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ABSTRACT 

    In this thesis, we have studied and modeled by a numerical simulation in laminar and stationary, the 

cooling by convective flows of electronic components using nanofluids, with the aim of improving heat 

exchanges and to increase the cooling efficiency. For this reason, we have carried out several studies in 

the form of applications. The first application numerically examined heat transfer in three different 

geometries of mini-channels using Cu ï water nanofluid with a volume concentration of 0.05. 

As for the second, fourth and third applications devoted to the study of the effect of the type of nanofluids 

and their volume concentrations, as well as the effect of the sections and shapes of the mini channels on 

the heat exchange and on the cooling of the electronic component. In these studies we used three different 

types of nanofluids at different concentrations. These studies showed that the minichannels of the third 

and ninth case improve the heat transfer compared to other cases as well as the value of the maximum 

junction temperature of the electronic component and that the use of diamond-water nano-fluid gives 

significantly higher heat transfer coefficients than Ag-water and Cu-water nanofluids. And increase in the 

concentration of nanoparticles in the base fluid (water) improves the heat transfer coefficient. 

The fifth application aims to determine the effect of the position of the obstacle inside a horizontal mini 

channel on the cooling of the electronic component using nano-fluids with a volume fraction of 0.05. In 

this study, we found that the position of the obstacle in the twelfth case offers much better thermal 

performance than the other cases. 

 In the sixth application, we investigated the effect of adding the pie shaped fins and parallelogram fins in 

the microchannels on thermal performance using a Diamond-water nanofluid with a volume fraction of 

0.05. In this study, the heat flux generated by electronic components is equal q = 100 W / cm2. The 

Reynolds (Re) number was taken between 200 and 600. The results showed that the micro-channels in the 

seventeenth case which contained the parallelogram-shaped fins gave an improvement in heat transfer. 

 

Key words: natural convection, nano-fluids, obstacle, electronic component, numerical simulation, CFD 

fluent, microchannels, mini channels, heat transfer, solid fraction, Pie shape ribs, parallelogram ribs. 
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RÉSUMÉ 

Dans cette thèse, nous avons étudié et modélisé par une simulation numérique en régime laminaire et 

stationnaire, le refroidissement par les écoulements convectifs des composants électroniques en utilisant 

des nanofluides, dans le but dôamélioration des échanges thermiques et pour augmenter l'efficacité du 

refroidissement.  Pour cette raison, nous avons réalisé plusieurs études sous forme des applications. La 

première application a examiné numériquement le transfert thermique dans trois géométries différentes 

des mini-canaux en utilisant nanofluide Cuïeau avec une concentration volumique de 0.05.  

Quant aux deuxième, quatrième et troisième applications consacrées à l'étude de l'effet du type de 

nanofluides et de leurs concentrations volumiques, ainsi que de l'effet des sections et formes des mini 

canaux sur l'échange thermique et sur le refroidissement du composant électronique dans ces études, nous 

avons utilisé trois types différents de nanofluides à différentes concentrations et ces études ont montré que 

les minicanaux du troisième et neuvième cas améliorent le transfert de chaleur par rapport aux autres cas 

ainsi que la valeur de la température maximale de jonction du composant électronique et que l'utilisation 

de nano-fluide diamant-eau donne des coefficients de transfert de chaleur significativement plus élevés 

que les nanofluides Ag-eau et Cu-eau. Et L'augmentation de la concentration de nanoparticules dans le 

fluide de base (eau) permet d'améliorer le coefficient de transfert de chaleur.  

La cinquième application vise à déterminer l'effet de la position de l'obstacle à l'intérieur d'un mini canal 

horizontal sur le refroidissement du composant électronique en utilisant de nano-fluides avec une fraction 

volumique de 0,05. Dans cette étude, nous avons constaté que la position de l'obstacle dans le douzième 

cas offre de bien meilleures performances thermiques que les autres cas.  

 Dans la sixième application, nous avons étudié l'effet de l'ajout des ailettes en forme de trois quarts du 

cercle et des ailettes en parallélogramme dans les micro-canaux sur les performances thermiques en 

utilisant un nanofluide Diamant - eau avec une fraction volumique de 0,05. Dans cette étude, le flux 

thermique généré par les composants électroniques est égal à q = 100 W /cm2. Le nombre de Reynolds 

(Re) a été pris entre 200 et 600. Les résultats ont montré que les micro-canax dans le dix-septième cas qui 

contiennent les ailettes en forme de parallélogramme ont donné une amélioration de transfert thermique. 

 Mots clés: convection naturelle, nanofluides, obstacle, composant électronique, simulation numérique, 

fluent CFD, microcanaux, minicanaux, transfert de chaleur, fraction volumique, ailettes en forme de trois 

quarts du cercle, ailettes en parallélogramme. 
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ЉϷЯв 
 

сТ йϦϝк ϣϲмϽАцϜ ϣЂϜϼϹϠ ϝзгЦ ̪ ϣϮϻгзЮϜ ХТϹϧЮ ϣтϸϹЛЮϜ ϢϝЪϝϳгЮϜм сϳϚϝУЊм  ϽЧϧЃв ХтϽА еК ϹтϽϡϧЮϜ ̪ 

ЭгϳЮϜ рϼϜϽϳЮϜ  аϜϹϷϧЂϝϠ ϣужмϽϧЫЮϖ ϤϝжнЫгЮЙϚϜнгЮϜ Ϣ̭ϝУЪ ϢϸϝтϾм рϼϜϽϳЮϜ ЬϸϝϡϧЮϜ еуЃϳϦ РϹлϠ ̪ ϣтнжϝзЮϜ 

ϹтϽϡϧЮϜ .ϤϝЧуϡГϦ ЭЫІ сТ ϤϝЂϜϼϹЮϜ ев ϹтϹЛЮϜ ̭ϜϽϮϗϠ ϝзгЦ ̪ ϟϡЃЮϜ ϜϻлЮ . ЭЧж ЉϳТ егЏϧт ЬмцϜ ХуϡГϧЮϜ

 ̭ϝв рнжϝж ЭϚϝЂ аϜϹϷϧЂϝϠ ϢϽПЋгЮϜ ϤϜнзЧЯЮ ϣУЯϧϷв ϣуЂϹзк ЬϝЫІϒ ϨыϪ сТ ϢϼϜϽϳЮϜ - ϿуЪϽϧϠ ЀϝϳзЮϜ

 иϼϹЦ сгϯϲ0.05. 

