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In the present book, nanofluid heat and mass transfer in engineering problems are 
investigated. The use of additives in the base fluid like water or ethylene glycol is one 

of the techniques applied to augment heat transfer. Newly, innovative nanometer-
sized particles have been dispersed in the base fluid in heat transfer fluids. The fluids 
containing the solid nanometer-sized particle dispersion are called “nanofluids.” At 

first, nanofluid heat and mass transfer over a stretching sheet are provided with 
various boundary conditions. Problems faced for simulating nanofluids are reported. 
Also, thermophysical properties of various nanofluids are presented. Nanofluid flow 

and heat transfer in the presence of magnetic field are investigated. Furthermore, 
applications for electrical and biomedical engineering are provided. Besides, 

applications of nanofluid in internal combustion engine are provided.

ISBN 978-953-51-3007-9

N
anofluid H

eat and M
ass Transfer in Engineering Problem

s





NANOFLUID HEAT AND
MASS TRANSFER IN

ENGINEERING PROBLEMS

Edited by Mohsen Sheikholeslami
Kandelousi



Nanofluid Heat and Mass Transfer in Engineering Problems
http://dx.doi.org/10.5772/62719
Edited by Mohsen Sheikholeslami Kandelousi

Contributors

Wenzheng Cui, Zhaojie Shen, Jianguo Yang, Shaohua Wu, Ahmed Mahmoudi, Zafar Said, Lucian Pîslaru-Dănescu, 
Floriana Daniela Stoian, Sorin Holotescu, Oana Maria Marinică, Gabriela Telipan, Seval Genc, Prem Vaishnava, Monir 
Noroozi, Azmi Zakaria, Adil Loya, Ma. Cristine Concepcion D. Ignacio, Paul Michael O. Tarnate, Ezekiel R. Hilario, 
Noreen Sher Akbar, Chaudry Masood Khalique, Z.H Khan, Stanford Shateyi, Ilyas Khan, Aaiza Gul, Sharidan Shafie

© The Editor(s) and the Author(s) 2017
The moral rights of the and the author(s) have been asserted.
All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced, 
distributed or used for commercial or non-commercial purposes without INTECH’s written permission.  
Enquiries concerning the use of the book should be directed to INTECH rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0 
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided 
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not 
be included under the Creative Commons license. In such cases users will need to obtain permission from the license 
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be 
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those 
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published 
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the 
use of any materials, instructions, methods or ideas contained in the book.

First published in Croatia, 2017 by INTECH d.o.o.
eBook (PDF) Published by  IN TECH d.o.o.
Place and year of publication of eBook (PDF): Rijeka, 2019.
IntechOpen is the global imprint of IN TECH d.o.o.
Printed in Croatia

Legal deposit, Croatia: National and University Library in Zagreb

Additional hard and PDF copies can be obtained from orders@intechopen.com

Nanofluid Heat and Mass Transfer in Engineering Problems
Edited by Mohsen Sheikholeslami Kandelousi

p. cm.

Print ISBN 978-953-51-3007-9

Online ISBN 978-953-51-3008-6

eBook (PDF) ISBN 978-953-51-6698-6



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

3,750+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

115,000+
International  authors and editors

119M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

 





Meet the editor

Dr. Mohsen Sheikholeslami works in the Department of 
Mechanical Engineering, Babol Noshirvani University of 
Technology, Iran. His research interests are CFD, meso-
scopic modeling of fluid, nonlinear science, nanofluid, 
magnetohydrodynamics, ferrohydrodynamics, and 
electrohydrodynamics. He has written several papers and 
books in various fields of mechanical engineering. Ac-

cording to the reports of Thomson Reuters, he has been selected as a Web of 
Science Highly Cited Researcher (Top 1%) in 2016. He is also the first author 
of the books Applications of Nanofluid for Heat Transfer Enhancement, Hydro-
thermal Analysis in Engineering Using Control Volume Finite Element Method,  
and External Magnetic Field Effects on Hydrothermal Treatment of Nanofluid 
which are published in Elsevier.





Contents

Preface XI

Section 1 Nanofluid Flow and Heat Transfer Over a Sheet    1

Chapter 1 Numerical Analysis of Three‐Dimensional MHD Nanofluid Flow
over a Stretching Sheet with Convective Boundary Conditions
through a Porous Medium   3
Stanford Shateyi

Chapter 2 Cattanneo-Christov Heat Flux Model Study for Water-Based
CNT Suspended Nanofluid Past a Stretching Surface   23
Noreen Sher Akbar, C. M. Khalique and Zafar Hayat Khan

Section 2 Thermal Physical Properties of Metal Oxides Nanofluid    37

Chapter 3 Thermophysical Properties of Metal Oxides Nanofluids   39
Zafar Said and Rahman Saidur

Chapter 4 Measuring Nanofluid Thermal Diffusivity and Thermal
Effusivity: The Reliability of the Photopyroelectric
Technique   65
Monir Noroozi and Azmi Zakaria

Section 3 Problems of Simulating Nanofluid    95

Chapter 5 Problems Faced While Simulating Nanofluids   97
Adil Loya



Section 4 Application of Nanofluid for Combustion Engine    119

Chapter 6 Enhancing Heat Transfer in Internal Combustion Engine by
Applying Nanofluids   121
Wenzheng Cui, Zhaojie Shen, Jianguo Yang and Shaohua Wu

Section 5 Heat Transfer of Ferrofluid    139

Chapter 7 Heat Transfer of Ferrofluids   141
Seval Genc

Chapter 8 Nanofluid with Colloidal Magnetic Fe3O4 Nanoparticles and Its
Applications in Electrical Engineering   163
Lucian Pîslaru-Dănescu, Gabriela Telipan, Floriana D. Stoian, Sorin
Holotescu and Oana Maria Marinică

Chapter 9 Magnetic Nanofluids: Mechanism of Heat Generation and
Transport and Their Biomedical Application   199
Prem P. Vaishnava and Ronald J. Tackett

Chapter 10 Energy Transfer in Mixed Convection MHD Flow of Nanofluid
Containing Different Shapes of Nanoparticles in a Channel
Filled with Saturated Porous Medium   239
Aaiza Gul, Ilyas Khan and Sharidan Shafie

X Contents



Section 4 Application of Nanofluid for Combustion Engine    119

Chapter 6 Enhancing Heat Transfer in Internal Combustion Engine by
Applying Nanofluids   121
Wenzheng Cui, Zhaojie Shen, Jianguo Yang and Shaohua Wu

Section 5 Heat Transfer of Ferrofluid    139

Chapter 7 Heat Transfer of Ferrofluids   141
Seval Genc

Chapter 8 Nanofluid with Colloidal Magnetic Fe3O4 Nanoparticles and Its
Applications in Electrical Engineering   163
Lucian Pîslaru-Dănescu, Gabriela Telipan, Floriana D. Stoian, Sorin
Holotescu and Oana Maria Marinică

Chapter 9 Magnetic Nanofluids: Mechanism of Heat Generation and
Transport and Their Biomedical Application   199
Prem P. Vaishnava and Ronald J. Tackett

Chapter 10 Energy Transfer in Mixed Convection MHD Flow of Nanofluid
Containing Different Shapes of Nanoparticles in a Channel
Filled with Saturated Porous Medium   239
Aaiza Gul, Ilyas Khan and Sharidan Shafie

ContentsVI

Preface

In this book, nanofluid heat and mass transfer in engineering problems are investigated. The
use of additives in the base fluid like water or ethylene glycol is one of the techniques ap‐
plied to augment heat transfer. Newly, innovative nanometer-sized particles have been dis‐
persed in the base fluid in heat transfer fluids. The fluids containing the solid nanometer-
sized particle dispersion are called “nanofluids." Two main categories were discussed in
detail: the single-phase modeling, in which the combination of nanoparticle and base fluid is
considered as a single-phase mixture with steady properties, and the two-phase modeling,
in which the nanoparticle properties and behaviors are considered separate from the base
fluid properties and behaviors.

In Chapter 1, three-dimensional nanofluid heat and mass transfer over a sheet are presented.
Chapter 2 deals with Cattaneo-Christov heat flux model that is used for simulation of nano‐
fluid flow over a sheet. Properties of nanofluid are provided in Chapters 3 and 4. Problems
faced for simulating nanofluids are reported in Chapter 5. Heat transfer in magnetic fluids is
presented in Chapter 6. Applications of ferrofluid in electrical and biomedical engineering
are considered in Chapters 7 and 8, respectively. In Chapter 9, application of nanofluid in
internal combustion engine is investigated. In chapter10, magnetic field effect on nanofluid
mixed convection in a porous media has been investigated.

Mohsen Sheikholeslami Kandelousi
Department of Mechanical Engineering,

Babol Noshirvani University of Technology,
Iran
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Chapter 1

Numerical Analysis of Three‐Dimensional MHD
Nanofluid Flow over a Stretching Sheet with
Convective Boundary Conditions through a Porous
Medium

Stanford Shateyi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/65803

Provisional chapter

Numerical Analysis of Three-Dimensional MHD
Nanofluid Flow over a Stretching Sheet with
Convective Boundary Conditions through
a Porous Medium

Stanford Shateyi

Additional information is available at the end of the chapter

Abstract

Numerical analysis has been carried out on the problem of three-dimensional magneto-
hydrodynamic boundary layer flow of a nanofluid over a stretching sheet with
convictive boundary conditions through a porous medium. Suitable similarity trans-
formations were used to transform the governing partial differential equations into a
system of ordinary differential equations. We then solved the resultant ordinary differ-
ential equation by using the spectral relaxation method. Effects of the dimensionless
parameters on velocity, temperature and concentration profiles together with the friction
coefficients, Nusselt and Sherwood numbers were discussed with the assistance of
graphs and tables. The velocity was found to decrease with increasing values of the
magnetic, stretching and permeability parameters. The local temperature was observed
to rise as the Brownian motion, thermophoresis and Biot numbers increased. The con-
centration profiles diminish with increasing values of the Lewis number and chemical
reaction parameter.

Keywords: numerical analysis, MHD nanofluid, stretching sheet, convective boundary
conditions, porous medium

1. Introduction

Many researchers have over the past few years paid significant attention to the study of
boundary layer flow heat and mass transfer over a stretching sheet due to its industrial and
engineering applications. These applications include cooling of papers, glass-fibre production,
plastic sheets and polymer extrusion, hot rolling wire drawing, metal spinning, stretching of

© The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and eproduction in any medium, provided the original work is properly cited.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



rubber sheets and crystal growing. The quality and final product formation in these processes
are dependent on the rate of stretching and cooling.

Since the pioneering study by Crane [1] who presented an exact analytical solution for the
steady two-dimensional flow due to a stretching surface in a quiescent fluid many studies on
stretched surfaces have been done [1–5].

Thermal conductivity of nanoparticles has been shown in recent research on nanofluid to
change the fluid characteristics. The thermal conductivity of the base liquid with the enhanced
conductivity of nanofluid and the turbulence induced by their motion contribute to a remark-
able improvement in the convective heat transfer coefficient. This feature of nanofluid makes
them attractive to a wide variety of industries, ranging from transportation to energy produc-
tion and supply to electronics. They can be used in welding equipment, high heat flux and to
cool car engines, among other applications. Many researchers [6–10] have studied the bound-
ary layer flow of a nanofluid caused by a stretching surface.

Shateyi and Prakash [11] carried out a numerical analysis on the problem of magneto hydro-
dynamic boundary layer flow of a nanofluid over a moving surface in the presence of thermal
radiation. Kuznetsov and Nield [12] examined the influence of nanoparticles on natural con-
vection boundary layer flow past a vertical plate, using a model in which Brownian motion
and thermophoresis are accounted for. Aziz and Khan [13] investigated using a similarity
analysis of the transport equations by their numerical computations to the natural convective
flow of a nanofluid over a convectively heated vertical plate.

Makinde and Aziz [14] numerically studied the boundary layer flow induced in a nanofluid due
to a linearly stretching sheet. Hayat et al. [15] addressed the MHD flow of second grade
nanofluid over a nonlinear stretching sheet. Zhao et al. [16] studied the three-dimensional
nanofluid bio-convection near a stagnation attachment. Sheikholeslami and Ganji [17] studied
two-dimensional laminar-forced convection nanofluids over a stretching surface in a porous
medium. The study used different models of nanofluid based on different formulas for thermal
conductivity and dynamic viscosity. Nayak et al. [18] did a numerical study on the mixed
convection of copper-water nanofluid inside a differentially heated skew enclosure. Recently,
Mabood and Das [19] analysed MHD flow and melting heat transfer of a nanofluid over a
stretching surface. Naramgari and Sulochana [20] analysed the momentum and heat transfer of
MHD nanofluid embedded with conducting dust particles past a stretching surface in the
presence of volume fraction of dust particles. Sandeep et al. [21] analysed the unsteady MHD
radiative flow and heat transfer characteristics of a dusty nanofluid over an exponentially per-
meable stretching in the presence of volume fraction of dust and nanoparticles. Sheikholeslami
et al. [22] computationally investigated nanofluid flow and heat transfer in a square heated
rectangular body. Sheikholeslami and Ganji [23] provided a review of researches on nanofluid
flow and heat transfer via semi-analytical and numerical methods. Lastly, Naramgari and
Sulochana [20] analysed the three-dimensional MHD Newtonian and non-Newtonian fluid flow
over a stretching surface in the presence of thermophoresis and Brownian motion.

The main objective of this chapter is to numerically analyse the influence of convective bound-
ary conditions on the model of three-dimensional magnetohydrodynamic, nanofluid flow over
a stretching sheet through a porous medium in the presence of thermophoresis and Brownian
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motion as well as thermal radiation. The governing partial differential equations use suitable
similarity transformations. The transformed governing equations are solved numerically using
the spectral relaxation method (SRM). The effects of dimensionless parameters on velocity
components, temperature and concentration profiles together with the skin friction coeffi-
cients, local Nusselt and Sherwood numbers are discussed with the aid of tables and graphs.

2. Mathematical formulation

We consider a three-dimensional steady incompressible MHD nanofluid flow, heat and mass
transfer over a linearly stretching sheet through a porous medium. The sheet is assumed to be
stretched along the xy -plane while the fluid is placed along the z-axis. A uniform magnetic
field B0 is applied normally to the stretched sheet and the induced magnetic field is neglected
by assuming very small Reynolds number. We assume that the sheet is stretched with linear
velocities u ¼ ax and v ¼ by along the xy-plane, respectively, with constants a and b. Under the
above assumptions and the boundary approximation, the governing equations for the current
study are given by:

∂u
∂x

þ ∂v
∂y

þ ∂w
∂z

¼ 0; (1)

u
∂u
∂x

þ v
∂u
∂y

þ w
∂u
∂z

¼ v
∂2u
∂z2

−
σB2

0

ρ
u−

v
k1

u, (2)

u
∂v
∂x

þ v
∂v
∂y

þ w
∂v
∂z

¼ ν
∂2v
∂z2

−
σB2

0

ρ
v−

v
k1

v, (3)

u
∂T
∂x

þ v
∂T
∂y

þ w
∂T
∂z

¼ α
∂2T
∂z2

−
∂qr
∂z

þ τ DB
∂C
∂z

∂T
∂z

þDT

T∞

∂T
∂z

 2
" #

, (4)

u
∂C
∂x

þ v
∂C
∂y

þ w
∂C
∂z

¼ DB
∂2C
∂z2

þDT

T∞

∂2T
∂z2

, (5)

where u, v and w are the velocity components in the x, y and z- directions, respectively, T is the
fluid temperature, C is the fluid concentration, k1 is the permeability, v is kinematic viscosity, ρ
is the fluid density, τ is the ratio of the heat capacitances, DB and DT are the Brownian motion
and thermopheric diffusion coefficients and cp is the specific heat capacity.

The corresponding boundary conditions for the flow model are:

u ¼ ax, v ¼ by,w ¼ 0, −k
∂T
∂z

¼ hf ðTf −TÞ, −DB
∂C
∂z

¼ hsðCs−CÞ at z ¼ 0, (6)

u ! 0, v ! 0,w ! 0,T ! T∞,C ! C∞, asz ! ∞: (7)

We have hf as the convective heat transfer coefficient, hs is the convective mass transfer
coefficient and Tf and Cf are the convective fluid temperature and concentration below the
moving sheet.
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3. Similarity transformation

In order to non-dimensionalise the governing equations, we introduce the following similarity
equations [24]. These transformations also transform the partial differential equations into a system
of ordinary differential equations which is then solved using the spectral relaxation method:

η ¼
ffiffiffi
a
v

r
z, u ¼ axf

0 ðηÞ, v ¼ byg
0 ðηÞ,w ¼ −

ffiffiffiffiffi
av

p
½f ðηÞ þ cgðηÞ,θðηÞ ¼ T−T∞

Tf −T∞
,φðηÞ ¼ C−C∞

Cs−C∞
: (8)

Upon substituting the similarity variables into Eqs. (2)–(5), we obtain the following system of
ordinary equations

f
000 þ ðf þ cgÞf 00−f 02−ðMþ KÞf 0 ¼ 0, (9)

g
000 þ ðf þ cgÞg00

−g
02−ðMþ KÞg0 ¼ 0, (10)

3þ 4R
3PrR

 
θ

00 þ ðf þ cgÞθ0 þNbθ
0
∅

0 þNtðθ0 Þ2 ¼ 0, (11)

∅
00 þ Leðf þ cgÞ∅0 þ Nt

Nb
θ

00 ¼ 0: (12)

The corresponding boundary conditions are

f ¼ 0, f
0 ¼ 1, g ¼ 0, g

0 ¼ 1,θ
0 ¼ −Bitð1−θÞ,∅

0 ¼ −Bicð1−∅Þ, at η ¼ 0, (13)

f
0 ð∞Þ ! 0, g

0 ð∞Þ ! 0,θð∞Þ ! 0,∅ð∞Þ ! 0: (14)

Primes denote differentiation with respect to η and parameters appearing in Eqs (9)–(14) are
defined as: Pr ¼ v=α is the Prandtl number, Le ¼ v=DB is the Lewis number,
Nb ¼ τDBðCs−C∞Þ=v is the Brownian motion parameter, Nt = τDTðTf −T∞Þ=vT∞ is the

thermophoresis parameter, Bit ¼ hf
k

ffiffiffiffiffiffiffi
v=a

p
,Bic ¼ hs

DB

ffiffiffiffiffiffiffi
v=a

p
are the Biot numbers and c ¼ b=a is

the stretching parameter. The quantities of engineering interest are the skin-friction coefficient
Cf along the x- and y-direction (Cfx and Cfy), the Nusselt number and Sherwood number.
These quantities are defined as follows:

Cfx ¼
τwx
ρu2w

,Cfy ¼
τwx
ρu2w

,Nu ¼ x
qw

kðTf −TwÞ
, Sh ¼ x

qw
DBðCf −CwÞ

, (15)

where τwx, τwy are the wall shear along x- and y-directions, respectively, and qw and qm are the
heat flux and mass flux at the surface, respectively.Upon using the similarity variables into the
above expressions, we obtain the following:

Re2Cfx ¼ f
00 ð0Þ,Re12Cfy ¼ g

00 ð0Þ,Re−12Nu ¼ −θ
0 ð0Þ,Re−12 Sh ¼ −∅ð0Þ: (16)
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4. Method

To solve the set of ordinary differential Eqs. (9)–(12) together with the boundary conditions
(13) and (14), we employ the Chebyshev pseudo-spectral method known as spectral relaxation
method. This is a recently developed method, and the details of the method are found in Motsa
et al. [25]. This method transforms sets of non-linear ordinary differential into sets of linear
ordinary differential equations. The entire computational procedure is implemented using a
program written in MATLAB computer language. The nanofluid velocity, temperature, the
local skin-friction coefficient and the local Nusselt and Sherwood numbers are determined
from these numerical computations.

To apply the SRM to the non-linear ordinary differential equations, we first set f
0 ðηÞ ¼ pðηÞ and

g
0 ðηÞ ¼ qðηÞ. We then write the equations as follows:

f
0 ¼ p; (17)

p
00 þ ðf þ cgÞp0

−p2−ðMþ KÞp ¼ 0; (18)

g
0 ¼ q; (19)

q
00 þ ðf þ cgÞq0

−q2−ðMþ KÞq ¼ 0; (20)

3þ 4R
3PrR

� �
θ

00 þ ðf þ cgÞθ0 þNbθ
0
∅

0 þNtθ
0 2 ¼ 0; (21)

∅
00 þ Leðf þ cgÞ∅0 þ Nt

Nb
θ

00 ¼ 0: (22)

The boundary conditions become

f ð0Þ ¼ 0, gð0Þ ¼ 0, pð0Þ ¼ 1, qð0Þ ¼ 1, (23)

θ
0 ð0Þ ¼ −Bitð1−θÞ,∅0 ð0Þ ¼ −Bicð1−φÞ; (24)

pð∞Þ ¼ 0, qð∞Þ ¼ 0,∅ð∞Þ ¼ 0,θð∞Þ ¼ 0, (25)

In view of the SRM, we then obtain the following iterative scheme:

f
0

rþ1 ¼ pr, f rþ1ð0Þ ¼ 0; (26)

p
00

rþ1 þ ðf rþ1 þ cgrþ1Þprþ1−ðMþ KÞprþ1 ¼ p2r , prþ1ð0Þ ¼ 1, prþ1ð∞Þ ¼ 0; (27)

g
0

rþ1 ¼ qr, grþ1ð0Þ ¼ 0; (28)

q
00

rþ1 þ ðf rþ1 þ cgrþ1Þq
0

rþ1−ðMþ KÞqrþ1 ¼ q2r , qrþ1ð0Þ ¼ 1, qrþ1ð∞Þ ¼ 0; (29)

3þ 4R
3PrR

� �
θ

00

rþ1 þ ðf rþ1 þ cgrþ1Þθ
0

rþ1 ¼ −Nbθ
0

r∅
0

r−Ntθ
0

r
2,θ

0

rþ1ð0Þ ¼ −Bitð1−θrþ1ð0ÞÞ,∅rþ1ð∞Þ ¼ 0;

(30)
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∅
00

rþ1 þ Leðf rþ1 þ cgrþ1Þ∅
0

rþ1 ¼ −
Nt
Nb

∅
00

rþ1,φ
0

rþ1ð0Þ ¼ −Bicð1−φrþ1ð0ÞÞ,∅rþ1ð∞Þ ¼ 0: (31)

The above equations form a system of linear decoupled equations which can be solved itera-

tively for r ¼ 1, 2,…. Starting from initial guesses
�
p0ðηÞ, q0ðηÞ,θðηÞ,∅ðηÞ

�
. Applying the

Chebyshev pseudo-spectral method to the above equations, we obtain

A1f rþ1 ¼ B1, f rþ1ðτNÞ ¼ 0; (32)

A2prþ1 ¼ B2, prþ1ðτNÞ ¼ 1, prþ1ðτ0Þ ¼ 0; (33)

A3grþ1 ¼ B3, grþ1ðτNÞ ¼ 0; (34)

A4qrþ1 ¼ B4, qrþ1ðτNÞ ¼ 1, qrþ1ðτ0Þ ¼ 0; (35)

A5θrþ1 ¼ B4,θrþ1ðτNÞ ¼ Bit
1þ Bit

,θrþ1ðτ0Þ ¼ 0; (36)

A6∅rþ1 ¼ B6,∅rþ1ðτNÞ ¼ Bit
1þ Bit

,∅rþ1ðτ0Þ ¼ 0: (37)

where, A1 ¼ D,B1 ¼ pr, A2 ¼ D2 þ diagðf rþ1 þ cgrþ1ÞD−ðMþ KÞI, B2 ¼ q2rþ1, A3 ¼ D,B3 ¼ qr,

A4 ¼ D2 þ diagðf rþ1 þ cgrþ1ÞD−ðMþ KÞI, A5 ¼ 3þ4R
3PrR

� �
D2 þ diagðf rþ1 þ cgrþ1ÞD, B5 ¼ −N6θ

0

r∅
0
r

−Ntθ
0

r
2, A6 ¼ D2 þ diag½Lef rþ1 þ cLegrþ1D, B6 ¼ − Nt

Nb∅
00
rþ1,

where I is the identity matrix of size ðN þ 1Þ�ðN þ 1Þ. The initial guesses are obtained as:

p0ðηÞ ¼ e−n, q0ðηÞ ¼ e−n,θ0ðηÞ ¼
Bite−n

1þ Bit
,∅0ðηÞ ¼

Bice−n

1þ Bic
: (38)

5. Results and discussion

The system of ordinary differential Eqs. (9)–(12) subject to the boundary conditions (13) and
(14) is numerically solved by applying the spectral relaxation method. The SRM results
presented in this chapter were obtained using N ¼ 40 collocation points, and also the conver-
gence was achieved after as few as six iterations. We also use these default values for the
parameters Pr ¼ 0:71,Nt ¼ Nb ¼ 0:3, Le ¼ 2,R ¼ 1,M ¼ 1,K ¼ 0:5,C ¼ 0:1,Bit ¼ 0:2 ¼ Bic.

