

Also, this equation (Eq. 4-29) has been adopted by Manay et al. [64] with a new 

form (Eq. 4-30), clearly described the evaluation of the micro heat sink 

performance in the case of using nanofluids (𝑛𝑓) in comparison with the base fluid 

case (𝑏𝑓). 

 

𝜂 = (
𝑁𝑢𝑛𝑓

𝑁𝑢𝑏𝑓
)(

𝑓𝑏𝑓

𝑓𝑛𝑓
)

1
3

 

        

 Eq. 4-30 

 

In this study, the dimensionless number JF in Eq. 4-28 is used to evaluate 

the overall enhancement efficiency of the micro heat exchanger geometry, 

described in Fig. 4-7. For this, Fanning friction factor ƒ  (Eq. 4-31, [2]) for the 

nanofluids and base fluids are calculated at each Re number. The results are 

presented in Fig. 4-19 and Fig. 4-20. 

 

ƒ =
2 ∙ 𝛥𝑃 ∙  𝐷

𝜌 ∙ 𝑢2 ∙  𝐿
 

 Eq. 4-31 

 

The nanofluids that achieve higher 𝐽𝐹 number values are preferred, since 

it provides better heat transfer with saving energy. 
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Fig. 4-19: Fanning Friction factor as a function of Re number. 

 
 

 
Fig. 4-20: 𝐽𝐹 number as a function of Re number. 

 
The results show a decrease in JF number (<1) at the low Re number (Re=100), 

due to the high boundary layer thickness (𝛿), as shown in Eq. 4-24, which causes 

a higher pressure drop and lower heat transfer. This indicated to a useless of low 

Re numbers regarding saving energy. While it still can be beneficial according to 

the application's requirements in the field. Also, the nanofluids with higher 

thermal diffusivity shows higher JF number value, thus higher thermal 

performance. Whereas, the increase of Re number accompanied with an increase 

of JF number, but it goes down after a certain value (Re=1000). The latter agrees 

with the conclusion in the correlated literature [64] and [176]. 
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On another hand, minimizing the thermal resistance of the micro heat 

exchangers was always an important objective in the literature [47], [177]–[179]. 

Therefore, it is presented in Fig. 4-21 the thermal resistance values for the four 

nanofluids and base fluids as a function of Re number, calculated by the given Eq. 

4-32 [64]. 

 

𝑅𝑡ℎ =
𝑇𝑚𝑎𝑥 − 𝑇𝑖𝑛

𝑞 ∙ 𝐴
 

 Eq. 4-32 

 
 
where 𝑅𝑡ℎ is the thermal resistance, Tmax is the maximum wall temperature, 𝑇𝑖𝑛 

the inlet temperature, 𝑞  is the heat flux and 𝐴  the surface cylinder area of the 

microchannel.  

The results indicate the highest values of thermal resistance are for the base fluids, 

becomes lower for NFgroup1 and NFgroup3, respectively for 30%EG-base fluid case 

(Fig. 4-21, a). In addition to a lower value for NFgroup2 and NFgroup4, respectively for 

60%EG-base fluid case (Fig. 4-21, b). 
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Fig. 4-21: Thermal resistance number as a function of Re number. 

 

Nevertheless, the previous comparison of the four nanofluids was done at 
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Moreover, NFgroup1 achieves better results in terms of pressure drop (14.179 kPa) 

in comparison with NFgroup2 (28.916 kPa). 

 

 
Fig. 4-22: Heat transfer coefficient as a function of axial distance along the tube for 
the same fluid flow value. 

 

However, the applications of the nanofluids with 60%EG base fluid can be 

different from the applications of nanofluids with 30%EG base fluid. Because of 

the freezing points of 60%EG fluid and 30%EG fluid are (-47 °C) and (-16 °C), 

respectively, in addition to the boiling points which are (110 °C) and (104 °C) 

[164], respectively. 

4.5.3 Nusselt number correlation 

The wide range of heat transfer applications with several operating 

conditions, required to simplify the process of estimating the heat transfer 

performance. Therefore, a reliable analytical prediction of the average Nusselt 

Number commonly desirable as an engineering calculation. In the case of 

Newtonian fluids, some Nusselt number correlations have been produced for the 

heat transfer of laminar flow under a constant heat flux in a microchannel, such as 

Shah Eq., Leveque Eq. and McAdams Eq., as shown in Table 4-16. 
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Table 4-16: Some correlations of Nusselt number for Laminar flow. 

Leveque Eq. Cited in [166] 𝑁𝑢 = 1.75 ∙ (𝐺𝑟)
1
3 

Shah Eq. [180] 𝑁𝑢 = 1.953 ∙ (𝑅𝑒 ∙ 𝑃𝑟 ∙
𝐷

𝑥
)

1

3
   for    (𝑅𝑒 ∙ 𝑃𝑟

∙𝐷

𝑥
) ≥ 33.33 

McAdams Eq. Cited in [180] 𝑁𝑢 = 1.62 ∙ (𝐺𝑟)
1
3 

 

Whereas, limited Nusselt number correlations are found in the literature 

for the case of Non-Newtonian fluids. A correlation for local Nusselt number (Eq. 

4-33) found in [181] for laminar flow of Non-Newtonian fluids under a constant 

wall heat flux boundary condition for the thermally developing flow region in the 

dynamically fully developed flow. 