 ϣугϯϳЮϜ ϝкϼнЃЪм ϣтнжϝзЮϜ ЙϚϜнгЮϜ ИϜнжϒ ϽуϪϓϦ ϣЂϜϼϹЮ ϣЋЋϷгЮϜ ϣЛϠϜϽЮϜм ϣϫЮϝϫЮϜм ϣужϝϫЮϜ ϤϝЧуϡГϧЯЮ ϣϡЃзЮϝϠ

 сТ сжмϽϧЫЮшϜ днЫгЮϜ ϹтϽϡϦ пЯКм рϼϜϽϳЮϜ ЬϸϝϡϧЮϜ пЯК ϢϽуПЋЮϜ ϤϜнзЧЮϜ ЬϝЫІϒм ЙАϝЧв ϽуϪϓϦ ЩЮϻЪм ̪

 дϒ ϤϝЂϜϼϹЮϜ иϻк ϤϽлДϒм ϣУЯϧϷв ϼнЃЫϠ ϣтнжϝзЮϜ ЭϚϜнЃЮϜ ев ϣУЯϧϷв ИϜнжϒ ϣϪыϪ ϝзвϹϷϧЂϜ ϤϝЂϜϼϹЮϜ иϻк

 ϣТϝЎшϝϠ оϽ϶цϜ ϤъϝϳЮϝϠ ϣжϼϝЧв ϢϼϜϽϳЮϜ ЭЧж еуЃϳϦ пЯК ЭгЛϦ ϣЛЂϝϧЮϜм ϣϫЮϝϫЮϜ ϣЮϝϳЯЮ ϢϽуПЋЮϜ ϤϜнзЧЮϜ

̭ϝгЮϜ нжϝж ЭϚϝЂ аϜϹϷϧЂϜ дϒм сжмϽϧЫЮшϜ днЫгЯЮ  онЋЧЮϜ ϢϼϜϽϲ ϣϮϼϸ ϣгуЦ еуЃϳϦ пЮϖ- сГЛт ЀϝгЮϜ

ев ϽуϫЫϠ пЯКϒ ϢϼϜϽϲ ЭЧж ϤывϝЛв Ag-water м Cu-water  сТ ϣтнжϝзЮϜ ϤϝгуЃϯЮϜ ϿуЪϽϦ ϢϸϝтϾ дϒ ϝгЪ

 сЂϝЂцϜ ЭϚϝЃЮϜ)̭ϝгЮϜ( ϢϼϜϽϳЮϜ ЬϝЧϧжϜ ЭвϝЛв еЃϳт. 

 сжмϽϧЫЮшϜ днЫгЮϜ ϹтϽϡϦ пЯК ϢϽуПЊ ϣуЧТϒ ϢϝзЦ Э϶Ϝϸ ХϚϝЛЮϜ ЙЎнв ϽуϪϓϦ ϹтϹϳϦ пЮϖ ЁвϝϷЮϜ ХуϡГϧЮϜ РϹлт

 йгϯϲ ϽЃЪ бϯϳϠ ϣтнжϝж ЭϚϜнЂ аϜϹϷϧЂϝϠ0.05 . ϣЮϝϳЮϜ сТ ϿϮϝϳЮϜ ЙЎнв дϒ ϝжϹϮм ϣЂϜϼϹЮϜ иϻк сТ ϣужϝϫЮϜ

ϽЇКоϽ϶цϜ ϤъϝϳЮϜ ев ϽуϫЫϠ ЭЏТϒ рϼϜϽϲ ̭Ϝϸϒ аϹЧт . 

  ИыЎцϜ ϣтϾϜнϧв СжϝКϾм ϢϽϚϜϸ ИϝϠϼϒ ϣϪыϪ ЭЫІ пЯК СжϝКϾ ϣТϝЎϖ ϽуϪϓϦ ϝзЂϼϸ ̪ ЀϸϝЃЮϜ ХуϡГϧЮϜ сТ

ЀϝгЮϜ рнжϝзЮϜ ЙϚϝгЮϜ аϜϹϷϧЂϝϠ рϼϜϽϳЮϜ ̭ϜϸцϜ пЯК ϽПЋЮϜ ϣукϝзϧв ϤϜнзЦ сТ- сгϯϲ ̭ϿϮ Йв ̭ϝгЮϜ0.05 .

Ю̮ ϝ̯тмϝЃв ϣужмϽϧЫЮшϜ ϤϝжнЫгЮϜ еК ϭϦϝзЮϜ рϼϜϽϳЮϜ ХТϹϧЮϜ днЫт ̪ ϣЂϜϼϹЮϜ иϻк сТ q = 100 W/ cm2      ϻ϶ϒ бϦ

ϸϹКϾϹЮнзтϼ  (Re)  еуϠ200 м 600 . ϣЮϝϳЮϜ сТ ϢϽуПЋЮϜ ϤϜнзЧЮϜ дϒ ϭϚϝϧзЮϜ ϤϽлДϒмϽЇК ϣЛϠϝЃЮϜ сϧЮϜ 

 ϥГКϒ ИыЎцϜ рϾϜнϧв ЭЫІ пЯК СжϝКϾ пЯК рнϧϳϦϢϸнϮϢϼϜϽϳЮϜ ЭЧж сТ . 

 
ϤϝгЯЫЮϜ ϣуЃуϚϽЮϜ: ЭгϳЮϜ рϼϜϽϳЮϜ сЛуϡГЮϜ ̪ ЙϚϜнгЮϜ ϣтнжϝзЮϜ ̪ ХϚϝЛЮϜ ̪ днЫгЮϜ сжмϽϧЫЮшϜ ̪ ϢϝЪϝϳгЮϜ 

ϣтϸϹЛЮϜ ̪ CFD ̪ ϤϜнзЧЮϜ ϢϽуПЋЮϜ ̪ ЭЧж ϢϼϜϽϳЮϜ ̪ ϽЃЫЮϜ ϟЯЋЮϜ ̪ ИыЎϒ ЭЫЇЮϜ рϽϚϜϹЮϜ йϡІ ̪ ϣтϾϜнϧв 

ИыЎцϜ. 
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NOMENCLATURE   

Ac Cross sectional area of micro channel, (m
2
) 

Aw Inner wall or fluid contact surface area, (m
2
) 

b Constant term in the discretization equation  

ὅὴ Specific heat of the fluid, (Jkg
-1
 K

-1
) 

Dh Hydraulic diameter of channel, Dh=4*Ac/Pc (m) 

Fin,  ʟ The total flow at the input of the variable ◖ 

Fd The skewness factor 

g The acceleration of gravity, (ms 2)  

H Height, (m) 