Table 1 displays the validation of the present results with those obtained by the bvp4c results.
As can be clearly observed from this table, there is an excellent agreement between the results
obtained by bvp4c method giving confidence in the findings of this study. Table 1 also shows
the influence of the magnetic, permeability and stretching parameters on the skin friction
coefficients. It is noticed that the skin friction coefficient increase with the increasing values of
the parameters.

Table 2 depicts the influence of Brownian motion thermophoresis, parameters and the Biot
numbers on the Nusselt and Sherwood numbers. Both the rates of heat transfer and mass
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transfer are increasing functions of the Brownian motion parameter. By definition,
thermophoresis is the migration of a colloidal particle in a solution in response to a micro-
scopic temperature gradient. The heat transfer is reduced while the mass transfer increases

〈i〉−f ″ð0Þ〈=i〉 〈i〉−g
00 ð0Þ〈=i〉

M K C Bvp4c SRM Bvp4c SRM

0 0.1 0.1 1.22690 1.22690 0.09495 0.09495

1 0.1 0.1 1.52270 1.52270 0.137834 0.197854

3 0.1 0.1 2.12214 2.12214 0.19750 0.197520

5 0.1 0.1 2.55018 2.55018 0.24290 0.24290

1 0.0 0.1 1.415504 1.415504 0.118270 0.118270

1 0.5 0.1 1.582270 1.582270 0.137834 0.137834

1 1.5 0.1 1.871764 1.871764 0.170320 0.170320

1 3.0 0.1 2.236839 2.236839 0.209800 0.209800

1 0.2 0.2 1.585645 1.585645 0.280922 0.28022

1 0.2 0.4 1.599025 1.599025 0.585064 0.585064

1 0.2 0.6 1.610701 1.610701 0.916198 0.916198

1 0.2 0.8 1.647760 1.647760 0.927968 0.927968

Table 1. Variation of the magnetic, permeability and stretching parameters on the skin friction coefficients.

Nb Nt Bit Bic 〈i〉−θ
0 ð0Þ〈=i〉 〈i〉∅′ð0Þ〈=i〉

0.2 0.1 0.2 0.2 0.528756 0.272081

0.4 0.1 0.2 0.2 0.540153 0.283370

0.6 0.1 0.2 0.2 0.627812 0.370495

0.8 0.1 0.2 0.2 0.685700 0.428392

0.1 0.2 0.2 0.2 0.484629 0.277618

0.1 0.4 0.2 0.2 0.418686 0.299623

0.1 0.6 0.2 0.2 0.364816 0.321133

0.1 0.8 0.2 0.2 0.320526 0.342009

0.1 0.1 0.2 0.2 0.523097 0.266480

0.1 0.1 0.4 0.2 0.868307 0.633407

0.1 0.1 0.6 0.2 1.114143 0.926920

0.1 0.1 0.2 0.2 0.523097 0.266480

0.1 0.1 0.2 0.4 0.516229 0.115364

0.1 0.1 0.2 0.6 0.511106 0.002054

Table 2. The influence of the Brownian motion and thermophoresis parameters as well as that of the Biot numbers on the
Nusselt and Sherwood numbers.
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with increasing values of the thermophoresis parameter. Lastly, Table 2 shows the influence of
the Biot numbers on the heat transfer and mass transfer rates and they both increase with
increasing values of the thermal Biot number. But we noticed opposite effects when the solutal
Biot number increases.

Figures 1 and 2 display the effect of permeability parameter on the velocity profiles. We
observe that the tangential velocity profiles decrease as the values of the permeability param-

eter. Also, the transverse velocity (f
0 ðηÞ) is reduced by the increasing values of the permeability

parameter as more nanofluid is taken away from the boundary layer. This explains the thin-
ning of the velocity boundary layers as the values of K increases (Figure 1). Figures 3 and 4
depict the effect of the magnetic field parameter on the velocity profiles. As expected, we
observe that both velocity components are greatly reduced as the values of the magnetic
parameter increase. This is because physically increasing the values of magnetic field strength
produces a drag-like force known as the Lorentz force. This force acts against the flow when
the magnetic field is applied in the normal direction, as in this chapter. Figures 5 and 6 display
the influence of the stretching parameter on the velocity fields. It is seen from Figure 5 that the

tangential velocity profiles f
0 ðηÞ are reduced by increasing values of the stretching parameter c.

The transverse velocity is enhanced with the increasing values of the stretching parameter.

Figure 7 displays the influence of the Biot number Bi, on the temperature profiles. It is clearly
observed on this figure that the nanofluid temperature field rapidly increases near the bound-
ary with increasing values of the Biot number, Bit, . It is also observed that as the Biot number
increases the convective heating of the sheet also increases.

Figures 8 and 9 reveal the effect of the stretching ratio parameter c on the temperature and
concentration profile. It is observed that the temperature and concentration profiles are

Figure 1. Effect of permeability parameter on the tangential velocity profiles.
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reduced with increasing values of the stretching ration parameter. Figures 10 and 11 display
the effects of thermophoresis parameter on the dimensionless temperature and concentration
profiles. It is observed that the temperature and concentration profiles increase as the values of

Figure 2. Effect of permeability parameter on the transverse velocity profiles.

Figure 3. Influence of the magnetic parameter on the tangential velocity.
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the thermophoresis Nt increase. Figure 12 depicts the influence of the Brownian motion
parameter Nb on the temperature profiles. Increasing the values of the Brownian motion
parameter Nb results in thicking of the thermal boundary layer, thus enhancing the

Figure 4. Influence of the magnetic parameter on the transverse velocity.

Figure 5. Influence of the stretching parameter on the tangential velocity.
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temperature of the nanofluid. Figures 13 and 14 are plotted to depict the influence of the
permeability K and magnetic M, parameters on the temperature profiles. The temperature of

Figure 6. Variation of the stretching parameter on the velocity.

Figure 7. Effect of the Biot number on the temperature.
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Figure 8. Effect of varying the stretching parameter on the temperature.

Figure 9. Effect of varying the stretching parameter on the temperature.
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Figure 8. Effect of varying the stretching parameter on the temperature.

Figure 9. Effect of varying the stretching parameter on the temperature.
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Figure 10. Effect of thermophoresis parameter on the temperature profiles.

Figure 11. Effect of thermophoresis parameter on the concentration profiles.
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the nanofluid increases with increases values of the permeability parameter. From Figure 14,
we observe that the temperature profiles increase with the increasing values of the magnetic
field parameter. Figure 15 displays the effect of thermal radiation parameter R on the

Figure 12. Effect of Brownian motion parameter on the temperature profiles.

Figure 13. Effect of magnetic parameter on the temperature profiles.
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the nanofluid increases with increases values of the permeability parameter. From Figure 14,
we observe that the temperature profiles increase with the increasing values of the magnetic
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Figure 12. Effect of Brownian motion parameter on the temperature profiles.

Figure 13. Effect of magnetic parameter on the temperature profiles.
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Figure 14. Influence of the permeability parameter on the nanofluid temperature.

Figure 15. Influence of thermal radiation on the temperature.
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temperature profiles. We observe in this figure that increasing the values of the thermal
radiation produces a significant reduction in the thermal condition of the fluid flow.

Lastly, the effect of the Lewis number on the concentration profiles is depicted on Figure 16.
Large values of the Lewis number implies increased values of the Schmidt number which
results in the thinning of the solutal boundary layer.

6. Conclusion

A three-dimensional magnetohydrodynamic nanofluid, heat and mass transfer over a
stretching surface with convective boundary conditions through a porous medium. The
transformed governing equations are solved numerically using the spectral relaxation method.
The accuracy of the SRMwas validated against the MATLAB in-built bvp4c routine for solving
boundary value problems. The following conclusions are driven from this study:

• The effect of increasing the magnetic field parameter is to reduce the momentum boundary
layer there and to increase the thermal and solutal boundary layer thickness. The same
effect on the flow characteristics is also experienced by increasing values of the stretching
parameter (c).

• We observed that the local temperature rises as the Brownian motion, thermophoresis,
permeability parameter and Biot numbers intensify. But opposite influences are observed
when the values of the thermal radiation and stretching parameters increase.

Figure 16. Influence of the Lewis number on the concentration.
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• Increasing values of the Lewis number (Le) dimishes the concentration of the nanoparticles.

• The rise in the stretching ratio parameter increases the Nusselt and Sherwood number.

• Lastly, the Nusselt number decreases, while the Sherwood number increases as the
Brownian motion and thermophoresis effects increase.

Nomenclature

a, b positive constants

B0 uniform magnetic field strength

Bit ,Bic Biot numbers

c stretching parameter

C fluid concentration

Cf skin friction coefficient

Cs convective fluid concentration below the moving sheet

Cw concentration on the wall

C∞ free stream concentration

DB Brownian motion coefficient

DT thermopheric diffusion coefficient

f dimensionless stream function

g acceleration due to gravity

hf convective heat transfer coefficient

hs convective mass transfer

k1 permeability of the porous medium

k thermal conductivity

K permeability parameter

Le Lewis number

M magnetic parameter

Nb Brownian motion parameter

Nt thermophoresis parameter

Nu Nusselt number
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Pr Prandtl number

qw, qm heat and mass fluxes at the surface

qr radiative heat flux

R thermal radiation

Re Reynolds number

Sh Sherwood number

T fluid temperature

Tf convective fluid temperature

Tw temperature

u,v,w velocity components

x, y, z Cartesian coordinates

Greek symbols

α thermal expansion coefficient

ρ fluid density

ν kinematic viscosity

σ electrical conductivity

θ dimensionless temperature

φ dimensionless concentration

τ ratio of heat capacities

τwx, τwy wall shears
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Abstract

This chapter discusses the magnetic field effects on the flow of Cattanneo-Christov heat
flux model for water-based CNT suspended nanofluid over a stretching sheet. According
to the authors, knowledge idea of Cattanneo-Christov heat flux model for water-based
CNT suspended nanofluid is not explored so far for stretching sheet. The flow equations
are modeled for the first time in the literature transformed into ordinary differential
equations using similarity transformations. The numerical solutions are computed using
shooting technique and compared with the literature for the special case of pure fluid
flow and found to be in good agreement. Graphical results are presented to illustrate the
effects of various fluid flow parameters on velocity, heat transfer,  Nusselt number,
Sherwood number, and skin friction coefficient for different types of nanoparticles.

Keywords: boundary layer flow, nanofluid, stretching sheet, Cattanneo-Christov heat
flux model, numerical solution

1. Introduction

From recent few decades, heat transfer enhancement of the nanofluid has turned out to be a
topic of main interest for the researchers and scientists. The word “nanofluid” was derived by
Choi [1]. He defines a liquid suspension comprising ultrafine particles whose diameter is less
than 50 nm. Xuan and Roetzel [2] investigated the mechanism of heat transfer enhancement of
the nanofluid. According to them, the nanofluid is a solid-liquid mixture in which metallic or
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nonmetallic nanoparticles are suspended. The suspended ultrafine particles change transport
properties and heat transfer performance of the nanofluid, which exhibits a great potential in
enhancing heat transfer. They found that the reduced Nusselt number is a decreasing function
of each nanofluid parameters. Khanafer et al. [3] discussed buoyancy-driven heat transfer
enhancement in a two-dimensional enclosure utilizing nanofluids. The natural convective
boundary-layer flow of a nanofluid over a vertical plate is studied analytically by Kuznetsov
and Nield [4]. Boundary layer laminar nanofluid flow over the stretching flat surface has been
investigated numerically by Khan and Pop [5]. They show that the reduced Nusselt number is
a decreasing function of each dimensionless number, while the reduced Sherwood number is
an increasing function of higher Prandtl number. Ebaid and his co-authors [6–10] present
boundary-layer flow of a nanofluid past a stretching sheet with different flow geometries and
with different conditions. Wang [11] discussed free convection on a vertical stretching surface.
Scaling group transformation for MHD(Magneto hydrodynamic) boundary-layer flow of a
nanofluid past a vertical stretching surface in the presence of suction/injection was discussed
by Kandasamy et al. [12].

Fourier [13] was the first who discussed the heat transfer phenomenon in 1822. The equation
presented by him was parabolic in nature and has draw back that in initial disturbance is felt
instantly throughout the whole medium. Cattaneo [14] modifies the “Fourier law of heat
conduction in which he added the thermal relaxation term. The addition of thermal relaxation
time causes heat transportation in the form of thermal waves with finite speed.” Christov [15]
in this contest discussed Oldroyd upper-convected derivative as an alternative of time
plagiaristic to complete the material-in variant formulation. This model is known as Cattaneo-
Christov heat flux model. Tibullo et al. [16] described the uniqueness of Cattaneo-Christov
heat flux model for incompressible fluids. Mustafa [17] presented the Cattaneo-Christov heat
flux model for Maxwell fluid over a stretching sheet. According to him, velocity is inversely
proportional to the viscoelastic fluid parameter. Further, fluid temperature has inverse
relationship with the relaxation time for heat flux and with the Prandtl number. Very recently,
Salahuddin et al. [18] discussed MHD flow of Cattanneo-Christov heat flux model for Wil-
liamson fluid over a stretching sheet with variable thickness. They solved nonlinear problem
numerically by using implicit finite difference scheme known as Keller box method. They
observed that large values of wall thickness parameter and Weissenberg number are suitable
for reduction in velocity profile. For further details, see Refs. [11, 12, 19–32].

The aim of this chapter is to discuss the magnetic field effects on the flow of Cattanneo-Christov
heat flux model for water-based CNT suspended nanofluid over a stretching sheet. Because
according to the authors, knowledge idea of Cattanneo-Christov heat flux model for water-
based CNT suspended nanofluid is not explored so far for stretching sheet. The flow equations
are modeled for the first time in the literature transformed into ordinary differential equations
using similarity transformations. The numerical solutions are computed using shooting
technique and compared with the literature for the special case of pure fluid flow and found
to be in good agreement. Graphical results are presented to illustrate the effects of various
fluid flow parameters on velocity, heat transfer, Nusselt number, Sherwood number, and skin
friction coefficient for different types of nanoparticles.

Nanofluid Heat and Mass Transfer in Engineering Problems24



nonmetallic nanoparticles are suspended. The suspended ultrafine particles change transport
properties and heat transfer performance of the nanofluid, which exhibits a great potential in
enhancing heat transfer. They found that the reduced Nusselt number is a decreasing function
of each nanofluid parameters. Khanafer et al. [3] discussed buoyancy-driven heat transfer
enhancement in a two-dimensional enclosure utilizing nanofluids. The natural convective
boundary-layer flow of a nanofluid over a vertical plate is studied analytically by Kuznetsov
and Nield [4]. Boundary layer laminar nanofluid flow over the stretching flat surface has been
investigated numerically by Khan and Pop [5]. They show that the reduced Nusselt number is
a decreasing function of each dimensionless number, while the reduced Sherwood number is
an increasing function of higher Prandtl number. Ebaid and his co-authors [6–10] present
boundary-layer flow of a nanofluid past a stretching sheet with different flow geometries and
with different conditions. Wang [11] discussed free convection on a vertical stretching surface.
Scaling group transformation for MHD(Magneto hydrodynamic) boundary-layer flow of a
nanofluid past a vertical stretching surface in the presence of suction/injection was discussed
by Kandasamy et al. [12].

Fourier [13] was the first who discussed the heat transfer phenomenon in 1822. The equation
presented by him was parabolic in nature and has draw back that in initial disturbance is felt
instantly throughout the whole medium. Cattaneo [14] modifies the “Fourier law of heat
conduction in which he added the thermal relaxation term. The addition of thermal relaxation
time causes heat transportation in the form of thermal waves with finite speed.” Christov [15]
in this contest discussed Oldroyd upper-convected derivative as an alternative of time
plagiaristic to complete the material-in variant formulation. This model is known as Cattaneo-
Christov heat flux model. Tibullo et al. [16] described the uniqueness of Cattaneo-Christov
heat flux model for incompressible fluids. Mustafa [17] presented the Cattaneo-Christov heat
flux model for Maxwell fluid over a stretching sheet. According to him, velocity is inversely
proportional to the viscoelastic fluid parameter. Further, fluid temperature has inverse
relationship with the relaxation time for heat flux and with the Prandtl number. Very recently,
Salahuddin et al. [18] discussed MHD flow of Cattanneo-Christov heat flux model for Wil-
liamson fluid over a stretching sheet with variable thickness. They solved nonlinear problem
numerically by using implicit finite difference scheme known as Keller box method. They
observed that large values of wall thickness parameter and Weissenberg number are suitable
for reduction in velocity profile. For further details, see Refs. [11, 12, 19–32].

The aim of this chapter is to discuss the magnetic field effects on the flow of Cattanneo-Christov
heat flux model for water-based CNT suspended nanofluid over a stretching sheet. Because
according to the authors, knowledge idea of Cattanneo-Christov heat flux model for water-
based CNT suspended nanofluid is not explored so far for stretching sheet. The flow equations
are modeled for the first time in the literature transformed into ordinary differential equations
using similarity transformations. The numerical solutions are computed using shooting
technique and compared with the literature for the special case of pure fluid flow and found
to be in good agreement. Graphical results are presented to illustrate the effects of various
fluid flow parameters on velocity, heat transfer, Nusselt number, Sherwood number, and skin
friction coefficient for different types of nanoparticles.

Nanofluid Heat and Mass Transfer in Engineering Problems24

2. Formatting mathematical model

We discuss the two-dimensional nanofluid flow over a stretching sheet with water as based
fluids surrounding single- and multi-wall CNTs. The flow is supposed to be laminar, steady,
and incompressible. The base fluid and the CNTs are usual to be in updraft stability. Sheet is
whispered to be stretched with the dissimilar velocity Uw, Vw along the x-axis and y-axis,
correspondingly. We have taken the invariable ambient temperature T∞. Supplementary new
heat model named as Cattanneo-Christov heat flux model is considered to analyze heat transfer
phenomena. The x-axis is taken along the sheet, and y-axis is chosen normal to it. Magnetic
field of strength B0 is applied normal to the sheet (as shown in Figure 1).

Figure 1. Physical model for the magnetohydrodynamic nanofluid stretching sheet problem.

With the above analysis, the boundary layer equations for the proposed model, i.e., continuity,
momentum, and energy equations, can be written as follows:
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where u and v are the velocity components along x and y directions, respectively, T is the
temperature of the fluid, B0 is the magnitude of magnetic field, and q is the heat flux. Equation
(3) is the Cattaneo-Christov flux model and has the following form:
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where λ2 is the thermal relaxation time. Eliminating q from Eqs. (3) and (4) gives as follows:
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Further, ρnf is the effective density, μnf is the effective dynamic viscosity, (ρcp)nf is the heat
capacitance, αnf is the effective thermal diffusibility, and knf is the effective thermal conductivity
of the nanofluid, which are defined as follows:
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where μf is the viscosity of base fluid, φ is the nanoparticles fraction, (ρCp)f is the effective heat
capacity of a fluid, (ρCp)CNT is the effective heat capacity of a carbon nanotubes, kf and kCNT are
the thermal conductivities of the base fluid and carbon nanotubes, respectively, ρf and ρCNT are
the thermal conductivities of the base fluid and carbon nanotubes, respectively.

Corresponding boundary conditions are as follows:

, 0, ,  at 0,¶
= + = = =

¶f w
uu ax N v T T y
y

n (7a)

0, 0, ,  as .¥® ® ® ®¥u v T T y zd (7b)

where T, Tw and N are the ambient, wall fluid temperature, and slip parameter, respectively.

Introducing the following similarity transformations, we have
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where μf is the viscosity of base fluid, φ is the nanoparticles fraction, (ρCp)f is the effective heat
capacity of a fluid, (ρCp)CNT is the effective heat capacity of a carbon nanotubes, kf and kCNT are
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Making use of Eqs. (6, 8) in Eqs. (1–5), we have
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where Pr = 𝀵𝀵𝀵𝀵   is the Prandtl number, γ = aλ2 is the non-dimensional thermal relaxation

time, and  =  𝀵𝀵𝀵𝀵 is the slip parameter.

The quantity of practical interest, in this study, is the skin friction coefficient cf and Nusselt
number Nux, which is defined as follows:
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where qw is the heat flux and Knf is the effective thermal conductivity. Using variables (8), we
obtain:
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3. Numerical scheme

The nonlinear ordinary differential equations (9)–(10) subject to the boundary conditions (11)
have been solved numerically using an efficient Runge-Kutta fourth-order method along with
shooting technique. The asymptotic boundary conditions given by Eq. (11) were replaced by
using a value of 15 for the similarity variable ηmax. The choice of ηmax = 15 and the step size
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Δη = 0.001 ensured that all numerical solutions approached the asymptotic values correctly.
For validating of the proposed scheme, a comparison for the Nusselt number with the
literature [4, 8, 9] has been shown in Table 2 for both active and passive control of φ in the
special case when. Therefore, we are confident that the applied numerical scheme is very
accurate.

4. Results and discussion

In this section, the graphical explanation of the numerical results for velocity, temperature,
skin friction coefficients, Nusselt number, and stream lines is expressed with respect to certain
changes in the physical parameters through illustrations (Figures 2–7). A comparative study
for pure water, SWCNT and MWCNT, is also depicted through Tables 1–5.

(Figure 2a and b) represents the changes in the fluid velocity profiles with respect to different
values of solid nanoparticle volume fraction. Figure 2(a) shows the variation in solid volume
fraction of nanoparticles with respect to Hartmann number M. As Hartmann number is the
ratio of electromagnetic forces to the viscous forces. It is observed that when Hartmann number
increases, electromagnetic forces will be dominant to the viscous forces that give declines in
the velocity field (see Figure 2(a)). Figure 2(b) shows the variation in solid nanoparticle volume
fraction with slip parameter β on velocity profile. It is analyzed that with an increase in slip
parameter, velocity profile decreases. Further with an increase in solid nanoparticle volume
fraction, velocity profile increases, and boundary layer thickness also increases with the
increase in Hartmann number M, slip parameter, and solid nanoparticle volume fraction.

Figure 2. Velocity profile for different values of solid nanoparticle volume fraction. (a) Shows the variation with Hart-
mann number M. (b) Shows the variation with slip parameter β.

Temperature profile for different values of solid nanoparticle volume fraction with the
variation in thermal relaxation time γ, Hartmann number M, and slip parameter β is presented
in Figure 3(a–c). Temperature profile decreases with the rise in thermal relaxation time, but
thermal boundary layer increases with an increase in thermal relaxation time (see Figure 3(a)).
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Figure 3(b) depicts that with an increase in electromagnetic forces as compared to the viscous
forces, temperature profile and thermal boundary layer increase rapidly. Temperature profile
and thermal boundary layer also increase rapidly with the rise in slip parameter (see Fig‐
ure 3(c)). Moreover, temperature profile and thermal boundary layer increase with an increase
in solid nanoparticle volume fraction.

Figure 3. Temperature profile for different values of solid nanoparticle volume fraction. (a). Shows the variation with
thermal relaxation time γ. (b) Shows the variation with Hartmann number M. (c) Shows the variation with slip param-
eter β.

Figure 4. Skin friction coefficient for SWCNT and MWCNT. (a) Shows the variation with slip parameter β. (b) Shows
the variation with Hartmann number M.
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Figure 5. Nusselt number for SWCNT and MWCNT. (a) Shows the variation with Hartmann number M. (b) Shows the
variation with thermal relaxation time γ. (c) Shows the variation with slip parameter β.

Figure 6(a‐c). Streamlines for different values of Hartmann number M other parameters are β = 0.4, γ = 0.3.

Figure 7(a‐c). Isotherms for different values of thermal relaxation time γ other parameters are M = 2, β = 0.2.
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Physical properties Base fluid Nanoparticles

Water SWCNT MWCNT

ρ (kg/m3) 997 2600 1600

cp (J/kg K) 4179 425 796

k (W/m K) 0.613 6600 3000

Table 1. Thermophysical properties of different base fluid and CNTs.