 

𝑁𝑢𝑥 = 1.41 ∙ (𝛥 ∙  𝐺𝑟𝑥)
1

3            Eq. 4-33 

 

In addition, another Non-Newtonian fluids correlation (Eq. 4-34) for the 

average Nu number was proposed by (Pigford, 1955) for macro-channels as cited 

by Joshi [166] and Pawar et al. [182], for laminar flows under constant heat wall 

flux at the entrance region. 

 

𝑁𝑢 = 1.75 ∙ (𝛥 ∙  𝐺𝑟𝐿)
1

3            Eq. 4-34 

 

where 𝐺𝑟 is the Graetz number, which is given by Eq. 4-35. And, 𝛥 represents a 

non-Newtonian parameter, Eq. 4-36. 

 

𝐺𝑟𝐿 = 𝑅𝑒 ∙ 𝑃𝑟 ∙
𝐷

𝐿
            Eq. 4-35 

 

𝛥 =
3𝑛 + 1

4𝑛
  

          

 Eq. 4-36 

where 𝑃𝑟 is the Prandtl number, which is given by Eq. 4-18. 
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In this study, therefore, the average Nu number for the Nanofluids (Non-

Newtonian) and base fluids (Newtonian, Δ=1) is calculated by the correlation Eq. 

4-34. The obtained results are compared with the correlated numerical results as 

shown in Fig. 4-23. 

 

 

 

 
Fig. 4-23: The numerical results of Average Nu number in comparison with the 
results of the correlation for the Non-Newtonian fluids (a and b) and Newtonian 
fluids (c). 
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Moreover, the analytical results of the Eq. 4-34 show a deviation from the 

numerical results between 10% and 18% for the Non-Newtonian case. While a 

deviation between 7% and 12% for the Newtonian case. 

The mentioned correlations for Non-Newtonian fluids (Eq. 4-34 and Eq. 

4-33) and Newtonian fluids (Table 4-16) show that Nu number is governed by 

Graetz number (Gr) and 𝛥 which reflexes the effect of Non-Newtonian behaviour 

of the fluid. As it is known, Graetz number determined by Eq. 4-35 based on 

Reynolds number (Re), Prandtl number (Pr) and the ratio (L/D). However, the 

current study intends to explore and develop the functional correlation between 

these parameters for the obtained numerical results. As previously state, the 

boundary conditions of the current study were for Reynolds number range 

between 100-1400, Prandtl number range between 18 < Pr < 81 and Non-

Newtonian index between 0.911 < n < 0.975, under a constant heat flux. Also, the 

Graetz number for the whole tube length (𝐺𝑟𝐿) has been calculated based on the 

data, giving values between 18< 𝐺𝑟𝐿 <870. 

In order to predict the average Nusselt number of non-Newtonian 

Nanofluids used in the present study, the numerical results of average Nusselt 

number are correlated as a function of Re number, Prandtl number and 𝛥  (Nu=f 

(Re, Pr, 𝛥). It should be mention that this process is conducted for a fixed value of 

L/D=111. Therefore, the data are fitted via Multiple Variable Regression process 

to a correlation given by Eq. 4-37, enabling to find the intermediate values of the 

parameters a, a1, a2 and a3.  

 

𝑁𝑢 = 𝑎 ∙ 𝑅𝑒𝑎1 ∙ 𝑃𝑟𝑎2 ∙ 𝛥𝑎3   Eq. 4-37 

 

The resulting constant parameters are summarized in Table 4-17. 

Table 4-17: The constants values of the correlation Eq. 4-37. 

a a1 a2 a3 
Deviation 

%Avg. 
R2 

0.4709 0.3154 0.3361 -1.4254 2.63% 0.993 

 

A good agreement is achieved when the predicted results of Eq. 4-37 are 

compared with the numerical results of average Nusselt number, presented an 
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average deviation of 2.71% and a correlation factor R2=0.993. The positive values 

of the constants (a, a1 and a2) in the established Nusselt number equation are 

consistent with the fact that increasing Reynolds number and Prandtl number 

enhances the heat transfer [161].  

Despite that, the physical analysis of the shear thinning behaviour of the 

fluids, described by the variable 𝛥, must refers to a positive effect on the heat 

transfer. This becomes stronger at low values of the Non-Newtonian index (n), 

[183] and [184]. In this, Azimian et al.[183] reported that the shear thinning fluid 

(n=0.7) has less pressure drop and less thermal resistance than a Newtonian 

(n=1) and shear thickening fluids (n=1.2) for Microchannel Heat Sinks.  Also, 

Shojaeian et al.[184] have concluded that the increase in the power-law index (n) 

decreases Nusselt number value and the variation of thermophysical properties 

with the temperature of the fluid has an important effect on the heat transfer 

performance. This can be explained by the thinner boundary layers in shear 

thinning fluids[161] and the enhancement of the heat and mass transfer of the 

main flow and near-wall flow by the shear thinning viscosity [185]. 

Therefore, the Multiple Variable Regression fitting process of the data is 

repeated for a fixed value of a3=1/3, chosen as the commonly used value in the 

found Nusselt number correlations (Eq. 4-34 and Eq. 4-33) for Non-Newtonian 

fluids. For this, the correlation form is given by Eq. 4-38 is used to find the 

intermediate values of the parameters a, a1 and a2.  

 

𝑁𝑢/𝛥1/3 = 𝑎 ∙ 𝑅𝑒𝑎1 ∙ 𝑃𝑟𝑎2  Eq. 4-38 

The new resulting constant parameters are summarized in Table 4-18. 