Hc Mini / micro channel height, (m) 

hav Average heat transfer coefficient, (W m
-2

K
-1
) 

h Convective exchange coefficient, (W m
-2

K
-1
) 

k Thermal conductivity, (Wm
-1

K
-1
) 

L Mini /micro channel length, (m) 

N Number of micro-channels 

Nu Nombre de Nusselt local 

Nuav Nombre de Nusselt moyen 

Pc Wetted perimeter, (m) 

p pressure, (Pa) 

P Dimensionless pressure 

Pr Number of Prandtl, (ᵻf/Ŭf) 

Q Heat flux dissipated in the chip, (W) 

ή Power density dissipated, (W/m
2
) 

qv Volumetric heat (W /m
3
) 

Re Reynolds number, Re = ɟwDh/µ 

Ὑɲ  The absolute sum of the residuals 

Ra Rayleigh number 

Sʟ  Source term 

T Temperature, (K) 

T0 The temperature at the entrance of the channel, (K) 

Tm Mass-average temperature of the coolant, (K) 
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Tw Area-weighted temperature of the channel wall surface, (K) 

Tmax Maximum temperature on the bottom wall, (K) 

X, Y, Z Dimensionless coordinates,(x/L , y/L , z/L ) 

x, y, z Cartesian coordinate, (m) 

U, V, W Dimensionless components of velocity,(uL/Ŭf , vL/Ŭf , wL/Ŭf ) 

u, v, w Velocity components in three directions x, y and z , (m s
-1
) 

Wc Mini /micro channel width, (m) 

Greek letters:  

‌ Thermal diffusivity, (m
2
.s

-1
) 

ű Volume fraction of solid, (%) 

 ʟ general dependent variable 

‘ Dynamic viscosity of coolant, (kg/m.s) 

ʍ Coolant density, (kg/m
3
) 

ɓ Thermal expansion coefficient, (K-1
) 

ɗ The dimensionless temperature,  

Ʉ The intrinsic viscosity,  

 ᵻ Kinematic viscosity, (m
2
/s) 

ɡT Total volume, (m
3
) 

ɡs Volume of solid (nanoparticles) 

 The under-relaxation factor ‏

ũ The diffusion coefficient 

Indices  

av Average 

f Base fluid (water) 

in Inlet 

n Outer normal coordinate at interface between the wall and fluid 

nf Nanofluid 

out Outlet 

s Solid 
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General introduction 

 

Heat transfer is a process of great importance in several areas, including technology and 

industry. Although it manifests itself in various forms (radiation, conduction and convection), the 

latter is the most targeted in most fields of industry. Convection can be natural, forced or mixed. 

This transfer mode concerns fluids (liquids and gases). The movement of the fluid can result 

from variations in density of this same fluid due to the temperature differences induced by the 

transfer of heat between the fluid and the wall. If the movement of the fluid is caused by the 

action of external forces (pumps, fans), it will be forced convection. 

The convection heat transfer can be improved in a specific engineering by several methods, 

including adjusting the geometry, adding the fins, using the surface roughness as well as 

changing the physical properties of a liquid used in the cooling process. In recent years, nano-

fluids have attracted a lot of attention because of their use for cooling in various industrial 

applications, such as cooling of electronic components, cooling of vehicles, cooling of 

transformers, in applications of nuclear reactors , solar applications etcé 

Nano-fluids consist of solid nano-particles suspended in a basic liquid (such as: water - oilé) 

and are also called colloidal solutions, a promising new technology in the context of heat 

transfer, especially in the field of cooling electronic devices, which is known to develop 

continuously, this led to reducing its size and increased operating rate has led to problems with 

its high temperature. To ameliorate this temperature, it is necessary to ameliorate the 

heat transfer and find appropriate ways to cool the electronic components. The latter is our goal 

in this study. 

Objective of study 

The aim of this doctoral thesis is to model and to study the heat exchange of the channels in 

order to better cool the electronic components using nano-fluids. 

 In our study, our effort focused on clarifying the effect of the parameters; such as the solid 

volume fraction, type of nano-particles and the geometry of mini-channel, on the cooling of 

electronic chips. The study assessed the importance of adding solid particles to the pure fluid in 

improving the cooling efficiency of hot surfaces as well as the effect of the shapes of channels 

and the nature of the coolant (nano-fluid), on the junction temperature of the electronic 

components. 
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We also studied the numerical modeling of heat transfer in microchannels and mini channels 

by adding obstacles and ribs using nano-fluid. The objective of this section is to find the optimal 

position of obstacle placement inside the channels as well as to find a suitable shape for the fins 

using nano-fluid in order to save the temperature of the electronic chips and in order to improve 

the heat exchange between the coolant (nano-fluid) and the walls of the channels. 

 Organization of the thesis 

The thesis reporting the work accomplished within the framework of this Doctorate in 

Sciences consists of 4 chapters and a general conclusion. 

The first chapter contains the results of bibliographic research on improving heat transfer in 

mini channels and microchannels using nanofluids  

The second chapter presents reminders on the thermophysical properties of nano-fluids. 

The third chapter contains the mathematical modeling of heat transfer. There is a 

presentation of the equations of fluid flows accompanied by thermal transfer (the continuity 

equation, momentum equation, energy conservation equation and the equation of the solid) as 

well as the hypotheses associated with this model. In this chapter, we present the numerical 

method chosen for the simulation (Finite volume method). At the end of the chapter, we briefly 

describe the ANSYS WORKBENCHE FLUENT trade codes used in the calculations of the 

numerical simulation. 

The fourth chapter contains the results of a study divided into six parts (applications), the 

first part in which we studied numerically the thermal transfer in different geometries of the 

mini-channels, as for the second part, we studied numerically the influence of nano-fluids on 

thermal exchange in mini-channels.  

 The mathematical model, the numerical method, the geometry for this study are given in 

chapter III (In section III.4.3 and section III.4.4). In section IV.1.2 of part one and section IV.2.2 

of the second part, we present the results of the mesh independence tests. Section IV.1.3 and 

section IV.2.3 contain the results in graphical form and their discussion. The first and second 

parts are ends with a conclusion bringing together the various observations. 

The third part of this chapter contains the results of a numerical study of the thermal 

exchanges in different geometry sections of mini-channels of a cooler for cooling a chip using 

nano-fluids.  In section IV.3.2 and IV.3.3 of this part of this chapter, we present the results of the 

mesh independence tests and the validation of the results. Section IV.3.4 contains the results in 

graphical form and their discussion. The fourth part is closed with a conclusion (section 

IV.3.4.5). As for the fourth part, we studied the influence of types of nano-particles, nano-
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particles volume concentration, and types of cooler metals on the heat transfer in a mini-channels 

cooler. 