M Present results Salahuddin et al. [18] Noreen et al. [19]

0.0 1 1 1

0.5 −1.11803 −1.11801 −1.11803

1 −1.41421 −1.41418 −1.41421

5 −2.44949 −2.44942 −2.44949

10 −3.31663 −3.31656 −3.31663

100 −10.04988 −10.04981 −10.04988

500 −22.38303 −22.38393 −22.38303

1000 −31.63859 −31.63846 −31.63859

Table 2. Comparison of results for the skin friction for pure fluid (φ = 0).

Pr Present results Khan et al. [20] Khan & Pop. [5] Wang [11] Kandasamy et al. [12]

0.07 0.0663 0.0663 0.0663 0.0656 0.0661

0.20 0.1691 0.1691 0.1691 0.1691 0.1691

0.70 0.4539 0.4539 0.4539 0.4539 0.4542

2 0.9114 0.9114 0.9113 0.9114 0.9114

7 1.8954 1.8954 1.8954 1.8954 1.8952

20 3.3539 3.3539 3.3539 3.3539 –

70 6.4622 6.4622 6.4621 6.4622 –

Table 3. Comparison of results for the Nusselt number for pure fluid (φ = 0) with M = 0 and γ = 0.

φ Cf
M = 0 M = 0.5
β = 0 β = 1 β = 0 β = 1

SWCNT 0.0
0.1
0.2

1
1.22904
1.51940

0.43016
0.54480
0.70245

1.11803
1.35495
1.65690

0.46912
0.58833
0.75286

MWCNT 0.0
0.1
0.2

1
1.17475
1.39935

0.43016
0.53298
0.67377

1.11803
1.30590
1.54755

0.46912
0.57942
0.73047

Table 4. Skin friction coefficient for different values of Hartmann number M and slip parameter β.
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φ Nusselt number

γ = 0 γ = 0 γ = 0.1 γ = 0.1

M = 0 M = 0.5 M = 1 M = 2

β = 0 β = 1 β = 0 β = 1 β = 0 β = 1 β = 0 β = 1

SWCNT 0.0

0.1

0.2

1.77095

2.66543

3.22397

1.33685

2.03231

2.49289

1.74513

2.60424

3.13585

1.25641

1.89346

2.31928

1.71287

2.48958

2.95535

1.08479

1.58280

1.92489

1.52688

2.07111

2.37985

0.70076

0.92785

1.11466

MWCNT 0.0

0.1

1.77095

2.63339

1.33685

2.02350

1.74513

2.57329

1.25641

1.88386

1.71287

2.46327

1.08479

1.57551

1.52688

2.05686

0.70076

0.92736

Table 5. Nusselt number for different values of Hartmann number M and thermal relaxation time γ.

Variation in skin friction coefficient for SWCNT and MWCNT with slip parameter β and
Hartmann number M is presented in Figure 4(a and b). It is seen that with the augment in M,
electromagnetic strength is elevated in contrast to thick strength, skin friction coefficient rises
for SWCNT as well as for MWCNT, but with the increase in slip parameter, skin friction
coefficient decreases for both SWCNT and MWCNT. It is also seen that density and thermal
conductivity of SWCNT are greater as compared to the MWCNT; therefore, the skin friction
coefficient for SWCNT is greater as compared to the MWCNT.

Nusselt number for SWCNT and MWCNT shows the variation in Hartmann number M,
thermal relaxation time γ, and slip parameter β. It is observed that the higher values of thermal
relaxation time γ raise the Nusselt number for SWCNT as well as for MWCNT, and it is also
analyzed that Nusselt number gives the larger values for SWCNT than MWCNT (see Fig‐
ure 5(a–c)). Increasing values of Hartmann number M and slip parameter β decrease the
Nusselt number for both SWCNT and MWCNT. But due to high density and thermal conduc-
tivity of SWCNT, Nusselt number for SWCNT is higher than MWCNT.

Streamlines and Isotherms are presented in Figures 6(a–c) and 7(a–c), respectively. It is
analyzed from Figures 6 and 7 that for increasing Hartmann number M and thermal relaxation
time γ, streamlines and Isotherms are going close to origin.

5. Conclusions

This chapter discussed the magnetic field effects on the flow of Cattanneo-Christov heat flux
model for water-based CNT suspended nanofluid over a stretching sheet. Key points of the
performed analysis are as follows:

1. It is observed that when Hartmann number increases, electromagnetic forces will be
dominant to the viscous forces that give declines in the velocity.

2. It is analyzed that with an increase in slip parameter, velocity profile decreases. Further,
with an increase in solid nanoparticle volume fraction, velocity profile increases.

3. Boundary layer thickness also increases with the increase in Hartmann number M, slip
parameter β, and solid nanoparticle volume fraction ϕ.
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electromagnetic strength is elevated in contrast to thick strength, skin friction coefficient rises
for SWCNT as well as for MWCNT, but with the increase in slip parameter, skin friction
coefficient decreases for both SWCNT and MWCNT. It is also seen that density and thermal
conductivity of SWCNT are greater as compared to the MWCNT; therefore, the skin friction
coefficient for SWCNT is greater as compared to the MWCNT.

Nusselt number for SWCNT and MWCNT shows the variation in Hartmann number M,
thermal relaxation time γ, and slip parameter β. It is observed that the higher values of thermal
relaxation time γ raise the Nusselt number for SWCNT as well as for MWCNT, and it is also
analyzed that Nusselt number gives the larger values for SWCNT than MWCNT (see Fig‐
ure 5(a–c)). Increasing values of Hartmann number M and slip parameter β decrease the
Nusselt number for both SWCNT and MWCNT. But due to high density and thermal conduc-
tivity of SWCNT, Nusselt number for SWCNT is higher than MWCNT.

Streamlines and Isotherms are presented in Figures 6(a–c) and 7(a–c), respectively. It is
analyzed from Figures 6 and 7 that for increasing Hartmann number M and thermal relaxation
time γ, streamlines and Isotherms are going close to origin.

5. Conclusions

This chapter discussed the magnetic field effects on the flow of Cattanneo-Christov heat flux
model for water-based CNT suspended nanofluid over a stretching sheet. Key points of the
performed analysis are as follows:

1. It is observed that when Hartmann number increases, electromagnetic forces will be
dominant to the viscous forces that give declines in the velocity.

2. It is analyzed that with an increase in slip parameter, velocity profile decreases. Further,
with an increase in solid nanoparticle volume fraction, velocity profile increases.

3. Boundary layer thickness also increases with the increase in Hartmann number M, slip
parameter β, and solid nanoparticle volume fraction ϕ.
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4. Temperature profile decreases with the rise in thermal relaxation time, but thermal
boundary layer increases with an increase in thermal relaxation time.

5. It depicts that with an increase in electromagnetic forces as compared to the viscous forces,
temperature profile and thermal boundary layer increase rapidly.

6. Temperature profile and thermal boundary layer also increase rapidly with the rise in slip
parameter.

7. Temperature profile and thermal boundary layer increase with an increase in solid
nanoparticle volume fraction.

8. Skin friction coefficient increases for SWCNT as well for MWCNT, but with the increase
in slip parameter, skin friction coefficient decreases for both SWCNT and MWCNT.

9. It is also seen that thickness and thermal conductivity of SWCNT are better as compared
to the MWCNT; consequently, the skin friction coefficient for SWCNT is better as com-
pared to MWCNT.

10. It is pragmatic that the superior values of thermal relaxation time γ hoist the Nusselt
number for SWCNT as well as for MWCNT, and it is also analyzed that Nusselt number
gives the well-built principles for SWCNT as evaluated to MWCNT.

11. It is analyzed from Figures 6 and 7 that for rising Hartmann number M and thermal
relaxation time γ, streamlines and isotherms are departing shut to source.

Nomenclature

μf: Viscosity of base fluid q: Heat flux

(ρCp)f: Effective heat capacity of a fluid Uw, Vw along the x-axis and y-axis: Thermal Grashof number

(ρCp)CNT: Effective heat capacity of a carbon nanotubes g: Acceleration due to gravity

kf: Thermal conductivities of the base fluid λ2: Thermal relaxation time

kCNT: Thermal conductivities of the carbon nanotubes BC: Solutal Grashof number

B0: Magnitude of magnetic field strength ν: Kinematic viscosity of the fluid

T: Local fluid temperature Pr: Prandtl number

T∞: Ambient temperature M: Hartmann number

u, v: Velocity components along x and y directions (ρcp)nf: Heat capacitance

P: Pressure ρnf: Effective density

φ: Nanoparticle volume fraction Rex: Local Reynolds number
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η: Similarity variable (transformed coordinate) αnf: Effective thermal diffusibility

Nux: Local Nusselt number x, y: Coordinate along and normal to the sheet

(ρc)p: Effective heat capacity of the nanoparticle material (ρc)f: Heat capacity of the fluid

θ: Dimensionless temperature μnf: Effective dynamic viscosity

γ: Non-dimensional thermal relaxation time knf: Effective thermal conductivity of the nanofluid
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Abstract

Thermophysical properties of TiO2, Al2O3 and SiO2 nanofluids are experimentally
investigated and compared with published data. Density has been measured over a
range of 25–40°C for nanoparticle volumetric concentration of 0.05–4%. Viscosity exper-
iments were carried out over a wide temperature range, from 25 to 80°C, to determine
their applicability in such ranges. Nanofluids with particle volume fraction ranging
from 0.02 to 0.03% and 1–4 kg/min were examined for the convective heat transfer and
pumping power. The heat transfer coefficient of the nanofluid rises with rising mass
flow rate, as well as rising volume concentration of metal oxide nanofluids; however,
increasing the volume fraction results in increasing the density and viscosity of
nanofluid, leading to a slight increase in friction factor which can be neglected. Addition
of surfactants results in part of the increment in viscosity as well. An empirical formula
for density is proposed, which also contributes to the novelty of this paper.

Keywords: nanofluids, surfactants, density, viscosity, pressure drop, heat transfer coef-
ficient

1. Introduction

Thermophysical properties of nanofluids are significant to enhance the heat transfer behav-
iour. It is tremendously significant in controlling industrial and energy saving prospects. Great
interest has been shown by the industry in nanofluids. Unlike conventional particle-fluid
suspension (millimetre- and micrometre-sized particles), nanoparticles have great ability to
enhance the thermal transport properties. In the last decade, due to the ability of improving
thermal properties, nanofluids have gained prominent attention. Based on the broad research,
it has been recognized that the suspension of metallic particles in a base fluid significantly
increases the thermal conductivity of the mixture [1], therefore improving the heat transfer
capability. Such observations have inspired the industrial as well as the science community to
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discover the thermophysical properties of nanofluids, such as density, viscosity, thermal con-
ductivity and heat capacity. Obtaining the viscosity of nanofluids is of importance for
establishing sufficient pumping power. Besides, the convective heat transfer coefficients,
Prandtl and Reynolds numbers, are also reliant on viscosity.

The available literature has suggested that the nanofluids tend to enhance the heat transfer
performance, most importantly the heat transfer coefficient, thermal conductivity and viscos-
ity, which in turn affects the pumping power. Das et al. [2] experimentally showed that thermal
conductivity of a nanofluid can be augmented up to fourfold by increasing temperature. Xuan
and Li [3] also found that heat transfer coefficient could be enhanced by the use of nanofluids,
particularly when increasing the flow or nanoparticle concentration.

Different results on the density of nanofluids have been reported by the researchers, most of
which are for a particular temperature or for a particular nanofluid [4–12]. There is no
generalized method or model to obtain the density of different nanofluids theoretically. Den-
sity of the nanofluids strongly depends on nanoparticle material and increases with the
increase in volume concentration. Base fluid also plays a significant role in the density of the
nanofluids, whereas the other parameters such as nanoparticles shape, size, zeta potential and
additives do not affect the density of the nanofluids. For engineering applications, larger
density is more preferable [13]. The equation for the density of two phase mixtures for
particles of micrometre size is available in the literature for slurry flows [14]. Densities of
solids are greater than that of the liquids, with the increase in the concentration of
nanoparticles in the fluid, and the density of the nanofluid is found to increase. Density of the
nanofluids is proportional to the volume ratio of nanoparticles (solid) and base fluid (liquid) in
a system. Pak and Cho [15] conducted an experiment at one temperature (25°C) for Al2O3 and
TiO2 nanofluids of up to 4 vol.%.

Studies on viscosity have been reported by numerous researchers. Several researchers [16–19]
observed a Newtonian behaviour in TiO2-ethylene glycol, Al2O3-water, single wall carbon
nanohorns (SWCNH)-water and TiO2-water nanofluids, respectively. With the increase in
particle concentration, increase in the viscosity is noted. Timofeeva et al. [20] observed that
viscosity decreases with the increase in particle size; however, Pastoriza-Gallego et al. [21]
observed a different behaviour. A non-Newtonian behaviour was found by other researchers.
Some authors have also developed models to describe the rheological behaviour of nanofluids.
Koo [22] introduced a model to predict the thermal conductivity and viscosity of nanofluid in
terms of nanoparticle size, concentration and density. Masoumi et al. [23] also presented a
model to calculate the effective viscosity by considering the Brownian motion and the relative
viscosity between the fluid and particles.

Pumping power is deserted in more than a few studies although it directly effects the useful-
ness of the fluid in applications. This is due to the reason that heat transfer coefficients could be
enhanced by merely increasing the flow velocity of the fluid, which results in additional
pumping power due to the surged pressure losses. Any effort to improve heat transfer results
in improved pressure losses. Also with the addition of nanoparticles to the base fluid, an
antagonism between heat transfer growth and enhanced pressure losses is present. Hence, the
real measure of efficiency of a heat transfer fluid is not only the convective heat transfer
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enhanced by merely increasing the flow velocity of the fluid, which results in additional
pumping power due to the surged pressure losses. Any effort to improve heat transfer results
in improved pressure losses. Also with the addition of nanoparticles to the base fluid, an
antagonism between heat transfer growth and enhanced pressure losses is present. Hence, the
real measure of efficiency of a heat transfer fluid is not only the convective heat transfer

Nanofluid Heat and Mass Transfer in Engineering Problems40

coefficient alone, but also the pressure losses need to be taken into account for calculations as
well [24]. Heat transfer of a nanofluid flow which is squeezed between parallel plates is
investigated analytically using homotopy perturbation method (HPM). It was reported from
the findings that the Nusselt number has a direct relationship with the nanoparticle volume
fraction, the squeeze number and Ecket number when two plates are separated, but an inverse
effect is noted when the plates are squeezed [25]. In another study, heat and mass transfer
characteristics of unsteady nanofluid flow between two parallel plates are investigated consid-
ering thermal radiation. Ordinary differential equations are solved numerically using the
fourth-order Runge-Kutta method. Results indicated that the radiation parameter increased
with the concentration boundary layer thickness. It was also reported that the Eckert number,
Schmidt number, squeeze parameter and radiation parameter have direct relationship with
Nusselt number [26].

For nanofluids to be applied for practical applications, it is essential to study the effect of these
nanofluids on the flow features and their effect on the pumping power and pressure drop, in
addition to heat transfer performance enhancement. Calculations are carried out for different
volume fractions of nanoparticles and for changing mass flow rate. The effectiveness of
nanofluids is investigated by comparing the required pumping power of oxides nanofluids
and the base fluid. The reason these oxides are considered for this study is that they are easy to
produce and cheaper compared to the CNTs and graphene.

On the basis of the inclusive literature review, the main objectives of this study are to examine
the effects of nanofluids on the density, viscosity, the pressure drop and the convection heat
transfer characteristics. The nanofluids contained Al2O3, SiO2, and TiO2 nanoparticles in water
as a base fluid. The analyses were done for several nanofluids and then associated them with
the water as the base fluid. The potential outcomes and their details were also described.

2. Methodology

2.1. Materials

Deionized water was used as the base fluid. The nanoparticles (TiO2, P25 ≥ 99.5% trace metals
basis), (SiO2, 99.5% trace metals basis) and (Al2O3, 99.8% trace metals basis) were purchased
from Sigma-Aldrich. Sodium dodecyl sulphate (SDS, 92.5–100.5%, Sigma-Aldrich), polyvinyl-
pyrrolidone (PVP, Sigma-Aldrich), poly(ethylene glycol) 400 (PEG, Sigma-Aldrich) and
hexadecytrimethyl-ammonium bromide (HTAB, ≥ 98%) were used as surfactants (Figures 1–4).

2.2. Nanofluids preparation

Ultra sound sonication was used to homogenize the suspensions. The particles can be mixed
into many different liquids at preferable concentrations. Probe-type sonicators break particle
agglomerates faster and more thoroughly than bath sonicators, and thus, it was chosen for our
experiments. The nanoparticles were dispersed mechanically in distilled water at a concentra-
tion of 0.05, 0.5, 1, 2 and 4% by volume for density and 0.05–0.5% by volume for viscosity.
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Aforementioned surfactants with 1:2, 1:3 and 1:5 nanoparticle to surfactant ratios (by volume)
were used to prepare nanofluids for this research.

Figure 1. SEM images of (a) TiO2, (b) SiO2 and (c) Al2O3 nanoparticles.

Figure 2. TEM images of silica (SiO2) nanoparticles ~10 to 20 nm and with surfactant (0.14% PEG).
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2.3. Nanofluid characterization

In order to characterize the prepared nanofluids, particle size, dynamic viscosity and density
were measured as functions of temperature and particle volumetric fraction. Field emission
scanning electron microscopy (FESEM) and transmission electron microscopy (TEM) were
used to obtain the morphological characterization of the nanoparticles with SIGMA Zeiss
instrument (Carl Zeiss SMT Ltd., UK). The Density Metre DA-130N from Kyoto Electronics
Shinjuku-ku, Tokyo, Japan was used to measure the density of the nanofluids.

2.4. Sedimentation

Different nanofluids of 10 ml volume were used to investigate the sedimentation rate, and data
were collected for 1 month from the date of preparation. Table 1 shows the detailed descrip-
tion of our investigation. It was also found that 0.1 %vol. HTAB for TiO2/DW and 0.1 %vol.
PVP for Al2O3/DW and TiSiO4/DW work as the best surfactants for stability.

From Table 1, it is noticed that all the nanoparticles, dispersed in DW, showed stability for
longer periods of time, except for SiO2.

Figure 4. TEM images of alumina (Al2O3) nanoparticles, average 13 nm and the surfactant (0.1%vol. HTAB).

Figure 3. TEM images of titania (TiO2) nanoparticles ~21 nm and the surfactant (0.1 %vol. PEG).
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2.5. Density of nanofluid

Experimental data on density measurements are not sufficient for various nanofluids at vary-
ing temperatures in the literature. Therefore, we carried out comprehensive measurements to
obtain density and provide data as well as to verify the applicability of Eq. (1) (which is also
called as mixing theory) [15] for various nanofluids. Figure 5 shows that density varies with
temperature. Therefore, density equation should include temperature as a variable, whereas
the mixing theory does not consider effect of temperature.

ρnf ¼
m
V

� �
nf

¼ mf þmp

Vf þ Vp
¼

ρf Vf þ ρpVp

Vf þ Vp
¼ ð1−φpÞρbf þ φpρp, (1)

where φp ¼
Vp

VfþVp
is the volume fraction of the nanoparticles.

2.6. Theoretical models

In this section, the existing theoretical models and correlations for the viscosity of nanofluid
suspensions are presented. Each model is used for specific circumstances.

Nanofluid Surfactant Sedimentation
after 30 days (%)

Sedimentation
rate (ml/day)

TiO2/DW 0.1 %vol. PVP 95 0.317

0.1 %vol. PEG 44 0.147

0.15 %vol. PEG 42 0.140

0.25 %vol. PEG 35 0.117

0.1 %vol. HTAB 31 0.103

Al2O3/DW 0.1 %vol. PVP 10 0.033

0.1 %vol. PEG 20 0.066

0.15 %vol. PEG 27 0.090

0.25 %vol. PEG 21 0.070

0.1 %vol. HTAB 20 0.066

SiO2/DW 0.1 %vol. PVP 99 9.9

0.1 %vol. PEG 99 9.9

0.15 %vol. PEG 99 9.9

0.25 %vol. PEG 99 9.9

0.1 %vol. HTAB 99 9.9

Table 1. Sedimentation rate of different nanofluids.
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2.6.1. Implemented models for viscosity and density

In this part, the correlations that we have implemented for comparison between the experi-
mental data and the predicted data are indicated.

μef f

μf
¼ 1

1−34:87ðdp=df Þ−0:3ϕ1:03
, where

df ¼ 0:1 6M
Nπρbf

� �1=3
(2)

It may be noted that once the base fluid is designated, the dimensionless effective viscosity of

the nanofluid
μef f

μf
increases with the decrease in particle diameter and increase in volume

concentration.

2.6.2. Pumping power

The system counted is a forced flow nature. A pump is needed to mingle nanofluids through-
out the system. The pump would require electrical energy. It is crucial to comprehend the
entire energy needed by the pump to sustain a constant flow across the collector. The pumping
power is analysed as follows [28]. The pressure drop throughout the collector is specified by
Δp, which is determined from the subsequent equation [29]

Figure 5. Densities of particle volumetric concentrations as a function of temperature [15, 27].
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Δp ¼ f
ρV2

2
Δl
d
þ K

ρV2

2
, (3)

where K is the loss coefficient because of entrance effects, exit effects, bends, elbows, valves,
etc. V is the mean flow velocity of nanofluids in the system and is given by

V ¼ _m
ρnfπD

2
H=4

, (4)

where DH represents the hydraulic diameter. In present analysis consider DH = pipe diameter
(d). ρnf was calculated from Eq. (1). The frictional factor, f, for laminar and turbulent flow,
correspondingly, is as follows [30]

f ¼ 64
Re

for laminar flow

f ¼ 0:079
Re1=4

for turbulent flow:

The Reynolds number is composed as

Re ¼ ρVDH

μ
: (5)

Now, the pumping power can be calculated using Eq. (20)

Pumping power ¼ _m
ρnf

!
Δp:

 
(6)

2.6.3. Convective heat transfer

Elementary forced convective heat transfer model utters the interactions in the middle of fluid
flow and convective heat transfer in terms of correlations between the dimensionless Reynolds,
Prandtl and Nusselt numbers (Nu, Re and Pr, respectively). For the regular instances of
laminar flows inside a pipe of diameter d, the theoretically developed relations are given as
follows [31]:

hnf ¼ q
TW−Tf

(7)

Nunf ¼
hnf d
knf

: (8)

The Nusselt number for the laminar flow throughout a circular pipe is the function of the
Reynolds and Prandtl numbers and can be resolved by employing Eq. (8) [32]. Nusselt number,
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Nu ¼ 0:000972Re1:17Pr1=3 for Re < 2000, (9)

where Pr and knf can be expressed as,

Pr ¼
Cp,nfμnf

knf
(10)

knf
kf

¼ kp þ ðSH−1Þkf −ðSH−1Þϕðkf −kpÞ
kp þ ðSH−1Þkf þ ϕðkf −kpÞ : (11)

In Eq. (12), SH is the shape factor, which is given to be three for the spherical shape of
nanoparticle [33] (Table 2).

3. Results and discussions

3.1. Size distribution of the nanoparticles

SEM nano-graphs of (a) TiO2, (b) SiO2 and (c) Al2O3 nanoparticles are presented in Figure 1.
Figure 2 presents the TEM images of silica (SiO2) nanoparticles with surfactant (0.14% PEG).
Figure 3 presents the TEM images of titania (TiO2) nanoparticles ~21 nm and the surfactant
(0.1 %vol. PEG). Figure 4 presents the TEM images of alumina (Al2O3) nanoparticles, average
13 nm and the surfactant (0.1%vol. HTAB).

Parameters of collector Value

Type Black paint flat plate

Glazing Single glass

Agent fluids Water, ethylene glycol and water mixture and Al2O3

nanofluids

Absorption area, Ap 1.51 m2

Wind speed 20 m/s

Collector tilt, βo 20°

Ambient temperature, Ta 300 K

Apparent sun temperature, Ts 4350 K

Optical efficiency, ɳo 0.84

Glass thickness, t 4 mm

Insulation thermal conductivity, ki 0.06 W/mK

Incident solar energy per unit area of the absorber plate, IT 1000 W/m2

Inner diameter of pipes, d 0.01 m

Table 2. Environmental and analysis conditions for the flat plate solar collector.
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Sizes of the nanoparticles in all the prepared nanofluids were measured using Zetasizer3000HSa
(Malvern), and results for the most stable nanofluids are shown in Figures 6 and 7.

Figure 6. Size distribution of the nanoparticles in 0.05 %vol. water-based TiO2 nanofluids with surfactants. Inset is the full
size distribution.