Table 4-18: The constants values of the correlation Eq. 4-38. 

a a1 a2 
Deviation 

%Avg. 
R2 

0.3972 0.3376 0.3374 2.33% 0.994 

 

 A good agreement is achieved when the predicted results of Eq. 4-38 are 

compared with the numerical results (𝑁𝑢/𝛥1/3), presented an average deviation 

of 2.33% and a correlation factor R2=0.994. Moreover, the positive values of the 

parameters (a, a1 and a2) achieve the physical requirement. Furthermore, the 
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values of a1 and  a2 are near to the standard value (1/3) in the common Nu number 

correlations of laminar flow under a uniform heat flux for Non-Newtonian fluids 

Eq. 4-34 and Newtonian fluids (Table 4-16). 

The final form of the proposed equation can be written as follows (Eq. 4-39). 

 

𝑁𝑢 = 0.3972 ∙ 𝑅𝑒0.3376 ∙ 𝑃𝑟0.3374 ∙ 𝛥0.3333  Eq. 4-39 

 

The obtained results from the established correlation Eq. 4-39 for the four 

nanofluids samples (Non-Newtonian) were compared with the numerical results 

as shown in Fig. 4-24 (a and b). Also, the validity of using Eq. 4-39 correlation for 

Newtonian fluids was checked at Δ =1 (n=1) for the base fluids (30%EG and  

60%EG) as shown in Fig. 4-24 (c), achieving an average deviation of 6.2% from 

the numerical results. 

  



 

161 
 

 
 
 

 

 

 
Fig. 4-24: The results of the new Average Nu number correlation in 
comparison with the numerical data as a function of Reynolds number. 
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4.6 CHAPTER CONCLUSION 

This chapter clarifies and investigates the heat transfer characteristics of 

Non-Newtonian shear thinning fluids, particularly MWCNTs nanofluids, flowing in 

microchannels under a constant heat flux condition. The results show that 

MWCNT nanofluids enhance the thermal performance of microchannel heat 

exchangers with an increase in pressure drop. The Nu number achieves higher 

values for nanofluids with higher thermal diffusivity, increasing with the increase 

of Re number, but the extra pressure drop will somewhat decrease the beneficial 

effects. The most relevant conclusions of this study can be summarized as follows: 

• A numerical code has been successfully validated with literature available 

containing experimental data for CNTs nanofluids flowing through 

microchannels. 

• An investigation of the hydraulic and thermal fully development conditions 

has been conducted for Non-Newtonian nanofluids. A good agreement was 

found between the theoretical predictions and the obtained numerical 

results regarding velocity and dimensionless temperature profiles. It 

should be noted that for the considered fluids, the Non-Newtonian index, 

n, lies between 0.911 and 0.975 (n=1 corresponds to a Newtonian fluid). 

• The laminar heat transfer coefficient and Nusselt number of all studied 

nanofluids were greater than those for the respective base fluid. On 

another hand, the obtained values regarding pressure drop suggested a 

more complex behaviour 

• The increase in viscosity for NFgroup3 and NFgroup4 is much relevant than the 

increase in heat transfer coefficient, because of their higher particle 

concentration, resulting in a higher pressure drop. This leads to the 

selection of NFgroup1 and NFgroup2 as the best nanofluids among the studied 

ones, if a low-pressure drop is required. 

• The maximum enhancement in heat transfer coefficient (33.2%) was 

obtained at Re= 600 for NFgroup3. This effect slightly decreases by increasing 

the Re number.  

• JF dimensionless number was used as a key performance indicator (KPI) of 

the studied fluids as it represents the overall energy efficiency 
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enhancement in heat transfer applications combining the thermal and 

hydraulic performances. A larger JF number corresponds to a higher 

performance heat transfer working fluid. The JF number was lower than 

the standard value (JF <1) at Re=100, due to the thick boundary layers. 

While it was higher than the standard value (JF >1) for all Nanofluids at Re 

higher than 600. This means that the use of MWCNTs nanofluids as heat 

transfer working fluid in micro heat exchangers is advantageous for 

Re>600 since the enhancement in heat transfer dominates over the losses 

due to pumping.  

• The thermal resistance of the microchannel (Rth) decreases with the 

increase of Re number both for the base fluids and the nanofluids.  

However, the thermal resistance decreases when a nanofluid is used 

instead of the respective base fluid, irrespectively of its particle 

concentration. This is due to the decrease in the wall temperature obtained 

using Nanofluids. 

• If priority must be given to heat transfer enhancement, without any 

concerns regarding pumping power, once EG concentration is adjusted to 

the freezing/boiling requirements, higher MWCNT particle loads should be 

selected. 

• If priority must be given to energy efficiency (the combination of heat 

transfer enhancement and pressure drop limitation), once EG 

concentration is adjusted to the freezing/boiling requirements, nanofluids 

with lower MWCNT particle loads should be selected and operation should 

be tuned near Re=1000. 