The fifth part of this chapter presents the results of a numerical study in three dimensions of 

the influence of the fluids' nature and obstacle position on cooling of electronic component. This 

part is closed with a conclusion. 

The sixth part (application) of this chapter presents the results of a numerical study of the 

effect of the addition of the pie shape ribs and Parallelogram ribs in micro-channels on thermal 

performance using Diamond - water nanofluid. The results of this chapter have been validated 

and mesh independence tested. This part ends with a conclusion.  

Finally , the thesis is closed with the general conclusions drawn from the cases studied and the 

perspectives for the rest of the work. 
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Chapter  I  

 

 

Bibliographic review  
 

In the last part of the twentieth century, interest in the field of nanofluids by researchers 

appeared and this is evident from the increase in the number of studies related to nanofluids that 

are published annually (Figure (I.1.a)) [1] nanofluid have good physical properties which is a 

mixture of metallic nanoparticles and between a basic liquid such as water or oil. These 

nanoparticles can be in different shapes, as a circular or cylindrical shape, and the ratio of 

particles in the basal liquid controls the physical properties of the nanofluid. It has the ability to 

improve heat exchange despite the fact that there are some disadvantages. It is used in several 

fields especially the one related to refrigeration high-power electronic components (such as 

processors, transistors, integrated circuits... etc) that emit high heat during operation [2] . This 

high temperature makes the electronic components not work properly and may be damaged by 

overheating especially with the increased energy dissipation of the electronic components. It is 

expected that the maximum power dissipation and heat flux from the high performance 

microprocessor chips was projected to reach about 360 W and 190 W/cm
2
, respectively by the 

year 2020 (Figure (I.1.b)) [3]. 

Therefore, the heat generated must be removed by designing a suitable thermal management 

system for reliable operation of the electronic device using the nanofluids.  Besides, the design of 

a  thermal management system can contain micro channels, which are cooling elements that can 

provide and reduce the temperatures of electronic components due to their performance in 

dissipating large amounts of heat, 

The term micro-channel applies to channels with a hydraulic diameter of 10 to 100 

micrometer. Micro-channels consist of a heat sink made of a solid with a high thermal 

conductivity such as silicon or copper with the micro-channels machined within the solid. A 

micro-channel heat sink generally contains a large number of parallel micro-channels. The 

coolant is forced to pass through these channels to remove the heat generated in the hot surface 

in contact with the heat sink wall. 

The improvement of the heat exchange between the cooling liquid and the cooler walls 

contributes in improving the cooling process of the hot surfaces and the improvement of the heat 
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exchange is mainly related to the improvement of the physical properties of the cooling fluids, 

and also it is related to the improvement of the geometrical shape of the cooler, for example, by 

adding fins and barriers inside the micro channels ... etc. To dissipate heat, where we find many 

published studies of researchers in the field of improving heat exchange, among them 

 

 

(a)                                                             (b) 

Figure (I.1): (a) Nanofuids-related publication in the past decade [1].  

(b) Projections of maximum heat flux and power dissipation for microprocessor chips [3] 

 

Chavda (2015) [4] studied experimentally the effect of various concentrations (0,003%, 

0,002% and 0,004%) of nano-particle (CuO) mixed in base fluid (water) on heat exchange 

perfromance of double pipe thermal exchanger for counter and parallel liquid flow arrangement. 

The results show that the heat transfer coefficient increases with the increases of the volume 

fraction of CuO nanoparticle.  

Esfe et al. (2015) [5] studied the laminar mixed convection of nanofluid in a horizontal 

channel provided with two sources of thermal at constant temperature mounted on the bottom 

wall. In this study, they used a Al2O3/water nanofluid. They also used the limited volume method 

to solve the governing equations where they chose three thermal models for the study. Their 

study showed that the average Nusselt number increases by less than 10% over the obstacles, 

with the fraction of nanoparticles increasing from 0% to 5%. They found that and the difference 

between the average number of Nusselt figures and three thermal models does not exceed 3%.  

Gui-Fu Ding et al. (2015) [6]  investigated experimentally and numerically the heat exchange 

and friction characteristics with rectangular, triangular and semicircular ribs on the sidewalls of 

microfluidic channels by a surface-micromachining micro-electro-mechanical system to 

ameliorate the heat exchange rate of the microfluidic heat sink. They indicated that the using of 

micro-ribs provides a preferable thermal exchange rate, but also increases the pressure drop 
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penalty for microchannels. Furthermore, they found that the heat exchange and friction 

characteristics of the microchannels are strongly influenced by the rib form and the triangular 

ribbed microchannel possesses the biggest Nusselt number and friction factor between the three 

rib forms. 

 

Figure (I.2): Schematic of the microfluidic heat sink. [6] 

 

 

Figure (I.3): (a) The rectangular ribbed microchannel; (b) the triangular ribbed microchannel; (c) the 

semicircular ribbed microchannel; and (d) the conventional smooth microchannel. [6] 

Also, on the other hand, Nonino et al. (2015) [7] developed an analytical study of the 

conjugate conduction/convection heat transfer in cross-liquid micro heat exchangers. It was 

showed that the increase of the microchannels number per layer yields increases relative pressure 

drop increments that are larger than those displayed by the relative heat flow rates. 
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Figure (I.4): Cross-flow micro heat exchangers [7] 

 

Ciloglu et al. (2015) [8] studied experimentally the effect of nanoparticles types (silica SiO2, 

alumina Al2O3, titania TiO2 and copper oxide CuO) on the quenching process with 0.1% particle 

of volume concentration. They mentioned that the type of nanoparticle used in nano-fluids 

substantially influenced the cooling, particularly with SiO2 nanoparticles. 

On the other hand Navaei et al. [9] studied numerically the influence of geometric parameters 

and four types of nanoparticles (Al2O3, CuO, ZnO and SiO2) on the thermal performance of 

grooved and ribbed channels with uniform heat flux. The study was carried out for three forms of 

ribs (rectangular, semi-circular and trapezoidal) with a Reynolds number which varies between 

5,000 and 25,000, the volumetric fraction of nanoparticles vary between 1 and 4%, and the 

diameter of nanoparticles varies between 20 nm and 60 nm. They indicated that the semicircular 

rib has the highest Nusselt number, in the case of the use of nanofluids by modifying parameters 

such as the diameter of the nanoparticles. 
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Figure (I.5): Diagram of a channel with ribs and grooves [9]. 