Figure 7. Size distribution of the nanoparticles in 0.05 %vol. water-based Al2O3 nanofluids with surfactants.
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The numbers placed at the apexes describe the average particle size as obtained from the
machine. It should be noted that the Malvern Nanosizer measures hydrodynamic properties
based on the Strokes-Einstein equation, which is expected to be slightly larger than the actual
size. Incorporating the findings from those in Figures 6 and 7, it is found that the visual
sedimentation rate of TiO2/water nanofluid decreases with increasing surfactant (PEG),
whereas particle size increases with the increase in surfactant. For Al2O3/water nanofluid, the
sedimentation rate for PEG in different concentrations is approximately similar and the size
distribution of the particles is approximately also in the same region. The stability of the stable
nanofluids as shown in Figures 6 and 7 was obtained for more than 1 week.

3.2. Density of nanofluids

First, a benchmark test for the density of the base fluid is presented showing excellent agree-
ment with the data presented in the handbook of the American Society of Heating, Refrigerat-
ing and Air-Conditioning Engineers (ASHRAE). Next, density measurements of the TiO2,

Al2O3 and SiO2 nanofluids over a temperature range of 25–40°C for several particle volume
concentrations are presented. These measured results were compared with a widely used
theoretical equation, and good agreements between the theoretical equation and measure-
ments were obtained for the TiO2, Al2O3 and SiO2 nanofluids.

We found the density decreasing with the increase in temperature. Eq. (1) is used to make the
comparison with our experimental data. Figures 8 and 9 show the experimental values at
different temperatures and the theoretical value obtained from Pak and Cho [15]. The trend
lines generated from the experimental values clearly certify the linear relationship of density
with concentration at a particular temperature. It also validates that the density increases with
the increase in concentration. The pattern of the change in density is analysed, and the

Figure 8. Density vs. temperature graph of Al2O3–water nanofluid at different concentrations.
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proposed empirical formula is presented below. The effective density of the nanofluids is
measured using authors’ proposed formula derived based on Einstein’s theory. This model
considers the changing temperature, volume fraction as well as the size of the nanoparticles.
No such models have been presented previously, which also justifies the novelty of this
proposed formula.

ρnf ¼ ð1−φpÞρbf þ φpρp þ a −
lnðTÞ
100

� �
,where a ¼ 0:03358: (12)

Moreover, as we examine the average absolute percentage deviation, we notice a systematic
increase in percentage deviation with the concentration, as shown in Figures 8–10. Further
examination shows a gradual increase in percentage deviation with the temperature. There-
fore, the proposed equation may have limitations for some nanofluids. The proposed formula
is found valid for up to 2 %vol. concentration. The maximum relative difference between the
experimental and theoretical values is 0.3% for Al2O3, 0.44% for TiO2 and 0.28% for SiO2.
Figures 8–10 represent the comparative graph for experimental data, Pak and Cho model data
and proposed model data (solid line).

3.3. Viscosity

Viscosity of water-based nanofluids with and without surfactant was experimentally obtained.
Viscosity of nanofluid was measured using Brookfield viscometer (DV-II + Pro Programmable
Viscometer), which was connected with a temperature controlled bath. To verify the accuracy
of our equipment and experimental procedure, viscosity of the ethylene glycol and water
mixture (60:40 by mass) was measured and compared with the data from the American Society
of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) handbook [34].

Figure 9. Density vs. temperature graph of TiO2–water nanofluid at different concentrations.
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Before conducting the density measurement, the equipment must be calibrated. Density mea-
surements of a mixture of 60:40 EG/W by mass were first conducted to confirm the accuracy of
our apparatus and the calibration procedure. The results of these measurements and the data
from ASHRAE are presented in Figure 11 over a temperature range of 0–80°C. Excellent
agreement is observed between the current measurements and the ASHRAE data. Figure 11
shows that the experimental values of viscosity for the ethylene glycol mixture and the
ASHRAE data match fairly with a maximum alteration of ±2.0%. The deviations at low shear
rates were due to machine error.

Figure 10. Density vs. temperature graph of SiO2–water nanofluid at different concentrations.

Figure 11. Comparison of ASHRAE viscosity values of 60:40 ethylene glycol and water mixture (by mass) and experi-
mental data. 1 cP (centipoise) = 1 mPa s.
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Viscosity of TiO2-H2O with different volume concentration and changing temperature is
presented in Figure 12. It is observed that the viscosity reduces with the increase in tempera-
ture and rises with the increase in volume fraction. From Figure 13 at 0.5 vol.%, titanium

Figure 12. Viscosity of TiO2 at different temperatures and concentrations.

Figure 13. Viscosity of TiO2 at different shear rates and concentrations.
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behaves in a non-Newtonian way after 40°C. For the whole temperature range, this nanofluid
demonstrates a Newtonian behaviour at 0.05 vol.%, while a non-Newtonian nature is found
for 0.1 vol.%.

From Figure 14, the effect of surfactant is observed to increase viscosity. Addition of surfactant
augments the viscosity of the nanofluid. Similarly, viscosity tends to increase in Figure 15, for
alumina with the rise in the volume concentration as well as addition of surfactants. As opposed to
thermal conductivity, viscosity of these nanofluids showed a decreasing trend with the increase in
temperature. Furthermore, a nonlinear relation is observed between the viscosity of alumina
nanofluid and particle concentration except for 0.05 vol.% and temperatures lower than 40°C.

As it is observed from Figure 15, in the case of nanoparticles with surfactants, viscosity tends
to decrease due to augmenting the temperature. This can be explained by the change in the
shape of micelles. Worm shapes change to spherical or vesicles which lead to the destruction of
network structure and consequently a decrease in viscosity through temperature rise [35].
After the breakdown in network occurs, the attractive forces between the particles become
dominant to produce aggregates.

Viscosity of SiO2 at different temperatures and concentrations is illustrated in Figure 16. It is
witnessed that the rise in temperature results in reduced viscosity and addition of volume
fraction also results in higher viscosity. Figure 17 presents the changes in the viscosity for SiO2

nanofluid. In this case, the viscosity keeps increasing up to the concentration of 0.1 vol.%, but
remains unchanged afterwards. This is because SiO2 nanofluid is not stable, and due to the
high rate of aggregation, sedimentation of nanoparticles takes place and consequently no

Figure 14. Viscosity of Al2O3 at different temperatures and concentrations.
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Figure 16. Viscosity of SiO2 at different temperatures and concentrations.

Figure 15. Viscosity of Al2O3 at different shear rate and concentrations.
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Figure 15. Viscosity of Al2O3 at different shear rate and concentrations.
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increment is observed. Adding surfactant causes minor increments in the viscosity of the
nanofluid, with no significant changes in the stability of the colloid even after a period of half
an hour. Newtonian behaviour is found for this nanofluid at 0.05 vol.% for temperatures over
50°C, but non-Newtonian characteristics are shown beyond this point. A similar trend
occurred for 0.5 vol.% and at 60°C. A non-Newtonian behaviour for the entire range of
temperature is observed for 0.1 vol.%.

In the previous articles, it was claimed that the viscosity of nanofluids is mainly dependent on
the concentration of nanoparticles, properties of base fluid and temperature. However, some
also reported about the size of the nanoparticles. From the results of current study, it is
observed that for the same concentration (0.5%vol.), viscosities of the nanofluids are different,
and TiO2 results in higher viscosity followed by Al2O3 and SiO2 nanofluids for 0.5 vol.%
concentration. Therefore, it can be said that viscosity depends on nanoparticles’ properties
such as the size and density. The available models are not appropriate to forecast or measure
accurate viscosity of nanofluids as they are not related to temperature variation and
nanoparticles’ properties. Therefore, the results suggest the requirement of providing a more
generalized viscosity model.

3.4. Pumping power and convective heat transfer

The resulting pressure losses are analysed in detail in this section. Figure 18 presents the
pumping power and pressure drop with respect to volume fraction and volume flow rate for

Figure 17. Viscosity of SiO2 at different shear rate and concentrations.
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the laminar flow, respectively. These two parameters are calculated using Eqs. (4) to (7) and
Table 1.

The results show that the friction factor enhances with the increase in volume fraction and flow
rate. It is observed from the figures that the friction factors of the nanofluids are almost the

Figure 18. Effect of volume fraction and mass flow rate on pumping power (solid line) and pressure drop (dotted line).

Figure 19. Effect of volume fraction and mass flow rate on the Reynolds number and Nusselt number.

Nanofluid Heat and Mass Transfer in Engineering Problems56



the laminar flow, respectively. These two parameters are calculated using Eqs. (4) to (7) and
Table 1.

The results show that the friction factor enhances with the increase in volume fraction and flow
rate. It is observed from the figures that the friction factors of the nanofluids are almost the

Figure 18. Effect of volume fraction and mass flow rate on pumping power (solid line) and pressure drop (dotted line).

Figure 19. Effect of volume fraction and mass flow rate on the Reynolds number and Nusselt number.

Nanofluid Heat and Mass Transfer in Engineering Problems56

same as that of the base fluid under same nanoparticle volume concentrations, therefore
resulting in little supplementary pumping power for the process [36–38].

Effect of volume fraction and mass flow rate is presented in Figure 19. These parameters are
calculated using Eqs. (6) and (9). With the rising volume fraction of the nanoparticles
suspended in water, it is observed that the both the Reynolds number and Nusselt number
increase slightly in comparison with water. Reynolds number and Nusselt numbers of the
nanofluid are greater compared to water, and the numbers are rising with the growing volume
fraction as well as with the rising mass flow rate. This shows that increasing the molecular
thermal diffusion due to increasing the nanoparticles volume fraction is the foremost purpose
of the heat transfer enhancement for an exact Reynolds number. As a significance, the increase
in the Nusselt number is found with a rise in Re. An alike trend was also witnessed by Maïga
et al. [39].

The experimental results clearly show that the nanoparticles suspended in water enhance
the convective heat transfer coefficient, although the volume fraction of nanoparticles is
very low ranging from 0.01 to 0.3 vol.%. The convective heat transfer coefficient of water-
based Al2O3 nanofluids increases with volume fraction of Al2O3 nanoparticles as shown in
Figure 20.

The overall heat transfer coefficient of water rises with the rising mass flow rate, with a maxi-
mum value of 804 W/m2 compared to that of water, which is 732 W/m2K with the highest flow
rate investigated. Heat transfer coefficient is improved with the addition of volume fraction as
well as with the mass flow rate. Heat transfer coefficient is directly proportional to heat rate.

From the above results presented in the figures, it can be concluded that the heat transfer
coefficient enhanced up to 15% with the suspended nanoparticles in the base fluid. The

Figure 20. Heat transfer coefficient with respect to changing volume fraction and mass flow rate.

Thermophysical Properties of Metal Oxides Nanofluids
http://dx.doi.org/10.5772/65610

57



patterns shown by the oxide nanofluids are due to the fact that the addition of nanoparticles
tends to enhance the thermal conductivity, density and viscosity of the base fluid. The enhance-
ment in Reynolds number and Nusselt number was observed to be 8.4, 7.6 and 7.5% for TiO2,
SiO2 and Al2O3, respectively. Nusselt number was improved by 6.8, 5.5 and 5.4%, for TiO2,
SiO2 and Al2O3, respectively. This enhancement results in heat transfer performance. Enhance-
ment in pumping power was observed to be 1.5%.

4. Future recommendations

The prospect of using nanofluids in different applications is related to their thermal and flow
properties. Measurement of these properties will be performed in near future in order to access
the total improvement in energy efficiency where these fluids are being used. Despite some
undesirable changes such as rising viscosity or decreasing specific heat, we can consider
nanofluids as good thermal fluids. However, researches to obtain a comprehensive formula to
determine other physical properties of nanofluid must be continued.

5. Conclusion

The effect of volume fraction, temperature and mass flow rate was investigated on density,
viscosity, pumping power and convective heat transfer of nanofluids in this article. Stability of
nanofluids was obtained using different surfactants. Important conclusions have been attained
and summarized as follows:

1. The density is found decreasing with the increase in temperature. An empirical model is
proposed to describe the behaviour. The maximum deviation between the experimental
values and the proposed model is 0.3% for Al2O3, 0.44% for TiO2 and 0.3% for SiO2 which
is very small and well below the minimum acceptable limit (1%).

2. Viscosity of our nanofluids increases dramatically with the increase in particle concentra-
tion. Addition of surfactants results in part of the increment.

3. Friction factor rises with the rising volume fraction. This is due to the increasing density
and viscosity with the addition of nanoparticles. Since this effect is slightly higher com-
pared to base fluid, therefore little penalty in pressure drop and pumping power occurs.

4. At a particle volume concentration of 3%, the use of oxide nanofluid gives significantly
higher heat transfer characteristics. For example, at the particle volume concentration of
3%, the overall heat transfer coefficient is 804 W/m2 compared to that of water, which is
732 W/m2 for a mass flow rate of 1 kg/min, so the overall heat transfer coefficient of the
oxides nanofluid is 15% greater than that of distilled water as a base fluid.

5. The enhancement in Reynolds number Nusselt number was observed to be 8.4, 7.6 and
7.5% for TiO2, SiO2 and Al2O3, respectively. Nusselt number was improved by 6.8, 5.5
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and 5.4%, for TiO2, SiO2 and Al2O3, respectively, which is greater than that of distilled
water.
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Nomenclature

d diameter

f friction factor

FESEM field emission scanning electron microscopy

k thermal conductivity, W/mK

Re Reynolds number

SEM scanning electron microscopy

T temperature, °C

TEM transmission electron microscopy

Δp pressure drop, Pa

Greek symbols

ρ density, kg m−3

φ volumetric fraction

μ volumetric fraction

η intrinsic viscosity

δ thickness of nano-layer

Subscripts

bf base fluid

nf nanofluid

p particle
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Abstract

It is important to study nanofluids to understand their extraordinary thermal properties
and how the size, concentration and agglomeration of the nanoparticles affect those
properties. Photopyroelectric (PPE) technique has been well established in the use of
non-destructive measurement of thermal diffusivity and thermal effusivity, by using
polyvinylidene fluoride (PVDF) films as sensitive pyroelectric sensors in thermally thick
conditions instead of using very thick ceramic sensors. There have been two proposed
practical configurations for the PPE technique, the back and the front PPE configura-
tions, to obtain both the thermal diffusivity and effusivity, which are suitable thermal
parameters of materials. This PPE technique involves the measurement of thermal
waves in the sample due to absorption of optical radiation, by placing a pyroelectric
sensor in thermal contact with the sample. This chapter provides a review of the back
and the front PPE configurations to determine the thermal diffusivity and effusivity of
nanofluids, sample preparation techniques using high-amplitude ultrasonic dispersion
and data analysis for metal oxide-based nanofluid materials.

Keywords: nanofluids, thermal properties, photopyroelectric technique, thermal diffu-
sivity, thermal effusivity

1. Introduction

Water, ethylene glycol (EG) and oil are universally used for transfer heating, but unfortunately
these fluids have extremely poor thermal conductivity; thus, smaller and lighter heat
exchanges could be reduced leading to reduced power and the size of the required heat
transfer. As can be seen in Figure 1, the thermal conductivity of copper is about 700 times
more than the water and about 3000 times more than the engine oil.
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The study of heat transport in solid-liquid dispersions (colloids) began as early as in the 1970s.
The first thermal conductivity enhancement of nanoparticles (NPs) was reported by Masuda
et al. [2]. Due to the size of the NPs, they are well suited for use in microsystems. It was
observed that the thermal conductivity of an ultrafine suspension of metal oxides in water
increased up to 30% for an NP volume fraction of 4.3%. The term ‘nanofluid’ was first coined
by Choi and Eastman [3] when he reported a class of engineered fluids containing nanosized
particles dispersed in ethylene glycol that had a thermal conductivity with almost a factor of 2
greater than the base fluid. Nanofluids have widespread usage in industry, including medicine
applications, engineering applications, in cooling/heating systems and in micromechanical
systems, due to their enhanced thermal management. Nanofluids are able to improve heat
transfer and, thus, allow for smaller pumping, heaters and other elements. Nanofluids
containing metals and metal oxides have been considered as the next generation of the heat
transfer fluids, as they have shown an increase in their effective thermal conductivity com-
pared to their base fluid [4]. Metal oxide nanofluids have potential applications in the main
processing industries, such as the materials, chemistry, biomedicine, food and drink, oil and
gas industries as they are able to enhance thermal transfer [4, 5].

The preparation of nanofluids is an important parameter in the investigation of the thermal
properties of nanofluids. Nanofluids can be prepared by directly dispersed nanopowders in

Figure 1. Thermal conductivity of the materials (solids and liquids) at room temperature [1].
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the base fluid, but this method could result in a large degree of NP agglomeration. Therefore, a
clear understanding of the effect of concentration, dispersion/aggregation state and particle
size on the thermal properties of prepared nanofluid is an essential assay step for particle
validation. Data has shown that the thermal conductivity of nanofluids could significantly be
increased with an increase in the volume fraction of NPs [6–8]. It is clear that four thermal
parameters can be connected by two relationships, α = k/rC and (e = k/√α), where C, α, k and e
are the volume specific heat, thermal diffusivity, conductivity and effusivity, respectively.
Although the thermophysical properties of nanofluids are intensely researched at present,
most of the studies have been focused on measuring the thermal conductivity of the
nanofluids.

There are only a few reports on the thermal diffusivity measurements using thermal lens
spectrometry and the transient double-hot-wire method [9]. However, these methods often
require high temperatures to obtain reasonable signal-to-noise (SNR) ratios, which in turn,
could increase the sample temperature and thus increase the measurement error. These
techniques are also disadvantageous because they require high-volume samples, long mea-
surement times without according the effect of aggregation time and are expensive. Nowa-
days, highly sensitive photopyroelectric (PPE) techniques have been designed to measure
the thermal properties of samples and are actually one of the several available photothermal
techniques [10–12]. The thermal parameters directly resulting from the PPE experiment are
usually the ‘fundamental’ ones: the thermal diffusivity and also the thermal effusivity. The
unique features of the back and front PPE techniques to measure the thermal diffusivity and
the thermal effusivity of nanofluids in high resolution are that they are not possible with
other existing techniques [13]. The advantages of this method include its relatively low cost,
and only a small volume of the sample is required with a short measurement time, where the
concentration of the nanofluid remains constant in the measurement process, thus making
this technique suitable for nanofluids. In the principle by using both the back PPE and front
PPE configurations, source of information (amplitude and phase of pyroelectric signal),
cavity scanning or frequency scanning, it is possible to obtain both the thermal diffusivity
and thermal effusivity. Recently, a new simplified front PPE configuration was designed
using a metalized polyvinylidene fluoride (PVDF) sensor in a thermally thick condition
instead of using the very thick ceramic sensors of typically 300 μm [14] or 500 μm in size
[15] (usually LiTaO3) that have to be coated with gold with a very low chopping frequency
facility.

The present chapter provides a review on the thermal properties of nanofluids measured by
the PPE technique by using frequency scans of the signals employing PVDF as a pyroelectric
(PE) sensor in thermally thick conditions, due to its low cost, light weight, flexibility and
sensitivity. The back and front PPE configurations in ‘thermally thick’ conditions have been
implemented to measure the thermal diffusivity and the thermal effusivity of nanofluids
(containing Al2O3 and CuO NPs) as a function of the base fluid’s particle size. To reduce
agglomeration of the NPs, an ultrasonic dispersion technique was utilized for in low concen-
tration of the NPs to produce stable nanofluids, and the effects of sonication type on the
stability and thermal properties were investigated.
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2. Thermal properties of the nanofluids

2.1. Synthesis and stability of nanofluids

The preparation of nanofluids is an important parameter in the investigation of the thermal
properties of nanofluids. The preparation of nanofluid is not merely a simple mixing of liquid
and nanopowder, and thus a good dispersion method of dispersing NPs in liquids or a direct
production of stable nanofluids is crucial. A good dispersion of NP materials into liquids such
as deionized water (DW), ethylene glycol (EG) or oil is needed for producing a stable
nanofluid. There are primarily two methods for the synthesis of nanofluids, including the
two-step process and the single-step process for the direct synthesis of nanofluids.

The two-step method is achieved by firstly synthesizing dry NPs with the preferred size and
shape. In the second step, these particles are carefully mixed into the required base fluid in the
desired volume fraction, typically with some additives to enhance the stability of the nanofluids.
Thus, the small volume fraction of NPs and proper dispersion techniques are important for the
preparation of stabile nanofluids in this technique. Many researchers have reported successful
fabrication and testing of nanofluids using the two-step preparation method [16, 17]. Due to the
high surface area of the NPs, they have the tendency to aggregate. A large degree of agglomer-
ation in NPs may occur as a result of using this method. Thus, proper dispersion techniques,
such as the ultrasonic dispersion technique [18] or the fragmentation process of NPs using laser
irradiation, in low concentrations of NPs, are important for the production stability of
nanofluids. Another technique to enhance the stability of NPs in fluids is the use of surfactants.
To summarize, the optimization of thermal characteristics of nanofluids requires stabile
nanofluids, which can be achieved by synthesis and dispersion processes.

2.2. Experimental investigation methods

2.2.1. Thermal diffusivity measurement techniques

Highly sensitive photothermal methods using a laser as an optical source have been widely
used in the thermal diffusivity measurements of nanofluids [19–28]. The photothermal effect in
a material is a consequence of the deposition of heat in the sample following absorption of a
laser beam and subsequent thermal de-excitations, which results in the indirect heating of the
sample. Photoacoustics, photothermal deflection, thermal lens, photothermal radiometry and
photopyroelectric methods are some of the techniques commonly used powerful for thermal
and optical characterization of materials using lasers. The conventional techniques such as the
‘hot-wire’, ‘laser flash’, ‘3ω-wire method’ and ‘optical (forced Rayleigh light scattering)’ tech-
niques have also been utilized by some researchers [29–33], as seen in Table 1.

2.2.2. Thermal effusivity measurement techniques

Very few studies have been reported on the determination of the thermal effusivity of liquids.
During the last two decades, the front PPE configuration and photoacoustic techniques have
been used for determining the thermal effusivity [13–15]. For the front detection configuration,
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References Particle type Base fluid Particle fraction Enhancement Method

Dadarlat
et al. [19]

Fe3O4 Transformer
oil

0–623 mg/ml (9.06–9.84) 10−8 m2/s Thermal-wave
resonator cavity

Nisha and
Philip [20]

TiO2/PVA 5–100 nm Water (1–5)vol% Increases at high concentrations
and high particle size

Thermal-wave
interference

Philip and
Nisha [21]

TiO2/PVA Water (0.005–0.039)
vol%

Normalized thermal diffusivity
from 1 to 0.96

Thermal-wave
resonator cavity

López-
Muñoz et al.
[22]

Urchin-like
colloidal gold

Water (0.2–1)wt% 1.02–1.05 Photopyroelectric

EG (0.2–1)wt% 1.06–1.11

Ethanol (0.2–1)wt% 1.09–1.14

Dadarlat
et al. [23]

Fe3O4 Water (8.2–81.7) mg/
cm3

High-accuracy results (within
±0.5%). Thermal diffusivity was
sensitive to changes in type and
NP concentration

Photopyroelectric

CoFe2O4 Water (6.1–24.5) mg/
cm3

Agresti et al.
[24]

Al2O3 20–70�C Water, EG 1 and 2 wt% For both water and glycol from
1.04 to 1.12

Photoacoustic

López-
Muñoz et al.
[22]

Gold Water (0.2–1)wt% 1.01–1.04 Photoacoustic

Sánchez-
Ramírez
et al. [25]

Au/Pd Water Au/Pd = 12/1, 5/
1, 1/1, 1/5

The maximum diffusivity was
achieved for the nanoparticles
with highest Au/Pd molar ratio

Thermal lens
technique

Kumar et al.
[26]

Gold 30–50 nm Water 1% wt The value decreases with decrease
in particle size

Thermal lens
technique

Jiménez
Pérez et al.
[27]

Gold Water,
ethanol and
EG

0.1 g/L Enhanced Thermal lens
technique

Gutierrez
Fuentes
et al. [28]

Au/Ag
nanoparticles

Water Au/Ag = 3/1, 1/
1, 1/3, 1/6

A lineal increment of the thermal
diffusivity when the
Ag shell thickness is increased

Thermal lens
technique

Filippo et al.
[29]

Ag Deionized
water

4 vol% 12% Laser flash

Wang et al.
[30]

TiO2 Water (1–4)vol%
20–70�C

Vary significantly with
temperature An enhancement of
up to 19.6% is observed at 4% and
65oc

3ω-Method

SiO2 Water,
ethanol and
EG

(1–4)vol%
20–70�C

Faris
Mohammed
and Yunus
[31]

Al Distilled
water,
ethanol and
EG

Five different
volume
fractions of
nanoparticle

Thermal diffusivity increased
linearly with increasing
concentration of nanoparticles in
the respective base fluids

Hot-wire
technique

Al2O3

Murshed
et al. [32]

TiO2 EG (1–5)wt% 1.1–1.3 Hot-wire
technique

Al2O3 EG (1–5)wt% 1.05–1.3

Rondino
et al. [33]

Pyrolytic titania Ethanol 0.6 vol% 0.6% Optical technique

Table 1. Summary of experimental studies of thermal diffusivity enhancement.
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two schemes were proposed, namely, the configuration with a thermally thin and the optically
opaque PVDF sensor [34] and the configuration with a thermally thick and optically semi-
transparent sensor using LiTaO3 [15]. Balderas-López et al. [35] applied the front PE configu-
ration to perform high precision measurements of thermal effusivity in transparent liquids in a
very thermally thick regime.