• A new Nu number correlation is proposed. The correlation was developed 

based on the CFD results for the following conditions: Reynolds number 

range of 100-1400, Prandtl number range of 18 < Pr < 81 and Non-

Newtonian index 0.911 < n < 0.975, under a constant wall heat flux, and 

validated for a fixed microchannel geometry (L/D=111). This enables to 

see the influence of each parameter on enhancing heat transfer in the 

microchannel and provides an empirical method suitable for engineering 

applications in good agreement with an alternative more complex and 

time-consuming numerical approach.  
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CHAPTER 5-  CONCLUSIONS 

The general objective of this thesis was to investigate the transport phenomena 

associated with non-Newtonian nanofluids flowing in microchannels. The primary 

research programme application is the enhancement of heat transfer in micro heat 

exchangers, but there are many other applications such as microvalves 

development, biomechanics, microsensors and actuators, etc. In this context, the 

variation of nanofluid thermophysical properties has a significant effect on the 

heat transfer phenomena and fluid flow characteristics. Therefore, it was 

necessary to implement specific models describing the thermophysical properties 

of the nanofluids based on correlations considering the temperature and the fluid 

rheological behaviour.  

The developed research programme comprised three different stages, with 

increasing complexity, towards the final research objective, namely: 

1- the study/simulation of non-Newtonian fluid flow in macro channels 

2- the study/simulation of Newtonian fluid flow in microchannels 

3- the study/simulation of non-Newtonian fluid flow in microchannels 

supported by previous and/or on-going experiential research work developed by 

the same research team or published results of other research groups.  

As a result of the developed work plan, at a first stage, a numerical model 

for the fluid mechanics and heat transfer of non-Newtonian fluids flowing through 

macro-channels was proposed and validated. The considered non-Newtonian 

fluid was a nanofluid incorporating multiwalled carbon nanotubes (MWCNT)s in 

a water and ethylene glycol base fluid, showing a shear-thinning rheological 

behaviour. For validation purposes, experimental results of the convection heat 

transfer coefficient, measured in a team test rig and correlations for the 

thermophysical properties of the considered nanofluid (thermal conductivity and 

viscosity) for different temperatures and shear rates, measured by the same 

research team, were used. The computational results were compared with 

experimental data demonstrating good agreement. 

At the second stage, a wide study was carried out for the fluid flow in 

microscale conditions for a well-known fluid (Water). Some concepts have been 

established for this case, which allowed to propose a suitable methodology and 
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acceptable assumptions to proceed to the third stage and build an accurate 

numerical approach for nanofluids in a microchannel, validated by reproducing 

available experimental results for CNTs nanofluids flowing through 

microchannels. After validation, sixty samples corresponding to different 

formulations of MWCNTs nanofluids (corresponding to different particles 

morphology and concentration, together with two ethylene glycol concentration 

in the base fluid) were analysed as single-phase fluid with appropriate 

thermophysical properties and rheological behaviour. These samples were 

represented by four reference fluids with representative thermophysical 

properties and used in an extensive numerical investigation to evaluate the heat 

and momentum transport phenomena associated with the laminar flow of shear 

thinning fluids in microchannels. The obtained results allowed to establish several 

relationships between different parameters affecting heat transfer in micro heat 

exchangers, including an overall performance evaluation considering the energy 

efficiency enhancement, considering both the heat transfer gains and the pumping 

power increase due to the pressure drop. 

5.1 CONCLUSIONS 

The first stage of this investigation started with a well-understood 

macroscale problem for heat transfer and fluid flow of MWCNTs nanofluids, 

known as shear thinning fluid. The study conducted in Chapter-2 established 

thermophysical properties correlations, namely for the viscosity and the thermal 

conductivity, to be used as input data of the numerical approach. A single-phase 

model using CFD tools (ANSYS-FLUENT) was built. The performance of 

MWCNTs/(DW+EG) nanofluids regarding heat transfer coefficient, pressure drop, 

friction coefficient and wall shear stress were investigated. A comparison between 

numerical, empirical and experimental data was made and investigated in detail. 

The highest deviation from experimental data was observed for Shah equation 

with a deviation of (15%), followed by the numerical results assuming constant-

properties (5%). The smallest deviation was found for the numerical results 

considering variable properties (4%). Enhancement of heat transfer coefficient 

relative to the respective base fluid was observed showing an average 
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improvement of 10% and 14% for 0.25% MWCNTs and 0.5% MWCNTs 

nanofluids, respectively. A heat transfer coefficient enhancement relative to the 

respective base fluid was consistent with increases of Reynolds number and 

particle volume fraction. This effect was accompanied by a rise in pressure drop 

of 9.3% and 14.8%, respectively. The pressure drop and wall shear stress were 

found to rise with the increase of Reynolds number and particle volume fraction, 

while the friction coefficient registered a decrease with increasing Reynolds 

number. A good capability of the single-phase approach simulating shear thinning 

nanofluids was reported. Furthermore, the validity of the proposed correlations 

for viscosity and thermal conductivity of the considered nanofluids allowed to 

achieve good results, a promising output for further numerical studies involving 

MWCNTs nanofluids, namely in a microchannel. 

To understand the effect of the micro-channel scale in the flow conditions, 

the fundamentals of fluid flow and heat transfer in microchannels for Newtonian 

fluids (water) were reviewed. The tiny dimensions of microchannels result in a 

large surface-to-volume ratio making near-wall effects particularly important. 

The temperature and velocity gradients near the wall and the boundary-layer 

thickness compared to microchannel dimensions have a significant effect on the 

heat and momentum transfer phenomena. Therefore, viscous heating, transition 

Re number and dependent-temperature thermophysical properties should be 

considered. The transition from laminar to turbulent flow starts much earlier in 

the microchannel fluid flow (e.g. Re=1500). At this stage, different experimental 

studies were numerically reproduced and a reasonable agreement was achieved 

between computational results and correlated experimental data. This result 

supports the conclusion that if a proper methodology and acceptable assumptions 

are followed it is possible to achieve accurate results for the simulated flow of 

conventional fluids in microchannels. 