 

Hongtao et al. (2016) [10] studied numerically the influence of the geometric parameters on 

heat exchange performance and flow of the rectangular, trapezoidal and triangular cross-

sectional formed microchannel heat sink. The results confirmed that the shape and geometric 

parameters of microchannel have a remarkable impact on the flow and heat transfer 

characteristics of the microchannel heat sink. For the rectangular microchannel, it has the best 

performance with the aspect ratio among 8.9ï11.4. Also the channel number impacts the thermal 

resistance (The increase of channel number decrease the thermal resistance). 
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Figure (I.6): Schematic of (a) microchannel heat sink geometry and (b) cross section of different 

microchannel with its dimensions. [10] 

 

Also, Abed Ammar et al. (2016) [11] studied the heat transfer and liquid flow in different 

forms of micro-channels. They concluded that the Nusselt number and convective heat transfer 

coefficient increase with the increase of the Reynolds number. They also confirmed that the 

micro-channels with two notches form present the convective heat transfer coefficient and 

Nusselt number (Nu) with the highest value, compared to the micro-channels with straight 

rectangular form and micro-channels with six and four notches form. 

 

 

(a) microchannel without notoches  

(b) Microchannel with two Notches 

     (c) Microchannel with four Notches 

     (d) Microchannel with six Notches 

 
Figure (I.7): Schematic of straight and with notches microchannels 
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Lei C. et al. (2016) [12] numerically investigated the characteristics of laminar flow and heat 

transfer in the MCHS with offset ribs on the sidewalls. The study is carried out for five different 

shapes of offset ribs that are designed, including rectangular, isosceles triangular, backward 

triangular, semicircular and forward triangular. Besides, in this study, Reynolds number is 

between 190 and 838. The results presented in this article show that the offset ribs result in 

significant heat transfer enhancement and rise pressure drop. This higher pressure drop, the 

microchannel heat sink with offset ribs progressively loses its advantage as an effective thermal 

exchange enhancement method at rise Reynolds number values. 

Also, Sharma et al. (2016) [13] have experimentally studied the fluid flow and heat transfer 

with micro-channels. The material used for MCHS is copper and utilizing water as a cooling 

agent. They studied the evolution of heat transfer rates, the impact of friction factor, and the 

impact of pressure drop and evolution in temperature distribution. They concluded that the mass 

flow rate and the friction factor are reduced by a decrease in velocity of flowing fluid. 

Decreasing pressure increases with increased fluid velocity and heat removal rate. The heat 

transfer rate increases with MCHS, with an increase in the flow rate of the mass. 

In this context Togun (2016) [14] investigated numerically the CuO-H2O nano-fluid and heat 

transfer in the four configurations of backward facing step with and without obstacle. The 

Reynolds number (Re) in this study varied from 75 to 225 with volume fraction on CuO 

nanoparticles varied from 1 to 4 % at constant heat flux. I also use the finite volume method in 

two dimensions, where I tried four different configurations (without obstacle, with obstacle of 

1.5 mm, with obstacle of 3 mm, with obstacle of 4.5 mm) to improve thermal performance. He 

observed that there is an increase of the vortex zone along with an increase in the obstacle height 

of the wall channel has remarkable effect on thermal performance.  

Chemloul and Belmiloud (2016) [15] studied the influence of the nature of the nanofliud, the 

variation of the Rayleigh number and the volume concentration of the nanoparticles (TiO2, Cu 

and Al2O3) on the convective heat transfer performance in a square cavity whose lower 

horizontal wall and right vertical wall are heated to a constant temperature. They used in this 

study volumetric fraction of the nanoparticles between 0-0,15. And the Rayleigh number is 

between 10³ and 10
6
, and the Prandtl number at Pr=6.2. They concluded that the thermal 

exchange increases with the Rayleigh number and the volume concentration. Also, they 

confirmed that improvement of the heat exchange is achieved by using Cu nanoparticles. 
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Andreozzi et al. [16] studied numerically the turbulent forced convection of a nanofluid 

(Al 2O3 / H2O) in a two-dimensional channel heated outside for different shapes of ribs 

(triangular, rectangular and trapezoidal). In this study, they used the finite volume method which 

is used to solve the equations of the model. They chose the volumetric concentration of 

nanoparticles that is varied between 0% and 4% and Reynolds number between 20,000 and 

60,000. They noticed that the triangular ribs have higher thermal performance than the trapezoids 

and also the presence of nanoparticles increases the mean Nusselt number compared to the pure 

base fluid, and that the average Nusselt number increases by increasing the Reynolds number. 

They concluded that the mean Nusselt values for the triangular ribs are higher than for the 

trapezoidal ribs. 

 

 

Figure (I.8): Characteristic parameters of the ribs and shapes considered. 

 

Kumar et al. (2016) [17] conducted a comprehensive review of the physical-thermodynamic 

properties of nanofluids such as the convective heat transfer coefficient for laminar and turbulent 

region, thermal conductivity, viscosity and specific heat capacity as they also talked about how 

to prepare and maintain nanofluid stability. 

Zunaid et al. (2017) [18] have numerically investigated the heat exchange and pressure drop 

characteristics of semi cylindrical and a straight rectangular projections microchannel heat sink 

made of copper. In this study they used water as a coolant for Reynolds number ranging between 

200 to 1000  with constant heat flow of 10
6 

W / m
2
, They compared the pressure drop and heat 

transfer between rectangular and semi cylindrical projections microchannel. The results show 

that thermal exchange raises with the use of semi cylindrical projections micro channel heat sink.  
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(a) Isometric view 

 

(b) Front view 

Figure (I.9): Geometrical construction of the unit cell of straight microchannel heat sink. [18]                   

 

 

Figure (I.10): Geometrical construction of the unit cell of semi cylindrical projections microchannel 
heat sink. [18] 

 

Behnampour et al. (2017) [19] studied numerically the effect of rectangular, triangular and 

trapezoidal ribs on the laminar heat transfer in a channel under a constant heat flux. In this study 
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they used water-Ag nanofluid as a coolant and also choosed the Reynolds number of 1, 5 and 

100 (laminar flow) and volume fractions of nanoparticles Ag of 0, 2% and 4%.  The results 

indicate that the triangular shape has the best criteria for evaluating thermal performance to the 

laminar flow and for high Reynolds numbers, trapezoidal ribs are recommended. 

 

Figure (I.11): Diagram of the micro-channels studied. 