Esquef et al. [36], in 2006, developed a method consisting essentially of a photoacoustic cell
and a PE cell enclosed in a single compact gas analyzer for the measurement of thermal
diffusivity and thermal effusivity. Concerning the front configuration, a simplified method to
measure both the thermal diffusivity and thermal effusivity of sensor was proposed. For
example, Streza et al., in 2009, [37]applied two PE detection configurations, ‘back’ and ‘front’,
to the calorimetric studies of some liquids (liquid mixtures, magnetic material nanofluids,
liquid foodstuffs, etc.). They demonstrated that if the back configuration used the phase of PE
signal in the cavity scan method and the front configuration used the frequency scan, both
thermal diffusivity and thermal effusivity could be measured. Dadarlat et al.[23], in 2008,
measured the thermal diffusivity and thermal effusivity of Fe3O4 and CoFe2O4 nanofluids by
using two PPE detection configurations (back and front). Their thermal diffusivity and
effusivity measurements were obtained with high accuracy (within 0.5%), and the results were
sensitive to changes in the relevant parameters of the nanofluid as the base fluid, concentration
and type of NPs. Thus, the front PPE method [13–15, 35–39] was a suitable for accurate and
simultaneous measurements of thermal diffusivity and effusivity of nanofluids.

2.3. Theoretical background: photopyroelectric technique

The photothermal method has been widely used for determining the thermal parameters of
materials. This technique typically uses a modulation of laser beam for inducing a thermal-wave
(TW) field in the sample. The obtained TWdistribution is then detected by various photothermal
methods, such as photoacoustics [40], photothermal spectroscopy [41] or PPE techniques [11,
42]. Recently, many useful applications of the photopyroelectric (PPE) effect have been reported
with regard to the measurement of both thermal and optical absorption properties of a material
[43]. The PPE effect has provided a calorimetric method in which a thin-film PE sensor produces
a voltage proportional to its surface temperature change due to the propagation of TWs through
a sample in intimate contact with the PVDF sensor. In this technique, the light modulation
impinges on the front surface of a sample and the PE sensor, located in good thermal contact
with the sample’s backside so the PE signal can be measured by performing either a frequency or
a cavity length scan. The back and front PPE configurations in ‘thermally thick’ conditions have
been reported to measure the thermal diffusivity and thermal effusivity of a sample [39, 44]. A
front PPE technique is the modification of the classical configuration of the PPE technique. In
this technique, the TW is introduced to the rear of the PE detection [45]. In the back PPE
technique, a very thin metal film is illuminated by a modulated laser beam, and the PE cell
consisted of these two parallel walls, one the metallic foil as the TW generator and another the
PE film as a PE signal sensor which was placed parallel to the TW generator surface at a fixed
cavity length as a function of frequency in frequency scanning and at a given frequency as a
function of cavity length in cavity scanning, respectively [46]. This experimental device has
allowed the measurement of thermal properties of gas and liquid and liquid mixtures [47]. This
expression is typically based on the general theory of PE detection. The experimental results can
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then be obtained by using the PPE technique that is designed at different configurations in the
measurement of the thermal properties of the nanofluids. The following results and discussion
are divided into two parts: (i) the back and (ii) front PPE configurations to measure the thermal
diffusivity and thermal effusivity of the nanofluid samples.

2.3.1. Back photopyroelectric theory

In the back PPE technique, named the thermal-wave cavity (TWC) technique, a very thin metal
film was illuminated by a modulated laser beam, and the PE cell consisted of these two parallel
walls, one the metallic foil as a TW generator and another the PVDF film, as a PE signal sensor.
The sample(s) converts the modulated laser beam into TWs.

The induced TWs then transmit through the intracavity medium (l) by TW transmission, and
the reflection mechanism is detected by the PE sensor (p), as shown in Figure 2. TW’s arrival at
PVDF film gives rise to the surface temperature at the film (x = 0) [48]:

θ0 ¼
θlsTsle

−σl ll

1−RlsRlpe−2σl ll
(1)

The transmitted terms of TWs, of the solid-liquid interface at (x = − l), are given by

θls
¼ Q0Tgse

−σsls

1−RsgRsle−2σsls
(2)

Hence, the surface temperature of the PVDF can be continued as

θ0 ¼
Q0TgsTsle− σslsþσl llð Þ

1−RsgRsle−2σsls
� �

1−RlsRlpe−2σl ll
� � (3)

where Qo is the TW source intensity, σj is the complex TWdiffusion coefficient σj = (1 + i)/μj and
Tjk and Rjk are TW transmission coefficient and TW reflection coefficient, respectively, at (j−k)

Figure 2. 1D configuration of TWC showed that the thermal waves are partially reflected and transmitted upon striking
the boundaries (g, s, l, p and b) which stand for gas, solid, liquid sample, PVDF film and backing, respectively.
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interface, defined as Tjk ¼ 2
1þbjk

; Rjk ¼ 1−bjk
1þbjk

; bjk ¼ kk
kj

 
αj

αk

 1=2
. The following param-

eters were also defined: αj, the thermal diffusivity of j (= g, s, l, p, b); μj (= (αj/πf)
1/2), the thermal

diffusion length of j at modulation frequency f ; and lj, the thickness of j. The temperature
distribution in PVDF film from two parts, the PVDF film-liquid interface and the PVDF film-
backing interface, can be written as

θp f ; xð Þ ¼ θ0

Tlp e−σpx þ Rpbe −2σplpþσpxð Þ
 

1−RpbRple−2σplp
�  (4)

The average PE voltage is given by

V f ; l1ð Þ ¼ p
εεo

< θp >¼ QoTslTlppe−σsls 1−e−σplp
� 

1þ Rpbe−σplp
� 

εεoσp 1−RsgRsle−2σsls
� 

1−RpbRple−2σplp
�  e−σl ll

1−RlsRlpe−2σl ll
�  (5)

If P is the PE coefficient, lp is the thickness of the PVDF sensor, ε is the dielectric constant of the
pyroelectric sensor, ε0 is the permittivity constant of vacuum, ω is the angular frequency of
modulated light and Rjk is the interfacial thermal coefficients. Considering that for thermally
thick condition e−2σl l

  << 1, Equation (5) can be written more simply as [49]

V f ; Lð Þ ¼ Constant fð Þe−σL (6)

V f ; Lð Þj j ¼ Constant fð Þe−L=μ (6a)

φ f ; Lð Þ ¼ Constant fð Þ−L=μ (6b)

The thermal diffusivity of sample can be obtained by the slope liner fitting from the plot ln
(amplitude) and phase versus both cavity length (from the cavity scan) and frequency square
(from the frequency scan). In frequency scanning method, the cavity was at a fixed thickness L.
By plotting the phase and ln(amplitude) as a function of frequency scan, the thermal diffusivity

can be determined: α ¼ πL2= φffiffi
f

p
 2

, α ¼ πL2= ln Vj jð Þffiffi
f

p
 2

2.3.2. Front photopyroelectric theory

Usually, the front PPE configuration can be obtained as shown in Figure 3, the sensor directly
is irradiated and the sample in contact with its rear surface. Then, the cell structure, gas, PE
sensor and sample, (g/p/s) becomes another variant of PPE technique.

Under this assumption, for a cell structure (g/p/s), the average PE voltage simplifies to [35]

V f ; lð Þ ¼ Vs
1−e−σplp
� 

1−Rpse−σplp
� 

1−RpsRpge−2σplp
�  (7)

where Vs(f) = P/εεo〈θs〉 with thermally thick sensor and sample, the signal defined by
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V fð Þ ¼ Vs 1− 1þ Rsp
� 

e−σpLp
 

(8)

Rsp ¼ es−ep
� 

= es þ ep
� 

(9)

where es and ep are the thermal effusivity of sample and PE sensor, respectively. The normaliz-
ing signal is determined (by using air), and the normalized signal becomes

Vn fð Þ ¼ 1− 1þ Rsp
� 

e−σpLp (10)

The normalized phase and amplitude of the signal are defined by

θ ¼ arctan
Ae−Lp=μp sin Lp=μp

 

1−Ae−Lp=μp cos Lp=μp

 

2
4

3
5 (10a)

Vn fð Þj j ¼ Asin Lp=μp

 
e−Lp=μp

h i2
þ 1−Acos Lp=μp

 
e−Lp=μp

h i2 1=2

(10b)

Figure 3. 1D geometry of the front PPE configuration, for a cell structure (g/p/s).
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where A = 1 + Rsp, A the constant can be obtained by optimizing the fit performed on the
experimental data with the normalized signal phase by using Equation (10b). It can be shown
that from the phase of the normalized signal, one can obtain the thermal effusivity of the liquid
sample.

3. Experimental method

3.1. Preparation of metal oxide nanofluids

Nanofluids were prepared by dispersing pre-synthesized NPs into fluids, and if necessary, in
the presence of the stabilizer polyvinylpyrrolidone (PVP) to keep the NPs stable in the fluids.
Nanopowders into base fluids were dispersed by stirring, and the suspensions were
ultrasonicated by using probe-type or bath-type sonicator. Nanofluids were prepared using
Al2O3 (Nanostructured & Amorphous Materials, Inc.), and copper oxide (Sigma-Aldrich)
particles were dispersed in various base fluids, DW and EG. To make the desired volume
concentration percentage of NPs in the nanofluids, the weights of the base fluid and NPs were
measured using an electric balance (Ohaus Adventurer Balances). For example, 3.97g of Al2O3

NPs, which is 1 ml based on the density provided by the vendor, were added to 99g (99 ml) of
DW to make 1 % volume concentration of the Al2O3/DW nanofluid. All nanofluids are
processed by the same ultrasound power.

3.1.1. Ultrasonication dispersion process

Physical dispersion of powders in a liquid can be achieved by ultrasonic irradiation, either in a
bath or by direct irradiation using a probe sonication method. Probe sonication has been
studied to determine its effect on the particle characteristics such as the average agglomerate
size and the surface charges [50]. Probe sonication is expected to provide higher power to the
suspension than the ultrasonic bath as the probe is directly immersed in the suspension. The
bottles containing the nanofluid were placed in the ultrasonic bath which was filled with
water. The influence of the main parameter of ultrasonication such as the irradiation type
(probe and bath) to dispersion and reduced size was observed in the suspension of Al2O3 in
low concentration in water, as shown in Figure 4. Al2O3 NPs (99%, 11 nm) 0.5 wt% were
dissolved in DW and magnetically stirred vigorously until a clear solution was obtained in
about 1 h. The suspension was sonicated for 30 min using an ultrasonic probe (VCX 500, 25
kHz, 500 W) and labelled as sample P or using an ultrasonic bath (Powersonic, UB-405, 40
KHz, 350 W), which was labelled as sample B, respectively. As energy transferred into the
liquid, the liquid become heated, and a cooling system to control the temperatures between 35
and 40°C was required. This temperature range is favourable to produce a large cavity field
that greatly accelerates the integration of NPs in fluids. Unlike the bath sonication that was
performed at room temperature, the tip probe sonication had higher amplitudes and, thus, a
more effective creation of cavitation and heating. In the case of the ultrasonic probe, the
nanoparticle/DW mixture was placed in another larger container filled with ice cubes. This
was to prevent the evaporation of fluids caused by elevated temperatures. It was found the
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most appropriate power and conditions were obtained using the ultrasonic probe to achieve
the highest dispersion and long-term stability.

3.1.2. Sample characterization

Various techniques have been applied to analyze the chemical and physical properties of the
prepared nanofluids. The morphologies of the deposits were studied using an S-4700 field
emission scanning electron microscope (FESEM) (Hitachi, Tokyo, Japan), operating at 5.0 kV.
The size, distribution and morphology of the synthesized NPs were determined via TEM (H-
7100, Hitachi, Tokyo, Japan), and the particle size distributions were determined using the
UTHSCSA Image Tool software (version 3.00; UTHSCSA Dental Diagnostic Science, San
Antonio, TX). In the characterization of the prepared nanofluids, the particle size and size
distribution of spherical NPs in colloidal form were measured by the Nanophox particle size
analyzer (Sympatec GmbH System-Partikel-Technik). This equipment is based on the principle
of dynamic light scattering, which provides mean particle size as well as particle size distribu-
tion (PSD). The surface plasmon or absorption maximum in the colloidal solution spectrum
provides information on the average size of the particles, and a UV-Vis spectrophotometer
(Shimadzu-UV1650PC) was used to measure the absorption spectra at room temperature for
wavelength range 200–800 nm.

3.2. Experimental setup of the photopyroelectric methods

The systematic experiments were to investigate the accuracy of thermal diffusivity and
effusivity by the PE method using the back PPE and front PPE configurations as a special

Figure 4. Probe (VCX 500, 20 kHz, 500 W) (left) and bath (POWERSONIC, UB-405, 40 KHz, 350 W) (right) ultrasonic,
respectively.
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case of the different structures of the PE cell. The basic design of the analytical instrument
consisted of only a laser, a TW generator and a PVDF, PE sensor. The thermal diffusivity and
thermal effusivity of the nanofluids were obtained with both the back and front PPE config-
urations.

3.2.1. Back PPE configuration and experimental conditions

The schematic diagram of the experimental setup is shown in Figure 5. Here, a 52 μm PVDF
film PE sensor (MSI DT1-028K/L), which is an excellent choice for signal detection due to its
low cost, low weight, flexibility and sensitivity, was used in signal detection [51]. A 30 mWHe-
Ne laser (05-HR-991) was modulated by an optical chopper (SR540) before illumination on
copper foil of 50μm thickness and 0.8cm diameter. To maximize its optical to thermal conver-
sion efficiency, a very thin layer of carbon soot was coated on the surface of the foil. When the
laser was illuminated on the copper foil, TWs were generated in this foil.

In the cell, the initiated TWs propagated across the fluid and reached the PE sensor. Since the
PVDF film is very flexible and any film wrap can cause a change of signal, it was fixed with
silicon glue to a Perspex substrate. On its top side, a plastic ring of 1 cm diameter was glued to
it to act as the sample container. A small volume of the liquid sample, <0.1 cm3, was simply
filled in the inner side of the ring, with a sample depth or thickness of around 1 mm. The PE
signal generated by PVDF sensor was analyzed by using a lock-in amplifier (SR-530) to
produce the PE amplitude and phase. The electromagnetic noise was reduced by eliminating
all the ground loops via proper grounding.

The typical PE signal was measured with respect to time to investigate the steady state of the
signal. The sensitivity of the back PPE technique was tested by maintaining the cavity length at
about 100 μm, and the PE signal was recorded over 300 s. The experiment was carried out with

Figure 5. Schematic diagram of back PPE configuration [51].
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a single drop of DW. In Figure 6, it can be observed that the PE signal was quite stable around
1.49 ×10−3 V with a standard deviation of 5.12 ×10−5 V.

A frequency scan was carried out as it was important to choose the optimal value of frequency
for thermophysical measurements of nanofluids. Figure 7 displays the frequency behaviour of
the signal amplitude obtained from the distilled water as a reference sample with known
thermal properties. It can be observed that at frequencies above 7 Hz, the effect of thermally
thick regime become obvious. The amplitude of the PE signal of the sample decreased expo-
nentially to zero with increasing modulation of the frequency in the thermally thick regime.
Therefore, the frequency range between 7 and 30 Hz was used for the frequency scan, which is
shown in Figure 5. The noise level in the present setup was about 75 μV. The ln(amplitude) of
the PE signal as a function of f1/2 in this useful frequency range was linear. The thermal
diffusivity was calculated from the slope of the linear part of the logarithmic amplitude of the
signal curves by using Equation (6b).

3.2.2. Front photopyroelectric configuration

In the new section design, a simplified front PPE configuration was setup using the similar PE
sensor. The metalized PVDF sensor was used as an optically opaque sensor and in a thermally
thick regime for both the sensor and sample, instead of a very thick sensor (usually LiTaO3) in

Figure 6. PVDF signals recorded versus time for distilled water; the baseline is a steady-state signal in various
times.
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the conventional front PPE configuration [53, 57]. The radiation from the similar He-Ne laser
was modulated by the mechanical chopper, and the signal from the PVDF sensor was
processed with the lock-in amplifier. The liquid sample was simply filled into a plastic ring
and glued on the rear side of the sensor, and the overall thickness was about 1 mm. As the
sample thickness decreased, the contribution from the reflected TW power increased. A sche-
matic view of the experimental setup of the front PPE is presented in Figure 8. The scan was
performed in thermally thick conditions in a frequency range of 7 to 30Hz with 1Hz steps. The
S/N ratio of the experiment was more than 750. The LabVIEW software was used to capture
the amplitude and phase data, and the data were analyzed using Microcal Origin 8. The
following procedure describes the steps from the recorded experimental data up to obtaining
thermal effusivity of the nanofluid by fitting the normalized phase of the PE signal versus
frequency scan to obtain thermal effusivity (ep or es).

Figure 9 (a–b) displays the frequency behaviour of the normalized amplitude and phase of
signal obtained from DW as a reference sample of known thermal effusivity, 1600Ws1/2m−2K−1

[53], to determine the thermal effusivity of the PVDF sensor. In Figure 9 (a–b), the frequency
range between 7 and 30 Hz was the best choice for fitting to find the parameters. However,
here, the phase was used instead of the amplitude because it produced more accurate results as
it did not change with source intensity fluctuations.

Figure 7. Frequency behaviour of the amplitude of signal obtained from the distilled water [52].
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Figure 8. Schematic view of experimental setup of front PPE configuration [54].

Figure 9. Frequency behaviour of the normalized (a) amplitude and (b) phase measured for the PVDF sensor with water
as substrate. Solid lines are the best fit of amplitude to Equation (10b) and phase to Equation (10a), respectively [54].
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4. Results and discussion

4.1. Effect of ultrasonication on the thermal diffusivity of Al2O3 nanofluids

4.1.1. Sample preparation and characterization

In the study, the influence of ultrasonication on the thermal diffusivity of low concentration of
Al2O3 nanofluids in two sizes of NPs, size A (11 nm) and size B (30 nm) in water were
investigated. Each nanofluid sample 0.125%, 0.25% and 0.5 wt% was dissolved in DW and
magnetically stirred vigorously until a clear solution was observed after about 1 h. Two
different ultrasonic systems were chosen to disperse the NPs in DW for 30 min using the bath
sonicator, called sample B, or the probe sonicator, called sample P, respectively. The total

Figure 10. Particle size distributions determined using the Nanophox analyzer of Al2O3 particles in the nanofluids after
three measurements at 15 min intervals, for NPs of size A (a,b) and B (c,d) prepared using the bath (a,c) and probe (b,d)
sonicators. PDS just after sonication (□), after 15 min (○) and after 30 min (Δ) [51].
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amount of energy delivered to the sample was constant for both sonicators. After each
ultrasonication, the mean particle size was measured using the Nanophox particle size ana-
lyzer (Sympatec GmbH, D-38678), and an average was taken from at least three measure-
ments. The morphology of the alumina clusters was characterized by TEM.

Figure 10 shows the particle size distribution (PSD) and the hydrodynamic diameters of the
Al2O3 NPs in the nanofluids. It can be seen that the NP agglomerates were only slightly broken
up by the bath sonicator (Figure 10 a, c); however, the large agglomerates were completely
broken down by the probe sonicator (Figure 10 b, d). The smallest mean PSD was recorded for
samples with small particle size, A, prepared using probe sonication. There was no significant
change in the mean particle size for the three measurements (Figure 10 b). However, in all
cases, the NPs agglomerated in water were not completely broken up using sonication,
whether by using the bath or probe sonicators.

The UV-Vis absorption spectra of the Al2O3 NPs prepared in DW, using bath- and probe-type
ultrasonicator for the dispersion of the particles, are shown in Figure 11. The increase of
absorption behaviour of the sample prepared using the ultrasonic probe could be attributed

Figure 11. UV-Vis absorption spectra of the Al2O3 nanofluids, in the treatment by bath (sample B) and probe (sample P)
sonication, respectively.
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to the increase in quantity of Al2O3 NPs assembled within the fluid, as proven by the
Nanophox results. This indicated that for the sample prepared using the ultrasonic probe, the
absorption of nanofluids was at a maximum; therefore, the stability of the nanofluid was high,
and the agglomeration between particles was reduced [50].

The effect of ultrasonic irradiation on the synthesized Al2O3 nanofluids was analyzed by TEM.
Figure 12 shows the TEM images of Al2O3 NPs of two sizes A and B prepared in DW without
sonication (a,b) and prepared using the bath (c,d) and the probe (e,f) sonicators, for NPs of size
A (a,c,e) and B (b,d,f), respectively. It can be seen that most of the NPs were spherical and were
connected to each other to form a porous structure. The size of the NPs was well distributed in
both ultrasonic sonicators, as shown in Figure 12 (c,d). However, the probe sonicator was more
effective in reducing particle sizes to below 100 nm, as shown in Figure 12 (e,f). As previously
mentioned, in all nanofluids, the measured particle sizes were larger than the nominal particle
sizes claimed by the vendor. This indicated that the oxide NPs agglomerated in water and the
hard aggregates could not be broken down into individual NPs under these operating condi-
tions or even with very high-energy input [18].

4.1.2. Enhancement of thermal diffusivity

Before measuring thermal diffusivity of the nanofluids, the PPE setup was tested with DW as
the base fluid. The recorded α value was (1.431 ± 0.030)×10−3 cm2/s, which differed by less than
2% from the values reported in literature [49]. The thermal diffusivity of the Al2O3 nanofluids
prepared using different sonication techniques at different concentrations of NPs of sizes A
and B was obtained. Figure 13 shows the typical behaviour of the (a) amplitude of the PE
signal versus the frequency and (b) the plot of ln(amplitude) of PE signal versus square root of
frequency. The thermal diffusivity can be calculated from the fitting slope of the linear part of
the signal curves. The thermal diffusivity data are summarized in Tables 2 and 3. The data
indicated that the thermal diffusivity of the Al2O3 nanofluids was higher than that of water.

The data also proved that the thermal diffusivity enhancement was greater for the smaller-
sized NPs. This was because smaller particles have larger surface area (the heat transfer area),
thus increasing the thermal diffusivity [55]. Hence, smaller particles helped form a stable
nanofluid, and the probe sonicator had a substantial effect on the thermal diffusivity. At a
given particle concentration, the thermal diffusivity enhancement was greater for the probe
than the bath sonicator. This was because the NPs were more widely dispersed in water
through probe sonication, generating a larger NP surface area and thus increasing the thermal
diffusivity. The beneficial effect of using the probe sonicator on the thermal diffusivity of
Al2O3 nanofluids was more pronounced at high particle concentrations and small particle
sizes. For example, the greatest enhancement of thermal diffusivity of 6% was achieved for
the probe sonicator with NPs of size A at a concentration of 0.5 wt%. The smallest enhance-
ment was about ≈1% for NPs of size B at 0.125 wt% with the bath sonicator. These findings are
possibly attributable to the rapid particle clustering at a high concentration, which necessi-
tates using a more powerful sonication tool to break up large agglomerates into smaller-sized
particles.
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Figure 12. TEM images of Al2O3 NPs prepared in DW without (a,b) and with (c,d) the bath sonicator and (e,f) probe
sonicators, for NPs of size 11 nm (a,c,e) and 30 nm (b,d,f) [51].
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Figure 13. (a) Amplitude of the PE signal as a function of the chopping frequency f and (b) natural log of the amplitude of
the PE signal as a function of the square root of the chopping frequency and its fitting by using Equation (6b), for one of
the samples [51].