From the above stated, it may be said that the validated assumptions and 

methodology described in Chapter-3 may be considered suitable for further 

numerical investigations on heat transfer and fluid flow of shear thinning 

nanofluids flowing through microchannels. Moreover, the boundary conditions 

regarding Non-Newtonian fluids were considered and the related nondimensional 

numbers (Re and Pr) presented in chapter 4 were used. 
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The results have shown larger heat transfer coefficient and Nusselt number 

values for all nanofluids in comparison to the base fluid. The maximum 

enhancement in heat transfer coefficient (33.2%) has been obtained at Re =600 

for NFgroup3. The obtained results were used to propose a new correlation for the 

average Nusselt number (𝑁𝑢 = 0.397 ∙ 𝑅𝑒0.337 ∙ 𝑃𝑟0.337 ∙ 𝛥0.333 ) describing the 

influence of Re number, Prandtl number and the Non-Newtonian index (n) on heat 

transfer performance. In addition, it provides a reliable analytical prediction to 

estimate the heat transfer performance under the current study conditions 

(L/D=111, 100 <Re<1400, 18 < Pr < 81 and 0.911 < n < 0.975, under a constant 

wall heat flux). 

To assess the overall energy efficiency enhancement combining the 

thermal and hydraulic performances for the studied family of non-Newtonian 

fluids, the JF dimensionless number was used as a key performance indicator 

(KPI). The results indicated that the enhancement in heat transfer dominates the 

losses of the pumping energy caused by the increase in the pressure drop for Re 

number ranging from 600 to 1400. However, at low Reynolds number (Re=100), 

the results indicated a negative impact on energy efficiency due to the thick 

boundary layer that increases the pressure drops and reduces the heat transfer 

coefficient. 

Despite the variation in the results between the four Nanofluids families 

studied, it is not easy to classify them as good or bad, since their applications can 

be different, as they have different thermophysical properties such as freezing and 

boiling temperatures. 

In summary, the developed research programme succeeds in answering 

the questions raised in the objectives of the thesis, as follows: 

1- How do different MWCNTs nanofluids structures affect the heat 

transfer enhancement in microchannels for different flow conditions?  

The heat transfer performance of four representative MWCNTs 

nanofluids was investigated. These nanofluids families differ 

regarding their thermophysical properties, namely thermal 

conductivity and viscosity. The obtained results reported that 

increasing the particle concentration enhances higher heat transfer 
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as well as pressure drop. In addition, for low particle concentrations, 

the comparison between two nanofluids with different base fluids 

points out to a better heat transfer performance for the one with 

lower viscosity and higher thermal conductivity (30%EG). However, 

it is not possible to do an absolute ranking since each nanofluid may 

have other specific properties such as boiling and freezing points, 

rendering it the better choice for a specific application. Nevertheless, 

if the JF non dimensional number is taken in account, it is possible to 

conclude that increasing the particle concentration can be useful for 

the higher percentage of EG in the base fluid (60%), while in the case 

of low percentage of EG in the base fluid (30%), reducing the particle 

concentration is preferred. 

2- How will the performance of microchannel be when using MWCNTs 

nanofluids as a heat transfer fluid regarding Nusselt number and 

pressure drop? 

It was verified a heat transfer performance enhancement for the four 

nanofluids if compared with the respective base fluid. Once EG 

concentration is adjusted to the freezing/boiling requirements, if 

priority must be given to heat transfer enhancement, without any 

concerns regarding pumping power, higher MWCNT particle loads 

should be selected. On the other hand, higher particle concentration 

leads to an increase of the viscosity resulting in a higher pressure 

drop. This leads to the selection of NFgroup3 and NFgroup4 as the best 

nanofluids among the studied ones if a high heat transfer 

performance is required, and to the selection of NFgroup1 and NFgroup2 

if a low-pressure drop value is more important than a high heat 

transfer rate. 

3- How will the use of nanofluid in CHE contribute to enhancing the 

efficiency of the energy systems? What is the effect of that on the 

environmental and climatic change? 
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The use of MWCNTs nanofluids enhances the overall energy 

efficiency of the heat exchanger system under specific fluid flow 

conditions (600<Re<1400). In these conditions, the enhancement in 

heat transfer given by MWCNTs nanofluids dominates the extra 

pumping energy required due to the increase in the viscosity. 

Therefore, if priority must be given to energy efficiency (the 

combination of heat transfer enhancement and pressure drop 

limitation), once EG concentration is adjusted to the freezing/boiling 

requirements, nanofluids with lower MWCNT particle loads should 

be selected and operation should be tuned near Re=1000. The 

increase in energy efficiency will reduce pollution emissions, 

providing a significant benefit to the environment and climatic 

change. 

As a result of the developed research programme, it was possible to confirm, that 

the addition of MWCNTs to conventional thermal fluids enhances its heat transfer 

performance when used in microchannel heat exchangers. 

5.2 FUTURE WORK 

The conducted research programme answers successfully all the originally 

proposed research questions. Nonetheless, the developed work revealed 

additional questions and research ideas.  