 

Abd Elazem et al. (2017) [20] studied the effect of partial slip boundary condition on the 

mass transfer and heat of the Ag-water and Cu-water nanofluids over a stretching sheet in the 

presence of radiation and magnetic field.  

TiO2-water nanofluid was used by Qi et al. (2017) [21] with different volume fractions to 

investigate the stabilities of the natural convective heat transfer characteristics and thermo 

physical properties. They proved that the heat transfer can be enhanced by 34.2% with the 

increase of the mass concentration of nanoparticle at the largest cavity ratio and the lowest 

heating power. They also indicated that the thermal conductivities of TiO2-H2O nanofluids can 

be improved by 5.23%.  

Mohebbi (2017) [22] studied the effect of location of a heat source on natural convection in a 

C-formed enclosure. They used water-Al2O3 nanofluid with different solid volume fractions (0-
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0.05) and with different Rayleigh numbers (10
3
-10

6
). According to the results, they found that 

the biggest value of Nusselt number is achieved when the heat source is located within the 

horizontal cavity, they also found that the heat source locations inside the vertical cavity give the 

best offspring numbers at higher Rayleigh number. On the other hand Ghasemi et al. (2017) [23] 

numerically investigated the effect of using nanofluids on heat transfer and fluid flow 

characteristics in triangular shaped minichannel heat sink. In this study they used alumina-water 

(Al 2O3-H2O) nanofluid as a coolant with different volume fractions. They concluded that the use 

of nanofluid as a coolant leads to enhanced heat transfer performance by increasing the volume 

fraction of nanoparticles, also concluded that the heat transfer coefficient and friction factor are 

increased, the thermal resistance of the heat sink decreases. 

 

Colangelo et al. (2017) [24] analyzed the application of a new generation of heat transfer 

fluids and nanofluids, to electronic devices. They mentioned that the heat performance of the 

heat sink in general is not only depended on the properties of nanofluids, but also depended on 

engineering design. 

They also mentioned that the most used nanoparticles are Al2O3, due to their good thermo 

physical properties and also their cheap price on the market. They also spoke about a The 

blockage problem that can be a big problem, especially for high concentration(> 1.0% volume) 

for nanofluids, this should be taken into account with the narrow volume of micro channels in 

the heat sinks and review the thermal design of cooling systems for electronic equipment 

according to the nature and concentration of nanofluids. 

Mangalkar  et al. (2017) [25] presented a review in heat transfer enhancement using 

nanofluid for cooling of electronic components. One of their most important conclusions is that 

the heat transfer rate improves with the high thermal conductivity of nanoparticles as well as 

with the small diameter of nanoparticles and their increased concentration in the base liquid. 

Sohel Murshed et al (2017) [3] reviewed and analyzed heat transfer properties and the 

performance of potential new refrigerants such as nanofluids with superior thermal properties in 

meeting the cooling requirements of high temperature electronic devices. They also talked about 

the technology of cooling electronic devices using micro- channels and nanofluids. 

Munish et al. (2017) [26] summarizesed the important results regarding the improvement in 

the  physical and thermodynamic properties of nanofluids and the effect of particles (loading, 
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material, size, and shape), base fluid type, temperature, and pH value on thermphysic properties 

of nanofluids. 

Also on the other hand, Sharad D. Patil  and Sagar C. Wangdare (2018) [27]  studied heat 

transfer enhancement in plain MCHS six different types of offset ribs are added on sidewall such 

as rectangular, backward triangular, forward triangular, mix of forward isosceles and 

semicircular in forms at Reynolds number (Re) between 200 and 800. They find that mix of 

forward and backward offset ribs MCHS gives better results as compared to other types of 

channel. Also they found that with the increase in Re the Nu increases and friction factor 

decreases for selected MCHS. 

Jadhav et al. (2018) [28] performed a numerical investigation of the effect of different pin fin 

shapes (ellipse, circle, square and hexagon) on micro channel. They concluded that for fin pins at 

larger height and at high flow coolant inlet velocities, the values of Nusselt number increases. 

They found that the square pin fins are the best among the studied pin fin shapes in terms of 

thermal performance.  

 

 

 

Figure (I.12):  Model used for simulation with (a) Elliptical fins (b)Circular fins                                

(c) Hexagonal fins (d) Square fins 
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Sohel Murshed et al. (2018) [29] studied the convection cooling for nanoparticle loaded 

liquids in micro channel systems. They also analyzed the research findings on the direct 

application of these new liquids (nanofluids) to electronic devices' cooling systems. Among their 

findings that the nanofluids possess a much higher thermal conductivity compared to 

conventional basic fluids and contribute to a better cooling of modern electronic devices. They 

also demonstrated the performance of convection heat exchange of nanofluids in micro and mini 

channels that they can be used in miniature devices such as modern electronics to improve 

cooling. 

Mjallal et al.  (2018) [30] simulated the distribution of heat on the heat sink using the Ansys 

fluent to study the effect of incorporating phase change materials into the heat sink in order to 

improve cooling electronic chips. 

Saeed et al. (2018) [31] reviewed some studies conducted on the use of nanofluids in the 

cooling of electronics taking into account several aspects such as the type of liquid mass, the 

numerical approach, energy consumption, nanoparticles materials, and the second law of 

thermodynamics. They introduced some aspects of the use of nanofluids to cool electronic 

components as new coolants in various liquid blocks and heat pipes. 

Also, Rezazadeh et al. (2018) [32] studied the effect of attack angles, height and Reynolds 

number and also the rib's arrangement on the performance of mini channel. They concluded that 

a raise for heat exchange ameliorates with the increase of rib's height and the Reynolds number, 

as well the arrangements with the attack angles of 60° have a better heat exchange performance. 

They also concluded that mini channels with both trapezoidal and rectangular ribs have best 

results for thermal exchange and fluid performance in comparison to a mini channel with 

rectangular ribs only. 

A numerical research (2018) [33] studied numerically by using the commercial CFD package 

of ADINA R&D, Inc. 9.1. The heat transfer characteristics of the laminar flow inside a 

rectangular 2D microchannel of height H, which includes a slim micro obstacle of height h and 

width w placed on the lower wall of the channel. In this study they used two different types of 

slender barriers (triangle and rectangular) and three different values of height h for Reynolds 

number (Re) between 20 and 200. 