Concentration
wt%

Bath Probe

Thermal diffusivity
cm2=sð Þ�10�3

Thermal diffusivity
enhancement %

Thermal diffusivity
cm2=sð Þ�10�3

Thermal diffusivity
enhancement %

0.125 1.476 ± 0.002 3.1 1.482 ± 0.004 3.5

0.25 1.483 ± 0.003 3.5 1.494 ± 0.002 4.3

0.5 1.492 ± 0.004 4.2 1.515 ± 0.003 5.8

Table 2. Thermal diffusivity of Al2O3 nanofluids, NP type A (11 nm), prepared by using different sonication techniques at
different NP concentrations [51].

Concentration
wt%

Bath Probe

Thermal diffusivity
cm2=sð Þ�10�3

Thermal diffusivity
enhancement %

Thermal diffusivity
cm2=sð Þ�10�3

Thermal diffusivity
enhancement %

0.125 1.446 ± 0.003 0.9 1.448 ± 0.001 1.1

0.25 1.461 ± 0.002 2.1 1.473 ± 0.002 2.9

0.5 1.478 ± 0.004 3.2 1.498 ± 0.003 4.6

Table 3. Thermal diffusivity of Al2O3 nanofluids, NP type B (30 nm), prepared by using different sonication techniques at
different NP concentrations [51].
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4.2. Effect of base fluids on thermal effusivity of nanofluids

4.2.1. Sample preparation and characterization

The thermal effusivity of Al2O3 (11 nm) and CuO (50 nm) NPs dispersed in three different base
fluids, DW, EG and olive oil, in the presence of the stabilizer polyvinylpyrrolidone (PVP) was
investigated. In each nanofluid, sample 0.125 wt% was dissolved in each base fluid and
magnetically stirred vigorously until a clear solution were observed after about 1 h. The
solution was then sonicated by probe sonicator for 30 min to ensure a uniform dispersion of
NPs in the fluids. TEM was employed to obtain the morphology of the CuO and Al2O3

particles and to determine the average particle size.

Figure 14 shows the TEM images and their corresponding size distributions of (a) CuO and (b)
Al2O3 nanofluids prepared in water. It can be seen that most of the NPs were well dispersed
and some agglomerates were present. The CuO and Al2O3 NP sizes were about 52.3 ± 4.2 nm
and 7.5 ± 2.5 nm, respectively. These commercial NPs determined from TEM images were

Figure 14. TEM images and their size distributions of (a) CuO particles and (b) Al2O3 nanofluids prepared in water [56].
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Figure 15. The experimental data and the best fit of the PE normalized phase versus modulation frequency in (a) Al2O3/
olive oil and (b) CuO/olive oil, obtained by using Equation (10a) [56].
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slightly different from those reported by the vendors. This indicated that some of particles in
each sample were aggregated with some uniform size distribution as reported by them.

4.2.2. Thermal effusivity measurements

Figure 15 shows the PE-normalized phase versus modulation frequency in (a) Al2O3/olive oil
and (b) CuO/olive oil. It was observed that from this fit the values of A from Equation (9) were
obtained at (1.112 ± 0.005) and (1.175 ± 0.006), corresponding to the values of thermal effusivity
of Al2O3/olive oil (0.614 ± 0.003) × 103 Ws1/2m−2K−1 and CuO/olive oil (0.697 ± 0.003) × 103 Ws1/
2m−2K−1, respectively, obtained by using Equation (10a). The values of thermal effusivity
measured for all nanofluids and their comparison with pure solvents are summarized in
Table 3 and Figure 16. The comparisons indicated that the thermal effusivity of the various
base fluids mixed with NPs in the presence of PVP were reduced as compared to pure fluids,
possibly due to the effect of the surfactant that inhibited the thermal effusivity of the
nanofluids [56]. The results also showed that the base fluids had more influence on effusivity
than the NPs. The relative standard deviation for measuring the thermal effusivity of

Figure 16. Thermal effusivity of Al2O3 and CuO nanofluids with (DW, EG and olive oil) and their pure solvents [56].
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nanofluids was below 2%, as shown in Table 4. Therefore, the front PPE technique is a
promising high-accuracy alternative for this measurement.

5. Conclusions

The PPE technique is a sensitive method to measure the thermal properties of nanofluids in
small volumes. Following this, the back PPE configuration was used to obtain the influence of
ultrasonic irradiation modes (either bath or probe sonication) such as the cluster size of Al2O3

nanofluids in low concentrations on the thermal diffusivity. The ultrasonic bath proved to be
almost ineffective in size reduction, as most of the Al2O3 particles were spherical and were
connected to each other to form a porous structure ranging in size from 1 μm to larger, and the
probe sonication effectively reduced the particle size to below 100 nm. This showed that the
oxide NPs in water were agglomerated and some hard aggregates could not be broken into
individual NPs under these operating conditions or even at very high-energy inputs. The
proposed front PPE technique, with a metalized PVDF sensor in a thermally thick regime,
was applied to measure thermal effusivity by utilizing the phase signal of nanofluids that
contained Al2O3 and CuO NPs dispersed in different solvents, water, ethylene glycol and olive
oil. As expected, the relative standard deviation of this measurement, 2%, confirmed that this
method was also suitable for measuring the thermal effusivity of nanofluid with a high degree
of accuracy.

Abbreviations and Nomenclature

Qo TW source intensity
ω Angular frequency of modulated light
f Modulation frequency

NPs
Base
fluid

Fitting
parameter(A)

Thermal effusivity × 103

(Ws1/2 m−2 K−1) measurement
Relative
error%

Thermal effusivity × 103 (Ws1/2 m−2

K−1) literature

Al2O3 Water 1.523 ± 0.014 1.566 ± 0.015 0.95 –

Al2O3 EG 1.223 ± 0.009 0.773 ± 0.006 0.77 –

Al2O3 Olive 1.112 ± 0.005 0.614 ± 0.003 0.48 –

CuO Water 1.519 ± 0.028 1.547 ± 0.029 1.87 –

CuO EG 1.202 ± 0.021 0.738 ± 0.012 1.75 –

CuO Olive 1.081 ± 0.018 0.577 ± 0.009 1.56 –

– Water 1.528 ± 0.011 1.586 ± 0.011 0.69 1.579 [10]

– EG 1.263 ± 0.008 0.839 ± 0.005 0.59 0.810 [11]

– Olive 1.175 ± 0.006 0.697 ± 0.003 0.43 0.621 [11]

Table 4. Experimental thermal effusivity of Al2O3 and CuO nanofluids and their pure solvents and their literature values
[56].
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ε0 Permittivity constant of vacuum
Tjk TW transmission coefficient
Rjk TW reflection coefficient
σ Complex TWdiffusion
μ Thermal diffusion length
k Thermal conductivity
α Thermal diffusivity
e Thermal effusivity
Ls Sample thickness
DW Deionized water
NPs Nanoparticles
PPE Photopyroelectric
PE Pyroelectric
PVDF Polyvinylidene fluoride
PSD Particle size distribution
SNR Signal-to-noise ratio
TW Thermal wave
TWC Thermal-wave cavity
EG Ethylene glycol
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Abstract

Problems are faced when something is already been adopted for a considerable amount 
of time–here the problem that is discussed is related with nanofluids. The nanofluids 
have been considered for different engineering applications since last three decades; how-
ever, the work on its simulation has been started since last two decades. With the time, 
nanofluid simulations are increasing as compared to experimental testing. Researchers 
conducting nanofluid simulations do find difficulties and problems while trying to simu-
late this system. In addition to this, most of the time researchers are unaware of some 
basic problems and they find themselves stuck in relentless difficulties. Most of the time, 
these problems are very basic and can waste a lot of useful time of a research. Therefore, 
this chapter introduces some fundamental problems which a researcher can find while 
simulating nanofluids and with a simple way of dealing with it. Moreover, the chapter 
withholds lots of information regarding the way to design and to model a nanofluid 
system. Not only this, it also tends to elaborate the nanofluid simulation methodology in 
a precise manner. Moreover, the literature shows that nanofluid simulation has gained 
high consideration since last two decades, as experimental techniques are out of reach for 
everyone. In addition to experimental techniques, they are expensive, time-consuming 
and require high skills. However, it seems the simulation is picking pace with the due 
time and is considerably being adopted by the expertise dealing with nanofluids. This 
opens a high prospect of simulating nanofluids in future. Nevertheless, it seems there 
will be user-friendly software to conduct nanofluid simulations. Finally, issues and their 
resolution have also been conveyed which is the main aspect of this topic.
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1. Introduction

Couple of decades back, nanofluid research was mostly conducted using experimental 
techniques. With time, as the computational power acquired drastic developments, new 
algorithms were designed, and therefore, today, we have got sophisticated software and 
mathematical models to solve and simulate the nanofluid environment.
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1.1. Background knowledge

Nanofluids comprises of two constitutes, i.e. Nano comes from nanoparticles and fluid comes 
from base fluid. The need of combining nanoparticles with fluid was necessary for enhancing 
the properties of the base fluid. Addition of nanoparticles to the base fluid helps in altering 
and optimizing properties such as physiochemical [1], thermo-physical [2], rheological [2–4], 
etc.; to give a new composite performance. The initial mixing of nanofluids can be dated back 
to the time of the US choi in 1995, he was the first one to form nanofluid at Argonne labora-
tories USA [5, 6]. He used the nanofluid for optimization of thermal conductivity. Since then 
there have been several experimental studies over the thermal conductivity analysis of differ-
ent nanoparticles in various base fluids [5, 7–9].

By looking at thermal conductivity improvement, other researchers came up with different 
ideas and formulations for utilization of this technique in various fields of science. Today, 
nanofluids are being used in biological, pharmaceuticals and medicine [10], engineering [7], 
lubrication industries [11, 12]. The major work on experimental side in all these industries has 
been carried out; however, these experiments of nanofluid require high skilled labour and 
expensive equipment. Furthermore, material purchase and characterization are costly. Due 
to this, researchers and industrialists working with nanofluids are trying to develop a model 
that can replicate mechanisms dealing with nanoparticle and fluid interactions. However, this 
subject is wide and requires huge expertise to deal with.

Currently, as the computational power has enhanced to a level where people are finding it 
easy to simulate and replicate systems within their personal computers, it is now becoming 
quite manageable task to simulate nanofluids. But the task is not as simple as it seems, it 
requires a lot of understanding of physiochemical interactions with thermo-physical bound-
ary conditions. There are many algorithms and mathematical models to be considered. As 
the number of these models and algorithms increases, higher the computational power is 
required for solving. Nevertheless, the endless applications and usage makes it convincible 
for an end-user to adopt this creativity, as it enables one to understand the process and makes 
it visually quantifiable.

Before moving forward, it is necessary to understand some basic theory that is behind the 
dispersion of nanoparticles within a certain fluid.

1.1.1. Theory behind dispersion of nanoparticle

Dispersion of nanoparticles is a process in which they are dispersed in a medium like fluid. 
These fluids are of different grades such as biological, aerospace, automotive and buffer-
ing solutions. According to the kinetic theory of molecules, as the molecule interacts with 
other molecule, it starts to generate some heat due to kinetic molecular movement of the 
particle. This movement is accountable for the dispersion of nanoparticles in different flu-
ids; thereby, this model causes anomalous increase in the heat transfer of the nanofluids. 
Furthermore, using this model, four major effects produced by nanoparticles dispersion can 
be explained i.e. (a) Brownian motion of nanoparticle, (b) liquid layering at liquid particle 
interface, (c) nature of heat transport between nanoparticles and (d) the clustering effect of 
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nanoparticles in fluid. These factors are responsible for inducing random motion within 
particle and liquid layers, and this phenomenon is Brownian motion. During the interac-
tion between nanoparticle and fluid, heat is evolved, causing nanoparticles to cluster and 
agglomerate. These mechanisms have already been replicated by various researchers for 
analysing properties such as; (a) rheological, (b) thermo-physical and (c) physiochemical as 
mentioned in Section 1.2.

1.2. Applications

There are various applications in the area of nanofluid simulation. Currently, nanofluid simu-
lation is being applied for analysing the rheological properties of nanofluid environment, 
which is useful for biological, oil and gas, lubrication and chemical industries. Now, by the 
help of simulation, it is possible to test those undesirable conditions that could not be tested 
before, such as testing viscosity at low and very high temperatures. Properties of ideal nano-
fluid can be tested and their results can also be validated using autocorrelation functions for 
satisfaction.

The use of molecular dynamics has enabled us to test and quantify thermo-physical quantities 
of nanofluid at obnoxious level. The chemical interactions that were complicated to under-
stand from the real interface, now it has become straightforward to know how the atoms of 
fluid and nanoparticle interacts together, nevertheless, Brownian dynamics is more apprecia-
bly demonstrated and visualized. Having this all, analysing different properties of fluid and 
nanoparticle interaction, now it is easy to know other parameters such as specific heat [13], 
total energy, bond formation at molecular level, chemical interactions, etc. [14]. Furthermore, 
various effects that could not be judged by experimental testing can now easily be known 
such as the effect of liquid layering on thermal conductivity as investigated by Li et al. [15]. 
Particle effect on thermal conductivity analysis can now be determined as carried out by Lu 
and Fan [16]. Nevertheless, effect of surfactant addition in nanofluid system can also be tested 
using molecular dynamics, which can better tell about the chemical interaction and aggrega-
tion dynamics within this system as conveyed by Mingxiang and Lenore [17]. Rudyak also 
succeeded in showing that by changing nanoparticle size and shape effects the viscosity [18]. 
Therefore, by looking at the vast applications of nanofluid simulation, it is necessary to know 
some overview about how these simulations can easily be conducted.

2. The literature review

2.1. Need of simulations over experiments

Simulations are being preferred over experimental practices in the twenty-first century. As 
experiments require a lot of man power and material, which is costly and time-consuming, 
therefore, researchers are favouring simulations, as it saves material, money and time. With 
the advancement in computational technology, simulations are being approached to rep-
licate the nanofluids. Simulations are not an old technique, and it has got a firm ground. 
Currently, the area of simulation to replicate the real phenomena of dispersion is through the 
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int ermediate stages. Before moving to simulations, it is important to understand dispersion 
and interaction mechanism of nanoparticles with fluids. For this, the major phenomena that 
is used for dispersion is Brownian motion, which is an important aspect that controls the 
r andom factor of nanoparticle dispersion.

2.2. Simulations of nanofluids

Nowadays, the necessity of using simulation techniques is increasing due to its cost-effective-
ness and time-saving capabilities. Simulations for nanofluids are mostly referred to as molec-
ular dynamics simulation (MDS). However, before MDS, researchers adopted theoretical and 
numerical calculation method for computing thermo-physical quantities. Earlier theoretical 
formation, related to MDS research, has not established a strong hold position for replicating 
the mechanism of heat transfer, rheology and thermo-physics involved for nanofluid disper-
sion. This is because several researchers had modelled system using various assumptions 
rather using a definite formulation. This creates ambiguity in collecting results; however, they 
were well utilized for initial prediction of thermal transfer properties of nanofluid at the cost 
of wide inaccuracies. Experimental results that are representing actual system sometime are 
way off from the ideal method, in addition to this, researchers apply various differential equa-
tions for equating the system to realistic results as possible.

These methods are single-phase and two-phase methods [19] of nanofluid heat convection. 
They are still being used for predicting several properties related to heat transfer, convection 
and conduction within nanofluid systems [19–21]. Now these two methods are being embed-
ded in computation fluid dynamic and molecular dynamics for heat transfer analysis [21]. 
The single-phase method of heat convection in nanofluid is an old method and is good for 
initial prediction of the thermal properties of nanofluid; however, the second-phase method 
is costlier as it requires higher computing power. In addition to the second-phase method, it 
is quite versatile as its prediction is in higher accuracy to the experimental results. Numerical 
approach simulates the nanofluid system using classical thermodynamics principles, which is 
more close to the single-phase model. Different correlations are applied to estimate the imbal-
ance between the heat propagation values from actual to the ideal system. Physical interaction 
kinetics involved in real nanofluid system are not mimicked. This is why the real prediction 
is hard to achieve by this approach; moreover, two-phase fluid heat transfer involves higher 
mathematical complexity, which requires high computational power for general analysis of 
nanofluid heat transfer, rheology and thermo-physical quantities.

It was investigated by Sergis Antonis that due to not standardizing the procedure of nano-
fluid preparation diversifies accuracy of the experimental results obtained [2]. In this respect, 
MDS comes in to play, as it helps in simulating both nanoparticle and fluid particle system 
in one single domain, enabling us to mimic reaction kinetics of both materials in one single 
domain. However, these simulations require high computational power for simulating the 
system as it involves kinetic molecular movement of different atoms. Initially, MDS involved 
heat transfer within a nanofluid system in which it did not involve analysis with respect to 
the geometrical features or spherical with no surface texture. It used to be simple analysis in 
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a uniform and homogeneous system. Earlier, properties of SiO2 nanoparticles were calculated 
using Stillinger-Weber [22] and later fluid particles were represented by L-J potential.

There are two different dispersion prospects of MDS i.e. (1) non-equilibrium MDS (NEMD) 
and (2) equilibrium MDS (EMD). The macroscopic MDS mimics the molecular interactions 
between different molecules of various elements; in compound or ionic form. These d ifferent 
thermo-physical types of interactions of molecular dynamic quantities can be tailored and ana-
lysed by true boundary conditions. These boundary conditions are related to the physical set-
tings, chemical interactions, charges, viscosity of the system and motion exhibition of particles. 
The interaction between the molecules is exhibited by Brownian motion as this mimics the 
random forces in the system. The system relies on different algorithms behind the scene to 
design a virtual nanoparticles dispersion in fluid. Furthermore, this is because the interaction 
kinetics of nanofluid system adhere with nanoparticle surface interacting with the surrounding 
fluid; this involves exchange of energy, surface tension between two, orientation of nanopar-
ticle, surface energy, bonding configuration, nanoparticle dynamics and kinematics (including 
nanoparticle spin), liquid layering between nanoparticle and fluid molecule, and diffusion rate.

To explain the trajectories and velocities of a fluidic system, it is necessary to adopt a hydro-
dynamic framework. Computer simulations for mimicking trajectory of hydrodynamic disper-
sion of a dispersed particle in a fluid system was used by Ermak [23]. Nevertheless, Ermak and 
McCammon [24] work was more focused on the hyrdrodynamically concentrated system. 
The hydrodynamical system exhibited that the inter-particle distance is much greater than 
the range of hydrodynamic interactions. However, by implementation of Brownian dynamics 
by Ermak gave highly concurrent results with the experimental values achieved. The hydro-
dynamics of the system display combinations of Coulomb interactions; i.e. long range inter-
actions as well as the Vander Waal interactions; short range interactions. Furthermore, the 
dynamics of the system is more convincing after applying the Derjaguin, Landau, Verwey and 
Overbeek (DLVO) [25] theory/factor in the system to mimic the charges and to enhance the 
realistic intermolecular attractions and repulsions.

Currently, there are different nanoparticles being considered for various applications. 
Therefore, for simulating nanofluids, modelling the nanoparticle is important, for that 
nanoparticle structure, shape and its properties should be known.

Subsequently, the mimicking of interaction potentials; i.e. using force fields such as embed-
ded atom method (EAM), COMPASS, universal, etc; and the other forces between the atoms 
and molecules, the velocity verlet theorem is implemented. The velocity verlet theorem is a 
time-dependent movement of the atoms from one position to another using an algorithm 
for  defining the movement, which is based on Brownian dynamics (BD). In addition to this, 
velocities or movements of atoms are controlled using thermal ensembles i.e. canonical (NVT), 
grand canonical (ΔPT), isobaric and isothermal (NPT) and micro canonical (NVE). These 
ensembles support in conducting thermal and physical perturbation to change the dynami-
cal position of the atoms and molecules within a desired system. This causes the  system to 
move to an un-equilibrium state. After starting and moving from an un-equilibrium state, the 
system is then equilibrated for convergence to equilibrium state. Finally, by this convergence, 
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the system acquires stability of temperature and physical quantity fluctuations. However, 
this convergence is an iterative process for which time steps are varied to achieve the real 
convergence results [26, 27].

Currently, there are various simulation of nanofluids, for example; CuO, TiO2 and CeO2 
nanoparticle dispersion in water [3, 4]; furthermore, there are also studies of dispersing 
nanoparticles in hydrocarbons [28]. By having two different simulation strategies, a perspec-
tives and robust methodology can be formulated. As these simulations are performed on 
two different types of fluids i.e. polar and non-polar, so a concurrent methodology for both 
fluids can be deduced. Furthermore, up to the date, investigators have carried out various 
researches on nanofluid MDS, in addition to this, last two decades of work has been cumu-
lated in Figure 1. Following are the details of their work in the field of nanofluid simulations.

In 1998, Malevanets and Kapral [29] formulated a method for computing complex fluidic 
systems using H theorem, which helped in solving hydrodynamics equations and transport 
coefficients. Colloidal model and random stochastic movement algorithm was established 
using Brownian dynamics which was formulated by Lodge and Heyes [30].

Francis W. Starr investigated effect of glass transition temperature on the bead spring poly-
mer melts with a nanoscopic particle. He found that the surface interaction dominates due to 
nanoparticle diffusion within the melted polymeric system [31].

Simulation of chemical interactions was also carried out, and the bond length and structural 
orientation was noted for Silica nanoparticles in poly ethylene oxide (PEO) oligomer system. 
By this study, Barbier et al. concluded that the silica nanoparticles influence structural proper-
ties of PEO up to two to three layers [32].

Mingxiang and Lenore worked on hydrocarbon surfactant in an aqueous environment with a 
nanoparticle diffused within this system. It was observed from interactions that the agglom-
eration created between water molecules and surfactant was independent of nanoparticle i.e. 
it does not matter whether it is present or not [17].

Figure 1. Timeline showing work carried out by different researchers since last two decades.
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Sarkar and Selvam designed a nanofluid system of Cu nanoparticle and Argon as basefluid, 
for this, he used EAM potential and Green Kubo technique to find the thermal conductivity of 
this system. He examined that the periodic oscillation existed due to the heat fluxes imposed 
by Leonard Jones (L-J) potential [9].

Li et al. later worked on similar system of Cu nanoparticle with Ar base fluid; however, they 
investigated Brownian dynamics induces a thin layer around a particle, giving a hydrody-
namic effect to the particle dispersion [33].

Lu and Fan investigated thermo-physical quantities of Alumina nanoparticles dispersed in 
water and concluded that the particle volume fraction and size effects the viscosity and ther-
mal conductivity [16].

Sankar et al. examined and formulated an algorithm for calculating metallic nanoparticle 
thermal conductivity in fluid. They articulated that the volume fraction of nanoparticles and 
temperature of the system effects the overall thermal conductivity [8].

Moreover, Cheung carried out research on L-J nanoparticles within solvent and quantified 
that the detachment energy decreases as the nanoparticle solvent attraction rises [1].

Sun et al. devised a technique using EMD using Green Kubo method to find the effective thermal 
conductivity of the Cu nanoparticles in Ar liquid. It was found that there was a linear increase in 
the effective thermal conductivity of shearing nanofluid due to micro-convection [34].

Rudyak and Krasnolutskii later on worked on Aluminium and Lithium nanoparticles with liquid 
Ar and suggested that the size and material of nanoparticle considerably effects the viscosity [18].

Lin Yun Sheng et al. also detected increment in thermal conductivity by Cu nanoparticle 
dispersion in Ethylene glycol fluid. In this study, he used Green kubo formulation for find-
ing thermal conductivity using NEMD [35]. Furthermore, Mohebbi investigated a method to 
calculate thermal conductivity of nanoparticles in fluid using a non-periodic boundary condi-
tions with EMD and NEMD [14].

Kang H et al. carried out work on coupling factor between nanoparticle of Copper and Ar 
as base fluid, his investigations suggest that coupling factor is proportional to the volume 
concentration of particles, nevertheless, he also suggested the that there is no effect of tem-
perature change from 90 to 200 K on coupling factor [36].

Rajabpour et al. investigated the specific heat capacity of Cu nanoparticles within water and 
he found that the specific heat capacity of this system decreases by increasing the volume 
fraction of particles in base fluid [13].

Loya et al. initiated work on CuO nanoparticles dispersion in water focusing on the change 
of viscosity due to temperature increase, he figured that temperature increment decreases the 
viscosity of nanofluid as also initially predicted using experimental testing [37].