For future work, it is of the utmost importance to conduct experimental 

studies regarding heat transfer enhancement in a microchannel using nanofluids, 

particularly MWCNTs nanofluids. Also, it is needed to characterize the density and 

specific heat of MWCNTs nanofluids by a wide experimental study. 

 In addition, it is important to experimentally study nanofluids in turbulent 

flow conditions. Moreover, it will be a significant contribution to provide a 

validated viscosity model able to describe the rheological behaviour of Non-

Newtonian fluids under turbulent flow conditions to be used in CFD tools for 

future numerical investigations. 
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Finally, further experimental investigations are required in this emerging 

field to fully explain heat transfer enhancement in microchannels employing 

nanofluids with stronger non-Newtonian behaviour. 
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APPENDIX 

A. Thermophysical properties 

Table A-1: Thermophysical properties of the nanofluid samples (30%EG base fluid). 

lp/dp %CNT 
Nanofluid 
Number  

Thermal 
diffusivity 
aavg (m2/s) 

kavg 
(W/m.k) 

ρ (kg/m3) 𝐜𝒑  (J/kg.K) 
µavg 
Pa.s 

231 

0.25% Nanofluid 1 1.24729E-07 0.4758 1043.135 3656.937 0.002056 

0.5% Nanofluid 2 1.26747E-07 0.4828 1045.934 3641.89 0.002435 

0.75% Nanofluid 3 1.28928E-07 0.4904 1048.733 3626.922 0.002392 

1.0% Nanofluid 4 1.34538E-07 0.511 1051.533 3612.035 0.002732 

1.5% Nanofluid 5 1.4264E-07 0.5402 1057.131 3582.496 0.002662 

        

667 

0.25% Nanofluid 6 1.23208E-07 0.47 1043.135 3656.937 0.001893 

0.5% Nanofluid 7 1.24069E-07 0.4726 1045.934 3641.89 0.002026 

0.75% Nanofluid 8 1.24827E-07 0.4748 1048.733 3626.922 0.002346 

1.0% Nanofluid 9 1.27746E-07 0.4852 1051.533 3612.035 0.002453 

1.5% Nanofluid 10 1.32342E-07 0.5012 1057.131 3582.496 0.00327 

        

50 

0.25% Nanofluid 11 1.22265E-07 0.4664 1043.135 3656.937 0.002023 

0.5% Nanofluid 12 1.22756E-07 0.4676 1045.934 3641.89 0.002177 

0.75% Nanofluid 13 1.23407E-07 0.4694 1048.733 3626.922 0.002499 

1.0% Nanofluid 14 1.2585E-07 0.478 1051.533 3612.035 0.002588 

 Nanofluid 15 1.26506E-07 0.4791 1057.131 3582.496 0.003037 

        

125 

0.25% Nanofluid 16 1.22265E-07 0.4664 1043.135 3656.937 0.001927 

0.5% Nanofluid 17 1.23701E-07 0.4712 1045.934 3641.89 0.001963 

0.75% Nanofluid 18 1.26299E-07 0.4804 1048.733 3626.922 0.002076 

1.0% Nanofluid 19 1.2822E-07 0.487 1051.533 3612.035 0.004361 

1.5% Nanofluid 20 1.34507E-07 0.5094 1057.131 3582.496 0.004064 

        

19 

0.25% Nanofluid 21 1.23575E-07 0.4714 1043.135 3656.937 0.001903 

0.5% Nanofluid 22 1.25381E-07 0.4776 1045.934 3641.89 0.002057 

0.75% Nanofluid 23 1.26246E-07 0.4802 1048.733 3626.922 0.002278 

1.0% Nanofluid 24 1.25903E-07 0.4782 1051.533 3612.035 0.00255 

1.5% Nanofluid 25 1.30757E-07 0.4952 1057.131 3582.496 0.003 

        

333 

0.25% Nanofluid 26 1.22579E-07 0.4676 1043.135 3656.937 0.001987 

0.5% Nanofluid 27 1.26064E-07 0.4802 1045.934 3641.89 0.002141 

0.75% Nanofluid 28 1.26299E-07 0.4804 1048.733 3626.922 0.002271 

1.0% Nanofluid 29 1.27798E-07 0.4854 1051.533 3612.035 0.002463 

1.5% Nanofluid 30 1.34084E-07 0.5078 1057.131 3582.496 0.00291 
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Table A-2: Thermophysical properties of the nanofluid samples (60%EG base fluid). 

lp/dp %CNT 
Nanofluid 
Number  

Thermal 
diffusivity 
aavg(m2/s) 

kavg 
(W/m.k) 

ρ (kg/m3) 𝐜𝒑  (J/kg.K) 
µavg 
Pa.s 

231 

0.25% Nanofluid 31 1.02E-07 0.3544 1089.782 3194.825 0.004315 

0.5% Nanofluid 32 1.05E-07 0.3658 1092.465 3182.74 0.004668 

0.75% Nanofluid 33 1.08E-07 0.3756 1095.147 3170.655 0.004738 

1.0% Nanofluid 34 1.11E-07 0.3864 1097.829 3158.569 0.005117 

1.5% Nanofluid 35 1.19E-07 0.4122 1103.194 3134.84 0.005735 

        