They obtained that the increase of Reynolds number (Re) values raise the length of vortex 

zone, particularly behind the rectangular obstacle. 
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Figure (I.13): Schematic of computational domain 

 

Abdollahi et al. (2018) [34] examined the thermal and hydraulic properties of laminar 

nanofluid flow in the square micro-channel contains four rectangular fins installed on the inner 

walls. Using four different types of nanoparticles (SiO2, Al2O3, CuO and ZnO) dispersed in pure 

water base liquid with different volume parts ranging from 1 to 2% and different nanoparticle 

diameters from 30 to 60 nm. The outer walls of the micro channel are heated at a continuous 

thermal flow. Their results showed that there is an increase in the number of Nusselt (Nu) when 

the size of the solid nanoparticles increase, and while reducing the diameter of the nanoparticles, 

the friction factor remains constant does not change. Also, among the results they found that the 

SiO2 nanoparticle has the highest rate of heat transfer from among the tested nanofluids and also 

that nanoparticles can enhance the performance of the channel with rectangular fins. 

Also, Kangude et al. (2018) [35] studied experimentally the effect of nanoparticles on a 

single bubble-based nucleate pool boiling. They used water-silica nanofluids with different 

concentrations of nanoparticles (0,005% and 0,01%). Among the experimental results, they 

found out that the nanoparticles suspended tend to spread the strength of temperature gradients. 

Fernando et al. (2018) [36] proposed two computational fluid dynamics models for a rotor-

stator cavity operating at Reɤ = 1.0 x 10
5
 and filled with a fluid that consists of different volume 

fractions of Al2O3 nanoparticles. The first model: the nanofluid mixture using a single phase 

transport and the second model using a two phase transport for the relative velocity between the 

particle and fluid phases. They used the finite volume method of solving governom equations 

alongside the OpenFOAM tool they found that the higher volume concentrations of Al2O3 

nanoparticles can achieve higher heat transfer rates. 

Belahmadi et al (2018) [37] studied numerically by using ANSYS Fluent software and a 

simple algorithm the entropy generation and the heat exchange of a Cu-H2O nano-fluid in a 

vertical channel. Their results proved that the increase of Reynolds numbers (Re) and Grashof 

and volume fraction of nanoparticles decreases the entropy generation and improves the heat 

exchange. 
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Saeed and Kim (2018) [38]  investigated numerically and experimentally the heat transfer 

enhancement characteristics using four different channel conýgurations of mini-channel heat 

sink, and with three different volume fractions of nanoparticles Al2O3 in base þuid (water). They 

observed an enhancement of 24,9%, 27,6% and 31,1% in the heat transfer coefýcient of the heat 

sink with fin spacing of 1,5 mm, 1 mm and 0,5 mm respectively. They also observed that 

enhancement factor increases by dreading the ýn spacing of the þow channel at the same value 

of volume fraction and rate of coolant flow. 

Bakhshi et al. (2018) [39] studied numerically the effect of changes in geometric parameters 

of a laminar flow through the trapezoidal micro-channels on heat transfer and fluid flow. Also, 

they studied the heat flux rate with hydraulic diameter changes. They concluded that the 

minimum and maximum heat exchange rate occurs in a trapezoidal micro-channel with 30° and 

75Á  internalôs, respectively.  

 Naser et al. (2018) [40] made  an important summary among of the aspects dealt with 

concerning the progress made in studying nanofluids as well as the procedures for manufacturing 

and marketing nanofluids, as well as measures to enhance stability in order to preserve their 

thermophysical properties. 

Wang et al. (2018) [41] studied numerically the heat transfer of miniature loop heat pipe by 

using water-copper nanofluid with different volume concentrations. It was found that, the 

temperature differences of miniature loop heat pipe using nanofluid are always lower than those 

of miniature loop heat pipe using de-ionized water for an input power of 25 W. 

Also Khanlari et al. (2018) [42] studied experimentally and numerically the heat exchange 

characteristics in the plate type thermal exchangers (PHE) with small size using TiO2/water 

nanofluid. They used the Flint 16 program in numerical simulation. And to facilitate the 

experiment, they added Triton X-100 to the mixture to improve the solubility of the 

nanoparticlesTiO2. The results showed that the TiO2/H2O nanofluid improved the heat transfer 

coefficient averagely by 6%. 

Khan et al. (2018) [43] presented an analytical study of thermal exchange between the 

nanofluid and the vertical wall using two types of nanoparticles, silver (Ag) and copper (Cu), 

suspended in water. They used the Laplace transformation method to find the analytic solutions 

for the temperature and velocity fields. Their results show that thermal exchange decreases with 
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an increasing solid volume fraction of nanoparticles. They also found that the Hartman number 

and porosity have opposite impacts on fluid motion. 

Rudyak et al. (2018) [44] studied experimental and molecular dynamics for the 

thermophysical properties of nanofluids (thermal conductivity, viscosity). They noticed that the 

transfer coefficients for nanofluids depend on the concentration of particle size and on its size 

and material, also the particle size decreases as the viscosity increases, while the thermal 

conductivity of the nanofluids increases in parallel with the particle size. They also observed in 

the laminar flow that the heat transfer coefficient of nanofluids is much more than the basic 

fluids, and that the use of nanofluids in turbulent conditions depends on the thermal conductivity 

of nanofluids and their viscosity. 

Jadhav et al. (2019) [45] conducted a numerical analysis of the effect of the various pin-fin 

layouts on micro-channel heat sinks using the conjugate heat transfer module of COMSOL 

Multiphysics software. They compared the performance of microscopic channels with three 

different pinworm layouts for different fluid flow speeds, with constant channel dimensions and 

with elliptical pin fins of 500ɛm fin height. They finally concluded that directing the pinworm 

fin intertwined into the micro-channel improves thermal performance and makes it better. 

 

Figure (I.14): Schematic of the various pin-fin layouts on micro-channel. [45] 

 

Yang et al. (2019) [46] numerically investigated for Reynolds number ranged from 50 to 550. 

The laminar convective heat transfer in fractal minichannels with hexagonal fins. Their results 

show a reduced temperature and more uniform temperature distribution on the base surface, and 
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they also noted that the variation of the branching angle possesses little effect on the maximum 

temperature, and that among the tested formations they studied. They noticed that the best 

performance was at the angle of the branch of 60 degrees and relative hexagonal side length of 

1.50. 