In addition to above, further rheological analysis of CuO nanoparticles in straight chain 
alkanes [28] and water [4] and CeO2 in water [3] was carried out by Loya et al. For conducting 
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these simulations, molecular dynamics was used and studies provided highly accurate results 
of viscosity to experimental findings.

 Finally, after knowing the perspective of nanofluid simulation, a simple and general way is 
deduced for researcher, industrialist and their co-worker in Section 2.3.

2.3. Mimicking different properties of nanofluids using simulation

Several studies about simulation work were reported on the diffusion of polymeric, ionic 
and mineral nanoparticles [38–40]. An example of this is calcite nanoparticles. These have 
been simulated in water for salt molecular dynamics for thermal energy storage nanofluidic 
simulations [38]. Simulations such as these are mostly conceiving diffusions of the polymeric 
nanoparticles or di-block polymers represented by spheres. The major diffusion phenom-
ena that have been implemented on the nanoparticle or the polymer dispersion is with the 
help of BD, targeting the random motion of the particles in a solvent or any solution system. 
Some further surveys show that one of the best simulations for the dispersion of the metal 
oxide nanoparticle in the water system was carried out using the DPD potential [41–43]. This 
potential has the power to disperse nanoparticles as well as replicating the phenomena of the 
BD [44]. DPD was first carried out on nano-water systems by Hooggerbrugge and Koelman 
[44, 45]. Moreover, the work was carried out by Español and Warren for implementing the 
DPD technique using statistical mechanics. DPD technique imparts stochastic phenomena 
on particle dynamics [46]. This is how BD was integrated into DPD technique. However, 
the random forces will only be in pairwise interaction since DPD at the same time imparts 
the hydrodynamic effect on the system. Many studies of DPD for complex fluidic systems 
[41–43] show that the dispersion of nanoparticles in water exhibits complex properties and 
to simulate this, initial selection of boundary conditions are important to replicate the real 
scenario. Thereby, the best way to simulate is to acquire the boundary conditions of the exist-
ing experimental system and then use a molecular dynamic simulator to further implement 
it [47]. The considerations of boundary conditions are particle sizes, force field for particle-
to-particle interactions, solvent in which the particles will be diffused, and physiochemical 
nature of the system [48, 49]. Within the simulation system, force field plays an important role 
since it provides charges on atoms for interaction. The force field is a mathematical parameter 
that governs the energies and potentials between interactive atoms. The physiochemical set-
tings of the system refer to the thermal, chemical and physical properties of the system such 
as initial temperature settings, charges and dynamics. Finally, the temperature is controlled 
using different ensembles.

3. Methodology

3.1. Simulation strategy

The nanofluid interactions are carried out at molecular level. Therefore, by keeping this in 
mind to conduct nanofluid simulations, it is necessary to have a simulation technique which 
allows us to do simulation at molecular level. Hence, the technique use for this is molecular 
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to simulate this, initial selection of boundary conditions are important to replicate the real 
scenario. Thereby, the best way to simulate is to acquire the boundary conditions of the exist-
ing experimental system and then use a molecular dynamic simulator to further implement 
it [47]. The considerations of boundary conditions are particle sizes, force field for particle-
to-particle interactions, solvent in which the particles will be diffused, and physiochemical 
nature of the system [48, 49]. Within the simulation system, force field plays an important role 
since it provides charges on atoms for interaction. The force field is a mathematical parameter 
that governs the energies and potentials between interactive atoms. The physiochemical set-
tings of the system refer to the thermal, chemical and physical properties of the system such 
as initial temperature settings, charges and dynamics. Finally, the temperature is controlled 
using different ensembles.

3. Methodology

3.1. Simulation strategy

The nanofluid interactions are carried out at molecular level. Therefore, by keeping this in 
mind to conduct nanofluid simulations, it is necessary to have a simulation technique which 
allows us to do simulation at molecular level. Hence, the technique use for this is molecular 
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dynamics and package that is focused through this chapter is Large-scale Atomic/Molecular 
Massively Parallel Simulator (LAMMPS). Furthermore, how to approach this is mentioned in 
the next section of this chapter i.e. Section 3.1.1.

3.1.1. Approach

The simulation of nanoparticle dispersion is related to the MDS. For this, the software or the 
package that needs to be selected was based on the criteria of the conditions that were needed 
to be simulated, and the flexibility was a major concern for the applicability of different sys-
tems. The LAMMPS can be a best molecular dynamics package for simulating the nanofluidic 
system. This is the code generated by the Sandia Laboratories by Plimpton [50]. This molecular 
dynamics software has high viability over other available software like Montecarlo and Gromacs.

After selection of the MD package, to simulate a desired system with realistic features, it is 
highly vital to know and understand initial boundary conditions. These initial conditions 
for a dispersion of nanoparticles are related to charges within the system for interaction, 
molecular bonding, forces of attraction i.e. Vander Waal or electrostatic coulombs interactions, 
forcefields, pair potentials (i.e. molecular mechanics constants) and molecular weight. To per-
form MD simulation, initial boundary conditions are major and fundamental parameters to 
devise actual dynamics that exist in a real system. After setting the initial parameters, velocity 
of the system is equilibrated and ensembles are applied to mimic the real thermo-physical 
conditions.

In addition to above, after setting all the boundary conditions related to chemical and thermo-
physical parameters, the system is then equilibrated for certain time steps. Simulations are 
processed until converging results are obtained as that of the actual system. Over here, “time 
step” is the major dependent factor. This accounts for equilibrating the kinetics of the system 
that takes place; i.e. movement of system from an un-equilibrated state to equilibrium condi-
tions. The above explained method has been compressed and illustrated using a flowchart for 
better understanding as shown in Figure 2.

After suggesting how to approach and initiate your work for simulation of nanofluids, it is 
also important to know the briefed-out details about the steps like force field, pair potentials, 
ensembles, etc.

After setting up the atoms in a coordinate system using a molecular modelling software, then 
force field is applied on the system (i.e. Universal, COMPASS, OPLS, etc.) by this atomic 
charges and bond configurations are setup. These force fields are interlinked with pair poten-
tials (such as DPD, BD, Smoothed Particle Hydrodynamic, LJ, etc.), they are parameters which 
are used to describe vibrational and oscillation settings between two different atoms. Finally, 
ensembles are applied on the molecular dynamic system for equilibrating the actual thermal 
settings for example NVT, NPT, NPH, etc.

3.1.2. Techniques and tools

As of now, it is known from the previous sections that to simulate and perform MDS it is 
necessary to know techniques and tools that can be beneficial for use and executing the work. 
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Today, there are several tools and ways to perform this; however, still researchers are unsure 
about “what are the clear steps for conducting nanofluid simulations using molecular dynam-
ics?” Therefore, through this section, a brief and concise way is illustrated and conveyed for 
better and easier understanding for people working under the horizon of nanofluid simula-
tions. These steps are as follow:

a. Firstly, for creating nanofluid simulation system, it is required to setup a nanoparticle and 
fluid, then combine them together, for which material studio is the best software for 
designing a nanoparticle. Now, the nanoparticles can be inserted and replicated in a box 
containing fluid particles, however, this may be tedious for bigger systems. Therefore, it 
is suggested to use Packmol after creating the Protein Data Bank (PDB) file from material 
studio and then create an input script for Packmol to replicate the system with as many 
particles and fluid molecules as per required. This software automatically packs up the 
overall molecular arrangement with in a confined imaginary box.

Figure  2. Flow chart of molecular dynamics simulation [26].
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b. As the nanofluid system is set up, now an input data file is required for LAMMPS software, 
this can be generated by using the PDB file and converting it to required .CAR and .COR 
format using Material studio. Before conversion do not forget to implement charges on 
the atoms of the nanoparticle and fluid molecules for this Discover module of the Material 
studio software can be used. After conversion to .CAR and .COR, use msi2lmp package 
provided with LAMMPS for converting the file to a LAMMPS readable input.

c. Once the LAMMPS readable input file is generated now use “read data” command for 
LAMMPS to read this file during the simulation execution.

Finally, the data quantification, visualizing the effects and properties that can be analysed 
have been jotted below in different sections.

3.1.3. Data quantification

 Now, the data obtained by using different compute commands can be quantified on MATLAB 
or Excel. MATLAB initially requires more time for developing its script for computing the 
mathematical problem or graphs. However, on a long run, it does save time. Whereas, excel 
is easy going but requires more time for plotting graph each time you feed the new data.

MATLAB scripting helps in formulating the work in a precise manner, and digitalise the 
work with high quality publishing of the data for journal publications. However, MATLAB 
requires good command over the MATLAB scripting and functions. By using MATLAB, 
it is easy to apply discrete as well as continuous algorithms and equations for refining 
and optimization of results. Furthermore, it helps in applying the regression on the noisy 
data for refinement.

In Excel, similar stuff is possible as in MATLAB, but in excel, it is quite complicated as you 
need to apply macros. These days the computation of MATLAB can be computed in parallel 
mode; again for excel, it is quite difficult. However, for graphical representation of data, excel 
is quite versatile.

Vice versa both tools have their own benefits over each other; it depends totally on a user-
friendliness with certain software. In addition to excel, to compute or establish complex cal-
culations, it will be required to interlink its macros with visual basic scripting, which is under 
a developer’s tool library, mostly hidden from newbies.

3.1.4. Visualizing the effects

After the successful execution of simulation, you will get dump files from LAMMPS, here a 
software that can read LAMMPS trajectories can be used for reading the file and visualizing 
it. For which Visual Molecular Dynamic (VMD) can be used. However, OVITO is also a good 
software for visualizing your trajectories.

The results generated by OVITO are represented as small spheres merged together to form a 
particular system representation, as shown in Figure 3, i.e. of a CuO-water nanofluid system.
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In the similar way for showing how the VMD gives visual output is shown in Figure 4. It is 
similar to that of OVITO, however, VMD has capability of representing the trajectories in the 
form of molecular structure. This gives an extra possibility for researchers working in the 
area of Biochemistry, pharmacy, drug delivery and biomedical to represent and observe the 
c hemical kinetics in real-time, i.e. how one atom reacts and interacts with another atom within 
a  confined system.

3.1.5. Properties that can be analysed

Some properties and parameters can directly be analysed using VMD using trajectories dump 
files. VMD has option for analysing the radial distribution function (RDF) and mean square 
displacement (MSD), they indicate about the agglomeration and dispersion rate, respectively.

Figure  3. Representation of OVITO output of molecular dynamics of CuO nanoparticles in water system [4].
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When nanofluids are concerned the major parameters or properties researcher are interested 
to investigate are viscosity, thermal conductivity, specific heat capacity, thermal diffusivity, 
diffusion coefficient, total energy, heat loss, etc. To find these properties LAMMPS provide 
versatile options to compute what you require, using different algorithms or previously 
established techniques. Currently, main concerned variables out of above mentioned ones 
are viscosity, diffusion coefficient and thermal conductivity. Therefore, in the next section, we 
will discuss about how to validate and quantify your results obtained from the simulation.

4. Validation and quantification of results

To validate the three major properties mentioned in Section 3.1.5, it is required to know initial 
experimental results, however, sometime it is hard to obtain those results as some simulation 
condition cannot be tested, either due to lack of experimental device or it is not possible to 
meet the boundary conditions as setup over the simulation platform.

Now, in this case, the best way is to analyse using autocorrelation function; which is a time 
series modelling of a function of a variable dependent on time fluctuation. Let us take the 
case of viscosity, as it is related with shearing stress, there are shear forces acting between 
the layers of molecular interaction causing pressure function to be induced. This pressure 
function is dependent on stress due to shearing force. If this stress is analysed using the 
function of time, this becomes stress tensor. This stress tensor is used for analysing stresses 
exiting between the molecular layers. Therefore, this is known as stress autocorrelation func-
tion (SACF). The SACF accounts for the stresses imparted on the system due to the diffu-
sion of molecules and intermolecular kinetics; i.e. molecular stresses caused by attraction 
and repulsion of molecules. During the intermolecular kinetics drag is created between the 

Figure  4. Visual output showing two CuO nanoparticles in a water-based nanofluid.

Problems Faced While Simulating Nanofluids
http://dx.doi.org/10.5772/66495

109



molecular layers, this drag is due to the effect of shearing forces. Ultimately as the system 
is equilibrated, it shows unstable response of the SACF, however, as it approaches stability 
the SACF starts to converge to a monotonic level, which satisfies that the viscosity analysed 
is acceptable.

 In the similar manner, thermal conductivity is quantified, but here instead of stress and shear 
forces, heat is considered. Therefore, this is known as heat autocorrelation function (HACF), 
which quantifies or validates the thermal conductivity obtained is satisfactory.

In addition to HACF and SACF for thermal conductivity and viscosity, respectively, for dif-
fusion coefficient, velocity autocorrelation function is used for its quantification. As diffusion 
coefficient is measured by taking the slope of the MSD. So to quantify and validate it, dis-
placement with respect to time i.e. velocity can be used.

The accuracy of results equilibrated for measuring the viscosity and thermal conductivity 
of a system can be justified in a better way with the estimation of heat autocorrelation func-
tion and stress autocorrelation function as show in Figure 5. The graphical result in Figure 5 
explains the process of the integration of non-equilibrated system to equilibration.

At step (a), the system starts with a thermodynamic equilibrium, but the system is not at 
equilibrium state. At step (b), the thermodynamic conditions are changed due to implemen-
tation of thermal ensemble so the system tends to go towards equilibrium. At step (c), the 

Figure  5. Autocorrelation output gained by running a molecular dynamics simulations [26].
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non-equilibrium system moves to equilibrated level of convergence at this level the system 
satisfies the convergences. This process is followed during the equilibration of the thermo-
physical quantities, the convergence time steps depend on the volume and quantity of the 
atoms in that system. For the larger system, large amount of computational power and time 
step will be required for convergence.

5. Discussion

5.1. Problems faced for simulating nanofluids

So far the topic has been conveying the techniques, approach and method for carrying out 
nanofluid simulations. Moreover, there has been no data available for the expertise to know 
what are the problems faced when these simulations are conducted, number of questions 
can arise, for example, (1) Till what level, computational power can support our simulations? 
(2) Is there any other way out rather than this? (3) How larger systems can be simulated? etc.

Therefore, to answer these questions, it is necessary to understand the material and knowl-
edge given before, however, as the number of atoms are increased within a nanofluid sys-
tem the molecular dynamics demonstrates sluggish performance due to less computational 
capabilities i.e. either central processing unit (CPU) power or graphic processing unit (GPU). 
Furthermore, it is not just simulation that need to be carried out but for the data quantifica-
tion, the data that are gathered requires huge memory for storage. Thereby, requiring the 
random access memory (RAM) and hard disk drive (HDD) to be large enough to store the 
required data easily [51].

After hardware issues, the second set of problems faced by nanofluid simulation is the use 
of multiple software for designing, modelling, processing and visualization, which needs a 
lot of understanding of computer for a new geek. Furthermore, if this all is combined in one 
package, this can marvellously save time and money for purchasing different software for 
data acquisition. It is slightly known at the moment that there are few software in market for 
helping in simulating nanofluid; however, academia is not yet aware of it due to less versatil-
ity such as Medea and Scienomics MAPS.

One of the major problem is that, people of twenty-first century like working using graphi-
cal user interface (GUI), as it is easy and you can do everything by just clicks rather than 
using complicated commands, however, most of the molecular dynamics package are used 
on Linux operating system, moreover, commands are used for computing and feeding the 
data for computation.

In addition to high computing power, it should be known that before attempting to simu-
late large scale molecular dynamics (i.e. with more than 0.1 million atoms), it is required 
to have parallel processing enabled on the PC. For that high end, CPU or GPU is required 
with multi cores for processing the data in parallel mode. However, this processing has some 
drawbacks that are loop holes for simulations, one such kind is that sometimes the algorithm 
is not designed in a way to parallel the process efficiently, which in turn gives ambiguous 
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s imulation output and convergence. For avoiding this, it is necessary for the user to know 
the correct working of the algorithm. Moreover, the field programmable gate array (FPGA) 
is good outbreak technology that is being implemented for paralleling the process [52, 53], 
nevertheless, again this technology requires new stuff and bits coding to be learned before 
operating or using this module for rapidly solving the simulation.

6. Conclusion

The chapter has brought about marvellous information and the literature for new geeks for 
conducting a nanofluid simulation. However, this chapter acts as a guide for a newbie for 
initialising the nanofluid simulation.

Nomenclature

Words Abbreviation

Molecular dynamics simulation MDS

Non-equilibrium molecular dynamics NEMD

Equilibrium molecular dynamics EMD

Embedded atom method EAM

Condensed-phase optimized molecular potentials for atomistic simulation studies COMPASS

Brownian dynamics BD

Canonical NVT

Grand canonical ΔPT

Isobaric and isothermal NPT

Micro canonical NVE

Normal pressure hydrocephalus NPH

Copper oxide CuO

Titanium oxide TiO2

Cerium oxide CeO2

Poly ethylene oxide PEO

Leonard Jones L-J

Copper Cu

Argon Ar

Kelvin K

Discrete particle dynamics DPD

Large-scale atomic/molecular massively parallel simulator LAMMPS

Optimized potential for liquid simulation sOPLS

Protein Data Bank PDB

File format output from material studio CAR and.COR
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Visual molecular dynamic VMD

Radial distribution functions RDF

Mean square displacement MSD

Stress autocorrelation function SACF

Heat autocorrelation function HACF

Velocity autocorrelation function VACF

Central processing unit CPU

Graphic processing unit GPU

Random access memory RAM

Hard disk drive HDD

Graphical user interface GUI

Field programmable graphic array FPGA
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Abstract

Nanofluids exhibit novel properties including significant heat transfer properties that
make  them  potentially  useful  in  internal  combustion  engine  cooling.  However,
although there is  a  substantial  number of  mechanisms proposed,  modeling works
related to their enhanced thermal conductivity, systematic mechanisms, or models that
are  suitable  for  nanofluids  are  still  lacked.  With  molecular  dynamics  simulations,
thermal conductivities of nanofluids with various nanoparticles have been calculated.
Influence  rule  of  various  factors  for  thermal  conductivity  of  nanofluids  has  been
studied.  Through  defining  the  ratio  of  thermal  conductivity  enhancement  by
nanoparticle volume fraction, Κ,  the impacts of nanoparticle properties for thermal
conductivity  are  further  evaluated.  Furthermore,  the  ratio  of  energetic  atoms  in
nanoparticles,  E,  is  proposed to be an effective criterion for judging the impact of
nanoparticles  for  the  thermal  conductivity  of  nanofluids.  Mechanisms  of  heat
conduction enhancement are investigated by MD simulations. Altered microstructure
and movements of nanoparticles in the base fluid are proposed to be the main reasons
for  thermal  conductivity  enhancement  in  nanofluids.  Both the  static  and dynamic
mechanisms for heat conduction enhancement in nanofluids have been considered to
establish a prediction model for thermal conductivity. The prediction results of the
present model are in good agreement with experimental results.
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1. Introduction

In recent years, nanofluids (NFs) have received much attention due to their strengthening heat
transfer properties,  which possess important application in heat transfer.  The concept of
nanofluids was first proposed by Choi in 1995, which indicates the fluids containing nanometer‐
sized particles, called nanoparticles (NPs) [1]. These fluids are engineered colloidal suspensions
of nanoparticles in a base fluid. Numerous experimental studies discovered that nanofluids
exhibit thermal properties superior to those of base fluid or conventional solid‐liquid suspen‐
sions. Most of the thermal properties of nanofluids measured greatly exceed the values predicted
by classical  macroscopic theories and models.  Nanofluids possess significantly increased
thermal conductivity and improved convective heat transfer coefficient. Therefore, they are
potentially useful in many enhanced heat transfer application, including engine cooling, vehicle
thermal management, and power battery. Researchers are working to explain the significant
high thermal properties of nanofluids [2–4]. However, although there is a substantial number
of mechanisms proposed, and modeling works related to their enhanced thermal conductivity,
systematic mechanisms, or models that are suitable for nanofluids are still lacked.

Regarding the excellent thermal properties of nanofluids, researchers are interested in the
application of nanofluids in internal combustion engine, and began the study of applying
nanofluids in internal combustion engine. In 1999, Wambsganss in Argonne national labora‐
tory proposed the idea of applying nanofluids in car engine to improve the vehicle thermal
management performance [5]. Choi indicates in a report that in Argonne national laboratory
a research program of enhanced heat transfer by nanofluids is launched aiming at the cooling
and heat transfer problems in the heavy‐duty engine [6]. The results show that due to the
excellent heat transfer performance of nanofluids, the size and weight of the engine can be
reduced by 10%. Choi pointed out that the application of nanofluids in engine is one of the
best methods of improving heat transfer performance of the cooling system. Saripella et al.
studied the heat transfer performance of nanocoolant (nanofluids) in Volvo truck engine, and
the results indicate that with nanofluids the temperatures of combustion chamber components
and coolant are lowered [7]. Lockwood et al. in Valvoline Company reported the application
of nanofluids in the cooling for internal combustion engine [8]. The experiments found that
adding 1% vol. carbon nanotube in engine oil could increase the thermal conductivity by 150%.
Wallner et al. in Delphi Company found that applying nanofluids can efficiently improve the
efficiency of internal combustion engine and decrease the size and weight of the cooling
system [9]. Huminic et al. studied the performance of nanofluids in a car radiator with a
numerical method and found that the convective heat transfer performance is distinctly better
than that of single‐phase fluids [10]. Furthermore, the heat transfer properties of nanofluids
are influenced by many factors, including the volume concentrations, temperatures, and fluid
velocities. Vajjha et al. reported their research on the flow and heat transfer properties of
Al2O3 and CuO nanofluids when applying them in the car radiator [11]. Their results reveal
that nanofluids possess improved convective heat transfer properties and the increase rate is
increased by increased volume concentrations. Leong et al. found that the heat transfer
coefficient and heat transfer rate in the cooling system of internal combustion engine are
improved by using nanofluids [12]. Peyghambarzadeh et al. experimentally verified that the
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application of nanofluids improves heat transfer efficiency of the car radiator by 45% when
using Al2O3‐H2O nanofluids [13].

The authors have focused on the application of nanofluids in internal combustion engine
(ICE) for heat transfer enhancement. In order to apply nanofluids in ICE, the mechanisms
of heat transfer enhancement and the rules of enhanced heat transfer by nanofluids should
be clarified first. The original cause of heat transfer enhancement is due to the adding of
nanoscale particles. Therefore, we have attempted to use molecular dynamics (MD) simula‐
tions to study these microscopic mechanisms [14]. By using MD simulation, we have calcu‐
lated thermal conductivity of nanofluids via the Green‐Kubo equation and proposed an
effective criterion for predicting the enhancement of apparent thermal conductivity. Fur‐
thermore, possible mechanisms of heat conduction increase in nanofluids are studied by
MD simulation, including: (1) the micromotions of nanoparticles, (2) changed microstruc‐
ture of base fluid by adding nanoparticles, and (3) the influence of absorption layer of base
fluid at the surface of nanoparticles. On the basis of the microscopic mechanisms found by
MD simulations, we have also proposed a revised thermal conductivity model, which con‐
sidered both the static and dynamic mechanisms. The revised model is verified by experi‐
mental data, which has been proved to be quite accurate for predicting thermal
conductivity of common types of nanofluids.

2. Influence rule and criterion for nanofluids’ thermal conductivity

2.1. Simulation results of thermal conductivity

MD simulation is used to calculate thermal conductivity of nanofluids via the Green‐Kubo
equation [14]. A series of influencing factors for the thermal conductivity of nanofluids
have been considered, including: nanoparticles’ volume concentrations, sizes, materials,
and shapes [15]. In this work, inert liquid Ar is chosen as the base fluid because of the
mature and credible potential function. The NP materials include Cu, Ag, Fe, and Au. We
have chosen these types of nanoparticles because they are commonly reported in the litera‐
tures on nanofluids. The MD simulation results reveal that the thermal conductivity of
nanofluids can be obviously increased by adding nanoparticles, as shown in Table 1. How‐
ever, the contributions of several influencing factors for thermal conductivity of nanofluids
are different.