667 

0.25% Nanofluid 36 1.01E-07 0.3514 1089.782 3194.825 0.00454 

0.5% Nanofluid 37 1.03E-07 0.3578 1092.465 3182.74 0.004926 

0.75% Nanofluid 38 1.04E-07 0.362 1095.147 3170.655 0.005441 

1.0% Nanofluid 39 1.08E-07 0.3736 1097.829 3158.569 0.005793 

1.5% 
Nanofluid 40 1.11E-07 0.385 1103.194 3134.84 0.007177 

        

50 

0.25% Nanofluid 41 1.01E-07 0.3523 1089.782 3194.825 0.004598 

0.5% Nanofluid 42 1.01E-07 0.3528 1092.465 3182.74 0.004746 

0.75% Nanofluid 43 1.02E-07 0.3548 1095.147 3170.655 0.005206 

1.0% Nanofluid 44 1.03E-07 0.356 1097.829 3158.569 0.004256 

 Nanofluid 45 1.04E-07 0.3596 1103.194 3134.84 0.00511 

        

125 

0.25% Nanofluid 46 1.02E-07 0.356 1089.782 3194.825 0.004544 

0.5% Nanofluid 47 1.03E-07 0.3598 1092.465 3182.74 0.004532 

0.75% Nanofluid 48 1.05E-07 0.366 1095.147 3170.655 0.004753 

1.0% Nanofluid 49 1.07E-07 0.37 1097.829 3158.569 0.005306 

1.5% Nanofluid 50 1.12E-07 0.3864 1103.194 3134.84 0.0080 

        

19 

0.25% Nanofluid 51 1.02E-07 0.354 1089.782 3194.825 0.004795 

0.5% Nanofluid 52 1.01E-07 0.3528 1092.465 3182.74 0.004829 

0.75% Nanofluid 53 1.05E-07 0.3658 1095.147 3170.655 0.005251 

1.0% Nanofluid 54 1.06E-07 0.369 1097.829 3158.569 0.005761 

1.5% Nanofluid 55 1.13E-07 0.3908 1103.194 3134.84 0.007051 

        

333 

0.25% Nanofluid 56 1.02E-07 0.3556 1089.782 3194.825 0.004749 

0.5% Nanofluid 57 1.04E-07 0.361 1092.465 3182.74 0.005091 

0.75% Nanofluid 58 1.04E-07 0.3628 1095.147 3170.655 0.005886 

1.0% Nanofluid 59 1.06E-07 0.366 1097.829 3158.569 0.00634 

1.5% Nanofluid 60 1.11E-07 0.3842 1103.194 3134.84 0.006457 
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B. Conductivity 

Table B-1:  Thermal conductivity correlations of the four nanofluids and base fluids. 

 k = a T3 + b T2 + c T +d  

Parameters a b c d  

NF-Group1 7.396E-07 - 6.664E-04  2.010E-01 - 1.982E+01 Eq. B-1 

NF-Group2 1.528E-07 - 1.417E-04 4.406E-02 - 4.236E+00 Eq. B-2 

NF-Group3 3.333E-07   - 2.817E-04 7.987E-02 7.105+00 Eq. B-3 

NF-Group4 1.667E-07 - 1.544E-04 4.797E-02 - 4.605E+00 Eq. B-4 

30%BF 8.704E-07 -8.003E-04 2.458E-01 -2.476E+01 Eq. B-5 

60%BF 1.610E-07 - 1.517E-04 4.806E-02 4.762E+00 Eq. B-6 

 

  

 

 

Fig. B-1: The deviation of the proposed correlations of thermal conductivity in 

comparison with experimental data (NF-group3 and NF-group4). 
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C. Viscosity 

The viscosity parameters of the accomplished power-law correlations (for 

60 nanofluid samples) produced by the fitting curve are presented in Table C-1. 

The obtained results from these correlations are compared with experimental 

data as shown in Fig. C-2, Fig. C-3, Fig. C-4, Fig. C-5, Fig. C-6, Fig. C-7 and Fig. C-8. 

According to these figures, the MWCNTs nanofluids viscosity are fitted well by the 

proposed correlations with a maximum deviation of 10%. 

Also, the viscosity correlations of EG60% and EG30% base fluids as a 

function of temperature (Eq. C-2 and Eq. C-2) was produced by performing a 

polynomial fitting curve on the experimental viscosity data of the base fluid 

(EG60%) [21]. The presented correlation achieved a maximum deviation of 1.5% 

as presented in Fig. C-1. 

 

EG30%:  µ = -8.056E-09 T3 + 8.042E-06 T2 - 2.696E-0 T + 3.046E-01 Eq. C-1 

EG60%:  µ = -3.830E-08 T3 + 3.778E-05T2 - 1.247E-02 T+ 1.380E+00 Eq. C-2 
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Fig. C-1: The deviation of the proposed correlations of viscosity in comparison with experimental data 

for EG60% and EG30% base fluids. 
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Table C-1: Rheological parameters of the nanofluid samples. 

lp/dp %CNT 
NF 

number  
n K 𝜶 

NF 
number 

n K 𝜶 

231 

0.25% NF 1 0.967 3.150E-03 2300 NF 31 0.926 6.670E-03 3000 

0.5% NF 2 0.973 3.60E-03 2300 NF 32 0.966 7.510E-03 3000 

0.75% NF 3 0.958 3.780E-03 2250 NF 33 0.949 8.300E-03 2950 

1.0% NF 4 0.926 4.900E-03 2500 NF 34 0.939 9.4700E-03 3000 

1.5% NF 5 0.926 4.937E-03 2300 NF 35 0.919 1.1700E-02 2900 

          