 

Figure (I.15): (A) Schematic diagram, (B) detailed view, and (C) geometric parameters of the 

computational domain for fractal minichannel heat sink with hexagonal fins. [46] 

 

Moreover, Gülbanu et al. (2019) [47] numerically investigated convective heat transfer of 

two different nanofluids (Al2O3-water and TiO2-water nanofluids) through square cross-sectional 

duct under constant heat flux (500 10
3
 W/m

2
) in Reynolds number between Re=3,000 and 

100,000. It was concluded that increasing in Reynolds number and the solid volume fraction 

increases the Nusselt number and pressure drop. In this context, 

Fateh Mebarek et al. (2019) [48]  studied numerically the natural convection of Cu-water 

nanofluid with volume concentration ranging from 0 to 0.1 in a vertical cylindrical annulus 

enclosure with two heat sources of diverse lengths, while the outer wall is kept at a lower 

temperature. The upper and lower walls are thermally insulatedused. They used the finite volume 

method using the SIMPLER algorithm. They found that the temperature and heat transfer of 

heaters depend on the length of heaters, the Rayleigh number and the volume fraction of 

nanoparticles copper. 

Ahad et al. (2019) [49] numerically investigated the mixed convection of different 

nanofluids (Al2O3-water, TiO2-water, Cu-water and Sliver-water nanofluids) in 

horizontal annulus. They studied the effect of different parameters such as Richardson, Rayleigh, 

the volume fraction of nanoparticles and Reynolds number on heat transfer. They indicated that 
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the thermo-physical properties of nanoparticles has a direct effect in the heat transfer. It is clear 

from this study that the use of nanoparticles is critical to enhancing heat exchange properties.  

Moreover, Fateh Mebarek (2019) [50] investigated numerically the hydrodynamic and 

thermal characteristics of titanium nanofluids of different base fluids in the cylindrical annulus 

with discret heat source. In this research, he used three base fluids (water, ethylene glycol and 

engine oil) and also used the maxwell model for convective heat transfer in nanofluids and the 

finite volume coupled method to solve equations (the continuity, momentum, and energy 

equations) with the SIMPLER algorithm. He pointed out that the base fluid and nanoparticle 

volume fraction have an impact on the local Nusselt number. 

Another study Investigated (2019) [51] the space effect and thermal dependent heat source on 

nanofluid flow near an infinite disk which stretches in the radial direction in the presence of 

thermal based heat source (THS) and exponential space-based heat source (ESHS). They 

concluded that as the thermal domain increases, the exponential space-based heat source and 

thermal-based heat source parameters increases. 

 

Mohebbi et al. (2019) [52] investigated numerically to estimate the nanofluid 

thermogravitational convection within a ũ-formed enclosure that consists of a local heater by the 

lattice Boltzmann method, they used in this study solid volume fraction (0-0.05), cavityôs aspect 

ratio (0,2 ï 0,6) and  the Rayleigh number  (10
3
ï10

6
). Among their results, they found that the 

average Nusselt number increase in parallel with the nanoparticles concentration and the 

Rayleigh number increased and also increases when the heater is located on the left border and 

that when increasing the obstruction height.  

Rehena et al. (2019) [53] studied numerically in three-dimensional the effect of nanofluids 

on heat transfer and cooling system of the photovoltaic thermal (PVT) performance. Among the 

nanofluids used in this research Ag-water, Cu- water, Al- water. They concluded that 

photovoltaic thermal system worked by nanofluid is more effective than water-based 

photovoltaic thermal system. Especially with solid concentration equal to 2 %.  

Among recent studies in the field of improved heat transfer, Kumar and Pawan Kumar 

Singh (2019) [54] improved the heat performance of a mini-channel using a new inlet-outlet 

approach arrangement with different flow inlet angle such as (ɗ = 90Á, ɗ = 105Á, and ɗ = 120Á). 

Among their observations, inlet-outlet arrangement with inflow angle equal to 105° has the 

smallest value of maldistribution factor whereas conventional inlet-outlet arrangement has the 
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biggest value of maldistribution factor. Also, they founded that the maximum heat sink base 

temperature has been observed in the conventional arrangement. Indeed, the lowest heat sink 

base temperature has been founded in the proposed arrangement with inflow angle equal to 105°. 

Also, a temperature drop of 2 °C has been observed with the proposed flow arrangement. Then, 

they concluded that the thermal resistance decreases with the rate of the fluid flow for all 

arrangements.  

 

 

Figure (I.16): (a) Mini-channel heat sink (b) Conventional inlet/outlet arrangement with rectangular 
headers (c) Proposed inlet/outlet arrangement with rectangular headers. [54] 

 

Bezaatpour and Goharkhah (2019) [55] studied numerically the effect of porous media on 

the convective heat transfer and pressure loss of magnetite-water nanofluid in rectangular and 

circular channel heat sinks. They found that, without porous media, the thermal transfer is lower 

for the circular channel heat sink than the rectangular channel heat sink. While, the thermal 

transfer from the circular channel overtake that of the rectangular channel in the presence of 
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porous media. Also, the thermal transfer with respect to the liquid flow in clear heat sinks 

increases with the volume concentration and decreases with the rate of liquid flow and porosity. 

Yogesh K. Prajapati  (2019) [56] studied numerically the heat transfer and fluid flow in 

rectangular parallel microchannel heat sinks, he investigated seven configurations of heat sink 

depending on the variable height of the fin (0,4 to 1,0 mm) for the Reynolds number range of 

100ï400 and for heat flux range of 100ï500 kW/m
2
, six heat sink configurations hold open 

space between fin top surfaces and cover wall as for the remaining heat sink, in case of complete 

closure. He noticed that heat transfer and pressure drop increases with increasing fin height, also 

found that heat sink of fin height 0,8 mm exhibits maximum heat transfer which is even higher 

than fin heights of 0,9 mm and 1,0 mm (completely closed heat sink). 

 

Figure (I.17): (a) Schematic and (b) Isometric view of computational domain. [56] 

 

Deriszadeh et al. (2019) [57] studied in 3D the properties of fluid flow and heat transfer of 

nanofluids as coolants for the cooling system of electric motors. They used a numerical analysis 

of the cooling system with spiral channels, and they used computational fluid dynamics and fluid 

motion analysis to solve the governing equations. The parameters they studied were the 

Reynolds number and turn-number of spiral channels. They also, studied the effect of the volume 

fraction of nanoparticles in the water on the heat transfer performance of the cooling system in a 

laminar flow. Finally, they concluded that increasing the fraction size of the nanoparticles 

improves the heat transfer performance of the cooling of electric motors system, with a decrease 

in the pressure drop of the coolant. 

Krishna et al. (2019) [58] analysed of a rectangular microchannel heat sink which was done 

using water, Al2O3-water, and TiO2-water nanofluids. They studied the hydrodynamic and 

thermal behavior of a microchannel, and also calculated variation wall temperature, pressure 

https://www.sciencedirect.com/science/article/abs/pii/S0017931019306313#!