667 

0.25% NF 6 0.986 2.589-03 2100 NF 36 0.98 6.748E-03 2900 

0.5% NF 7 0.971 2.97E-03 2100 NF 37 0.926 9.710E-03 3000 

0.75% NF 8 0.927 4.35E-03 2300 NF 38 0.949 9.560E-03 3000 

1.0% NF 9 0.914 4.89E-03 2400 NF 39 0.937 1.0800E-02 2950 

1.5% NF 10 0.942 5.63E-03 2300 NF 40 0.973 1.1200E-02 3100 

          

50 

0.25% NF 11 0.967 3.076E-03 2300 NF 41 0.969 7.290E-03 3000 

0.5% NF 12 0.926 4.05E-03 2300 NF 42 0.985 6.900E-03 3000 

0.75% NF 13 0.984 3.470E-03 2500 NF 43 0.95 9.100E-03 3000 

1.0% NF 14 0.942 4.4920E-03 2400 NF 44 0.938 9.9000E-03 2900 

 NF 15 0.95 4.9990E-03 2350 NF 45 0.932 1.2700E-02 2950 

          

125 

0.25% NF 16 0.925 3.590E-03 2150 NF 46 0.971 7.080E-03 2900 

0.5% NF 17 0.912 4.050E-03 2300 NF 47 0.958 7.600E-03 3000 

0.75% NF 18 0.931 3.770E-03 2150 NF 48 0.949 8.300E-03 2900 

1.0% NF 19 0.914 4.830E-03 2125 NF 49 0.946 9.4700E-03 3000 

1.5% NF 20 0.911 9.460E-03 2200 NF 50 0.935 1.5500E-02 3500 

          

19 

0.25% NF 21 0.985 2.520E-03 2300 NF 51 0.974 7.400E-03 3000 

0.5% NF 22 0.977 2.970E-03 2300 NF 52 0.964 7.850E-03 3000 

0.75% NF 23 0.972 3.414E-03 2350 NF 53 0.959 8.760E-03 3000 

1.0% NF 24 0.953 4.298E-03 2350 NF 54 0.928 1.1200E-02 2900 

1.5% NF 25 0.959 4.830E-03 2350 NF 55 0.916 1.4700E-02 3000 

          

333 

0.25% NF 26 0.986 3.170E-03 2500 NF 56 0.969 7.500E-03 2950 

0.5% NF 27 0.92 4.116E-03 2300 NF 57 0.967 8.100E-03 3250 

0.75% NF 28 0.898 4.838E-03 2250 NF 58 0.953 1.010E-02 2950 

1.0% NF 29 0.9219 4.6400E-03 2125 NF 59 0.89 2.0500E-03 3150 

1.5% NF 30 0.8876 6.5100E-03 2150 NF 60 0.906 1.4000E-02 2800 
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Fig. C-2: Deviation of the proposed correlations of viscosity in comparison with 
experimental data for 0.25%, 0. 5%, 0.75%, 1.0% and 1.5% MWCNTs nanofluids (NF1-5) for 
the particle dimensions of lp/dp=231 (dp=50-80 nm and lp= 10-20 µm) and 30%EG+DW as a 
base fluid. 
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Fig. C-3: Deviation of the proposed correlations of viscosity in comparison with 
experimental data for 0.25%, 0. 5%, 0.75%, 1.0% and 1.5% MWCNTs nanofluids (NF6-10) 
for the particle dimensions of  lp/dp=667 (dp=20-40 nm and lp= 10-30 µm) and 30%EG+DW 
as a base fluid. 
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Fig. C-4: Deviation of the proposed correlations of viscosity in comparison with 
experimental data for 0.25%, 0. 5%, 0.75%, 1.0% and 1.5% MWCNTs nanofluids (NF11-15) 
for the particle dimensions of  lp/dp=50 (dp=20-40 nm and lp= 1-2 µm) and 30%EG+DW as a 
base fluid. 
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Fig. C-5: Deviation of the proposed correlations of viscosity in comparison with experimental 
data for 0.25%, 0. 5%, 0.75%, 1.0% and 1.5% MWCNTs nanofluids (NF26-30) for the particle 
dimensions of lp/dp=333 (dp=20-40 nm and lp= 5-15 µm) and 30%EG+DW as a base fluid. 
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Fig. C-6: Deviation of the proposed correlations of viscosity in comparison with experimental 
data for 0.25%, 0. 5%, 0.75%, 1.0% and 1.5% MWCNTs nanofluids (NF31-35) for the particle 
dimensions of lp/dp=231 (dp=50-80 nm and lp= 10-20 µm) and 60%EG+DW as a base fluid. 
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Fig. C-7: Deviation of the proposed correlations of viscosity in comparison with experimental 
data for 0.25%, 0. 5%, 0.75%, 1.0% and 1.5% MWCNTs nanofluids (NF41-45) for the particle 
dimensions of  lp/dp=50 (dp=10-20 nm and lp= 1-2 µm) and 60%EG+DW as a base fluid. 
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Fig. C-8: Deviation of the proposed correlations of viscosity in comparison with experimental 
data for 0.25%, 0. 5%, 0.75%, 1.0% and 1.5% MWCNTs nanofluids (NF46-50) for the particle 
dimensions of lp/dp=125 (dp=60-100 nm and lp= 5-15 µm) and 60%EG+DW as a base fluid. 
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