Figure 1 shows the MD simulation results of thermal conductivities for nanofluids contain‐
ing spherical nanoparticles. In this case, the nanoparticle volume fractions, nanoparticle di‐
ameter, and thermal conductivity of nanoparticles are considered. For the influencing
factors that have been considered in this work, the influencing rules are regular. The thermal
conductivity of nanofluids is increased with increased volume fraction of NPs, decreased
NP sizes, and higher thermal conductivity of NPs. For instance, the ratios of thermal con‐
ductivity enhancement for Ag, Cu, Fe, and Au nanofluids are 1.41, 1.15, 1.11, and 1.08 se‐
quentially when the other conditions are the same.
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Diameters

(nm)

Volume fractions

(%)

Cu    Ag    Au    Fe   

2 0.5 1.112 1.326 1.062 1.036

1 1.149 1.405 1.112 1.059

2 1.359 1.498 1.205 1.079

3 1.414 1.570 1.322 1.096

4 0.5 1.095 1.287 1.055 1.041

1 1.134 1.325 1.096 1.065

2 1.303 1.396 1.175 1.085

3 1.376 1.462 1.202 1.112

6 0.5 1.065 1.244 1.049 1.045

1 1.097 1.265 1.086 1.079

2 1.266 1.326 1.152 1.098

3 1.336 1.369 1.256 1.132

Table 1. Ratios of nanofluids’ thermal conductivity enhancement with different influence factors.

Figure 1. MD simulation results for thermal conductivity of nanofluids.

To examine the influencing rules for thermal conductivity of nanofluids in depth, the ratio of
thermal conductivity enhancement by nanoparticle volume fraction, Κ, is defined:

np

/ 1
,

/
-

= fk k
K

V V (1)
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where Vnp and V are the volume of nanoparticles and nanofluids, respectively; k and kf represent
the thermal conductivities of nanofluids and base fluid, respectively.

The physical significance of K is to evaluate the ratio of thermal conductivity increase and
nanoparticle volume fraction. In other words, K could be used to evaluate the impact of
nanoparticle properties for thermal conductivity. With K, the contributions from volume
fraction and thermal conductivity of nanoparticles could be compared, as shown in Figures 2
and 3. From the figures i,t could be easily found that the contributions of nanoparticle materials
are in the order of Ag, Cu, Au, and Fe. Furthermore, through comparing K values, it is also
found that the influence of nanoparticle materials is weakened when the volume fraction or
nanoparticle size is increased. With the help of K value the other influencing factors could be
further evaluated, please refer to reference [15].

Figure 2. Comparison of K values against nanoparticle volume fraction for various nanofluids.

Figure 3. Comparison of K values against nanoparticle size for various nanofluids.
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2.2. Criterion for the increased thermal conductivity

It is found that the nanoparticles containing higher atomic potential energy (energetic atoms)
are better for thermal conductivity enhancement of nanofluids [15]. The ratio of energetic
atoms in a nanoparticle E is proposed as a criterion for enhanced thermal conductivity of
nanofluids, which is written as:

,= ENE
N

(2)

where N and NE are the quantity of atoms and energetic atoms in a nanoparticle, respectively.

If we set a standard for delimiting the energetic atoms in a nanoparticle, E can be calculated
according to Eq. (2). Figure 4 illustrates E of different types of nanoparticles. The ratio of
energetic atoms in an Ag nanoparticle is the largest, and that of Fe nanoparticle is the lowest.
The larger E value in a nanoparticle is better for thermal conductivity enhancement in
nanofluids. Figure 5 shows the influence of nanoparticle shapes (surface area to volume ratio
S/V) for the E value. It is found that nanoparticle with larger S/V value possesses larger E value.
Figure 6 illustrates that the E value of spherical Ag nanoparticle is larger than that of Cu
nanoparticle with larger S/V value. Therefore, the thermal conductivity of nanofluids with
spherical Ag nanoparticles is higher than that of nanofluids with nonspherical Cu nanoparti‐
cles.

Figure 4. Atomic potential energy distributions of various nanoparticles.
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Figure 5. Comparison of atomic potential energy distributions for nanoparticles with different shapes.

Figure 6. Comparison of atomic potential energy distributions for nanoparticles with different materials.
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3. Proposed mechanisms of heat conduction in nanofluids

3.1. Altered microstructure of nanofluids

In order to analyze the microscopic structure characteristics of nanofluids, number density
distribution, radial distribution function (RDF), coordination number, and potentials of mean
force (PMF) should be considered [16].

Number density distribution represents the distribution of liquid atoms around a centered
nanoparticle. Figure 7 illustrates the number density distributions of base fluid atoms in
different types of nanofluids. It is found that at the positions of 0.25 and 0.5 nm all the curves
show the first and second peak values. But for different types of nanoparticles, the first peak
values of curves are different. The order of first peak values is of the same order of thermal
conductivity of bulk materials of nanoparticles.

Figure 7. Statistical result of absorption layers around nanoparticles of different materials.

RDF represents the probability of finding an atom of a specified type near the central atom.
Through RDF, the microscopic structure of fluid could be examined. Figure 8 illustrates the
RDF of Cu nanofluids with a 2 nm‐diameter nanoparticle. In the figure, the RDF curve of “Ar‐
Ar” represents the chance of finding an Ar atom near the central Ar atom. It could be found
that the Ar‐Ar RDF shows typical characteristics of the liquid: “short‐range order and long‐
range disorder.” In the figure, the “total” RDF represents the chance of finding an atom of any
type near the central atom, which represents the microscopic structure of nanofluid. It is found
that the first curvilinear peak in the RDF of nanofluids is larger than that of base fluid, which
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means the probability of finding an atom is higher than that in a single‐phase base fluid. It
could also be found that there are several diminutive curvilinear peaks in the RDF of nano‐
fluids, which is due to the adding of nanoparticles in base fluid. In general, the microscopic
structure of nanofluid exerts a mixed up structure characteristics of liquid and solid. Both the
liquid characteristic of “short‐range order and long‐range disorder” and the solid character‐
istic of “long‐range order” have been found in the microscopic structure of nanofluids.
Therefore, the microscopic structure of nanofluids is always ordered.

Figure 8. Radial distribution functions of nanofluids with spherical copper nanoparticle.

Coordinate number indicates the average adjacent atomic number for a certain atom within
an interval of r. By comparing the coordinate number curve of Cu nanofluids with a 2 nm‐
diameter spherical nanoparticle, it is found that the coordinate number curves of Cu‐Ar and
Ar‐Ar cross at 0.35 nm, which confirms that the local density of Ar atoms near a Cu atom is
larger (Figure 9). Therefore, the existence of absorption layer is verified.

PMF reflects the combining capacity between particles in pairs. The value of PMF could be
used to investigate the combining capacity between different particle pairs. Figure 10 shows
the PMF curve for Cu‐Ar nanofluids. The contact minimum (CM), separated minimum (SM),
and the layer barrier (LB) could easily be found in the PMF curve of nanofluids. But the
positions and values of CM, SM, and LB are different for disparate atom pairs. The cis‐trans
direction of energy barrier between molecular layers of liquid Ar is different. When an atom
is approaching the central particle, then it needs to conquer the energy barrier between the
first and second molecular layers. But the atom is harder to leave the central particle. An atom
of base fluid needs to conquer greater energy barrier to reenter the base fluid. The PMF of
nanofluids is different from that of base fluid. At 0.3 nm, there is a huge energy barrier in the
PMF of nanofluids, which indicates the surrounding atom needs to conquer two energy
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barriers to get close to the central atom. The cis‐trans direction of the first energy barrier is
nearly the same, but the cis‐trans direction of the second energy barrier is obviously different.
Once a base fluid atom enters the adjacent area of the central atom, then it is very hard to
reenter the base fluid because of the large energy barrier.

Figure 9. The coordination number of nanofluids with spherical copper nanoparticle.

Figure 10. PMF of nanofluids with spherical copper nanoparticle.
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3.2. Movements of nanoparticles in the base fluid

Through MD simulation, the nanoparticles are observed to move chaotically at high speed in
the base fluid. Through MD simulation, the instantaneous velocity and position coordinates
of each atom could be obtained [17]. The translational and rotational velocity of nanoparticles
could be acquired by defining a group for the Cu atoms within the nanoparticle. With
commands provided by LAMMPS the time‐averaged translational and rotational velocity of
the atom group could be calculated and output derived. For the case of imposed shearing
velocity v = 50 m/s on the fluid, the translational velocity components of nanoparticles are
statistically analyzed, as shown in Figure 11. Along x‐directions, the average translational
velocity components are ‐2 m/s∼2 m/s, and the instantaneous peak value can reach 5 m/s. The
translational velocity components of nanoparticles oscillate sharply, which demonstrate the
chaotic movements of nanoparticles are mainly caused by their Brownian motion.

Figure 11. Translational velocity component of nanoparticle along x‐axis in shearing flow.

Rotation of nanoparticles is also statistically analyzed. For the case of imposed shearing
velocity 50 m/s, the angular velocity component along the x‐axis of nanoparticle is shown in
Figure 12. The peak angular velocity of nanoparticles can reach 6 × 109 rad/s, meanwhile the
rotational directions of nanoparticles change randomly because of their nanoscale size. It is
found that imposing shearing velocity affects little for rotation of nanoparticles. Imposed
shearing velocity or not, the angular velocity components of nanoparticles are of the order of
magnitude of 109 rad/s.
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Figure 12. Angular velocity component of nanoparticle around x‐axis.

4. Modeling thermal conductivity of nanofluids

Jeffrey applied Green's function method and relaxed the requirement of uniform configuration
for particles. The formula, which is suitable for predicting suspensions with nonuniformly
distributing nanoparticles and relatively large volume concentration, is written as [18],

( ) 21 3 3 ,= + + + åp p
f

k
k

bf b b f (3)

where ∑ is a convergent series, which depends on the specific value of thermal conductivity
of nanoparticle and base fluid /. β is a coefficient, which is determined by /:

1 ,
2

-
=

+
ab
a

(4)

where α is the specific value of thermal conductivity of nanoparticle and base fluid /:
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Through considering the above‐mentioned mechanisms of thermal conductivity enhancement
in nanofluids, a revised model for predicting thermal conductivity of nanofluids that takes
into account both the static and dynamic mechanisms is proposed, which is written as[19]:
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In the equation, knf is thermal conductivity of nanofluids; kf is thermal conductivity of base
fluid; kS is the static part of thermal conductivity model for nanofluids, which takes into
account the static mechanisms of heat conduction enhancement; kD is the static part of

thermal conductivity model for nanofluids;  = 𑨒𑨒 𑨒𑨒 1 / 𑨒𑨒 + 2  and 𑨒𑨒 = cl , where kcl is

thermal conductivity of nanoparticle cluster; tab is the thickness of absorption layer formed
by absorbed liquid molecules which can be estimated by Langmuir monolayer equation;
dp is the average diameter of nanoparticles; Φp is the initial volume concentration of nano‐

particles in nanofluids;  = 32 + 3𝀵𝀵 is a coefficient in Jeffrey Model; ρ is the density of
nanoparticle bulk material; cp is the specific heat of nanoparticle bulk material; kB is the

Boltzmann constant and  = 1.381 × 10𑨒𑨒23/; T is thermodynamic temperature; rcl is the

radius of the nanoparticle cluster; and μf is the viscosity of base fluid.

Compared with existing prediction models for thermal conductivity of nanofluids, the present
model takes into account the static and dynamic mechanisms of strengthened heat conduction
in nanofluids simultaneously and possesses more definite physics meaning. In addition,
parameters used in the current model are more precise that ensures the veracity of prediction
result. For instance, the thermal conductivity of nanoparticles kp is distinguished with that of
bulk material of nanoparticles km and used in the prediction model as an independent param‐
eter. And the thermal conductivity of nanoparticles‐cluster kcl is introduced as an independent
parameter to include the heat conduction of absorption layer, which further improves the
prediction accuracy of the present model.

Through comparing the prediction results of the present model and existing experimental
data, the present prediction model is proved to be quite effective for predicting thermal
conductivity of common nanofluids, as shown in Table 2. For various types of nanofluids
(with different materials including: metal, metallic oxide, and nonmetallic oxide, different
volume fractions, or different nanoparticle diameters), the present model gives good pre‐
dictions.
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References  NF NP size

(nm)

Volume

fraction

(%)

Thermal

conductivity

ratio (knf/kf)

Present model Maximum error

Masuda [20] Al2O3/Water 13 1.3–4.3 1.107–1.318 1.097–1.322 0.9%

Teng et al. [21] Al2O3/Water 20 0.001–0.005 1.018–1.065 1.010–1.043 2.1%

Chon et al. [22] Al2O3/Water 13 1 1.081 1.072 0.9%

Xie et al. [23] Al2O3/EG 25 1.7–5 1.097–1.294 1.103–1.303 0.8%

Vajjha [24] Al2O3/

(60:40% EG/W)

53 1–4 1.069–1.159 1.048–1.195 3.1%

Wang et al. [25] Al2O3/EG 28 5–8 1.246–1.404 1.276–1.445 2.9%

Eastman et al. [26] CuO/EG 35 1–4 1.050–1.227 1.061–1.245 3.7%

Lee et al. [27] CuO/EG 24 1–4 1.060–1.242 1.047–1.212 3.2%

Xuan and Li [28] Cu/Water 100 1–5 1.078–1.434 1.090–1.459 3.1%

Li et al. [29] Cu/Water 20 1–3 1.120–1.289 1.096–1.293 2.1%

Eastman et al. [26] Cu/EG 10 0.33–0.55 1.041–1.101 1.061–1.122 2%

Hwang et al. [30] CuO/Water 33 1 1.05 1.08 2.9%

Zhang et al. [31] SiO2/Water 7 0.5–3 1.016–1.084 1.014–1.088 0.4%

Hwang et al. [30] SiO2/Water 12 1 1.03 1.03 0

Table 2. Comparison between the prediction results and experimental data.

5. Concluding remarks

Thermal conductivities of nanofluids with various nanoparticles have been calculated through
MD simulations. Influence rule of various factors for thermal conductivity of nanofluids has
been studied. Through defining the ratio of thermal conductivity enhancement by nanoparticle
volume fraction, Κ, the impacts of nanoparticle properties for thermal conductivity are further
evaluated. Furthermore, the ratio of energetic atoms in nanoparticles, E, is proposed to be an
effective criterion for judging the impact of nanoparticles for the thermal conductivity of
nanofluids.

Mechanisms of heat conduction enhancement are investigated by MD simulations. Altered
microstructure and movements of nanoparticles in the base fluid are proposed to be the main
reasons for thermal conductivity enhancement in nanofluids. Number density distribution,
radial distribution function (RDF), coordination number, and potentials of mean force (PMF)
are used to analyze the microscopic structure characteristics of nanofluids. Through MD
simulation, the average translational and rotational velocities of nanoparticles are obtained.

Both the static and dynamic mechanisms for heat conduction enhancement in nanofluids have
been considered to establish a prediction model for thermal conductivity. The parameters in
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5. Concluding remarks

Thermal conductivities of nanofluids with various nanoparticles have been calculated through
MD simulations. Influence rule of various factors for thermal conductivity of nanofluids has
been studied. Through defining the ratio of thermal conductivity enhancement by nanoparticle
volume fraction, Κ, the impacts of nanoparticle properties for thermal conductivity are further
evaluated. Furthermore, the ratio of energetic atoms in nanoparticles, E, is proposed to be an
effective criterion for judging the impact of nanoparticles for the thermal conductivity of
nanofluids.

Mechanisms of heat conduction enhancement are investigated by MD simulations. Altered
microstructure and movements of nanoparticles in the base fluid are proposed to be the main
reasons for thermal conductivity enhancement in nanofluids. Number density distribution,
radial distribution function (RDF), coordination number, and potentials of mean force (PMF)
are used to analyze the microscopic structure characteristics of nanofluids. Through MD
simulation, the average translational and rotational velocities of nanoparticles are obtained.

Both the static and dynamic mechanisms for heat conduction enhancement in nanofluids have
been considered to establish a prediction model for thermal conductivity. The parameters in
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the model have definite physical meaning and are more precise. The prediction results of the
present model are in good agreement with experimental results.
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Nomenclature

E Ratio of energetic atoms in a nanoparticle

K Ratio of thermal conductivity enhancement by nanoparticle volume fraction

N Quantity of atoms in a nanoparticle

NE Quantity of energetic atoms in a nanoparticle

S/V Surface area to volume ratio

T Thermodynamic temperature

V Volume of nanofluids

Vnp Volume of nanoparticles

cp Specific heat of nanoparticle bulk material

dp Average diameter of nanoparticles

k Thermal conductivity

kB Boltzmann constant

kf Thermal conductivity of base fluids

km Thermal conductivity of bulk material

kp Thermal conductivity of nanoparticles

kcl Thermal conductivity of nanoparticles’ cluster

rcl Radius of the nanoparticle cluster

tab Thickness of absorption layer

α Specific value of thermal conductivity of nanoparticle and base fluid

μf Viscosity of base fluid

ρ Density of nanoparticle bulk material

Φp Volume concentration of nanoparticles in nanofluids
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Abstract

Magnetic field‐responsive materials are an important group of smart materials. They
can adaptively change their physical properties due to external magnetic field. Magnetic
liquids or ferrofluids are colloidal systems of ferro or ferrimagnetic single domain
nanoparticles that are dispersed either in aqueous or in organic liquids. Currently, the
research field is undergoing a transition taking into account the bulk forces in fluids,
which are  magnetically  nonuniform.  These  researches  enable  scientists  to  develop
promising new designs. Today, because of the advancement in technology and limited
energy sources, engineering innovations are focused on development of alternative
resources instead of current systems. In this chapter, it is aimed to give a brief review
of the heat transfer of magnetic fluids based on different types of magnetic nanoparticles
as well as some of the research and results of the heat transfer of magnetite‐based
ferrofluids.  The heat  transfer  of  these  materials  was  investigated under  stationary
conditions, and the heat transfer coefficient was calculated.
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1. Introduction

Traditional heat transfer fluids such as water, oil, and ethylene glycol cause problems in the
performance of engineering equipment such as heat exchangers and electronic devices due to
their low thermal conductivity. To improve the performance of these devices, fluids with higher
thermal conductivity have to substitute these fluids. An inventive way to increase the thermal
conductivity of these fluids can be achieved by the use of the nanofluids [1]. A nanofluid is a
new class of heat transfer fluids containing nanoparticles with the size range under 100 nm that
are uniformly and stably suspended in a liquid. Compared to the thermal conductivity of the
base fluids, nanofluids showed dramatic increase in the heat transfer due to the higher thermal
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conductivity of these nanoparticles [2]. Intensive investigations on nanofluid containing metallic
or nonmetallic nanoparticles such as TiO2, Al2O3, Cu, CuO, Ag, and carbon nanotubes are being
conducted to enhance their potential applications in heat transfer [3, 4].

Among different kinds of researches on nanofluids containing metallic or nonmetallic
nanoparticles, some of the studies have been focused on the nanofluids prepared by dispersing
magnetic nanoparticles in a carrier liquid. These are called ferrofluids. They are colloidal
suspensions of ultrafine single domain superparamagnetic nanoparticles of metallic materials
(ferromagnetic materials) such as iron, cobalt, and nickel as well as their oxides (ferrimagnetic
materials) such as magnetite (Fe3O4) and ferrites (MnZn, Co ferrites) in either polar or nonpolar
liquid carriers [5–7]. These magnetic fluids are a specific subset of smart materials that can
adaptively change their physical properties under an externally applied magnetic field [6].

The research and development on the preparation, characterization, and application of the
ferrofluids have been studied since mid‐1960s which involve multidisciplinary sciences of
chemistry, fluid mechanics, and magnetism. The most important advantage of these fluids is
their ability to achieve a wide range of viscosity in a fraction of millisecond. The viscosity in
the absence of magnetic field is called the “off‐state” viscosity. The off‐state viscosity of
ferrofluids can go up to 2–500 mPa s depending on the concentration of the solid particles and
the carrier liquid. Although they can respond to the action of external magnetic fields, stable
ferrofluids show a relatively modest magneto‐rheological effect such as an increase in yield
strength. Since the particle size of the magnetic phase is very small, under ordinary field
strengths, thermal agitation gives rise to Brownian forces that can overcome the alignment of
the dipoles. Therefore, ferrofluids exhibit field dependent viscosity, but they exhibit no yield
stress (τy = 0) under magnetic field. Some properties of the ferrofluid are given in Table 1. The
field dependent viscosity is given by Eq. 1 [8].
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where α = µ0MdHV/kT.

Magnetic control of the properties and behavior of these fluids are promising fields for
advanced applications and a challenge for basic research and what makes these materials
interesting. They are widely used in dynamic loudspeakers, computer hardware, dynamic
sealing, electronic packaging, aerospace, and bioengineering [9]. Another important techno‐
logical application of magnetic fluids, which depends on the heat transfer, is its use as a voice
coil coolant for modern loudspeakers, high power electric transformers, and in advanced
energy conversion systems like solar collectors and magnetically controlled thermosyphons
[10–12]. In some of the home appliances, such as refrigerators and ovens, heat transfer
techniques are used in order to provide heating or cooling. Controlling the heat transfer in
these appliances with these fluids may decrease the energy consumption.
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Ferrofluid

Particle material Ceramics, ferrites, iron, cobalt, etc.

Particle size 5–10 nm

Suspending fluid Oils, water

Density (gr/cm3) 1–2

Off state viscosity (mPa.s) 2–500

Required field ∼1 kOe

Field induced fluids Δη (B)/η (0)∼2

Device excitation Permanent magnet

Table 1. Some of the properties of ferrofluids [6].

In the conventional nanofluids, the origin of the enhancement of thermal conductivity was
thought to be due to the higher thermal conductivity of the nanoparticles (TiO2, Al2O3, Cu, etc.)
than the carrier fluid. Since the thermal conductivity of common magnetic materials (Fe3O4) is
relatively low, the investigations did not gain much attention until it was understood that the
thermal conductivity of the solid material did not have much effect in the enhancement of the
thermal conductivity of the dispersion [13]. By understanding the control of the thermal
conductivity of the ferrofluid by magnetic field increased the intensity of the research. Using
ferrofluids under an applied magnetic field for the heat transfer enhancement is more advan‐
tageous compared with the conventional nanofluids (nonmagnetic nanofluids). The advan‐
tages of the ferrofluids over conventional nanofluids can be summarized as thermomagnetic
convection is more intense than the gravitational one, and the thermal conductivity and
viscosity are tunable under magnetic field.

2. Preparation of ferrofluids

Although pure metals (Fe, Co, Ni) possess the highest saturation magnetization, they are
extremely sensitive to oxidation, hence the magnetic particles such as ferrites like magnetite
(Fe3O4), maghemite (γ‐Fe2O3), or others (stoichiometric formula: MO·Fe2O3, where M is a
divalent ion, M = Mn, Zn, Ni, Co, Fe) are commonly used in ferrofluids. And among these,
nano‐sized iron oxide is the most widely used magnetic phase in ferrofluids. Various ap‐
proaches have been explored for synthesis and characterization of high quality magnetic iron
oxide nanoparticles. For example, sol‐gel pyrolysis method was performed by Laokul et al.
[14]. Synthesis of nanoparticles by thermal reductive decomposition method was performed
by various scientists [15, 16]. Waje et al. performed mechanical alloying technique [17].
Hydrothermal technique was also used by various scientists to synthesize ferrite nanoparti‐
cles [18, 19]. However, the chemical method of coprecipitation of ferrous and ferric ions from
solutions by addition of an alkali is a method which is very often used to prepare nanoparticles
due to its low cost and simplicity [20]. Size reduction could be another method where magnetic
powder of micron size is mixed with a solvent and a dispersant in a ball mill in order to grind
for a period of several weeks [21].
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The function of the carrier liquid is to provide a medium in which the magnetic powder is
suspended. Ferrofluids used in different research and technology fields have been synthesized
in carrier liquids such as water, silicone oil, synthetic or semi‐synthetic oil, mineral oil,
lubricating oil, kerosene, and combinations of these and many other polar liquids [22–24].
Boiling temperature, vapor pressure at elevated temperature, and freezing point are important
parameters to be considered when choosing the carrier liquid. The carrier liquid should be
non‐reactive with the magnetic phase and also with the material used in the device. In terms
of the heat transfer applications, the choice of the carrier fluid for the ferrofluid needs some
additional requirements such as high conductivity, high heat capacity, and high thermal
expansion coefficient. Water, oils, and ethylene glycol are considered as conventional heat
transfer fluids and these can be good candidates for the carrier liquids. In recent years, studies
on ferrofluids using ionic liquids have been reported, which seems to be a promising field of
study [23, 24].

Colloidal stability of the ferrofluids is important in the technological applications. The stability
is obtained by minimizing the agglomeration, which is maintained by the addition of the
surfactants. The additives must be chosen to match the dielectric properties of the carrier liquid.
Various surfactants such as silica, chitosan, polyvinyl alcohol (PVA), and ethylene glycol are
usually used to coat the nanoparticles and to enhance dispersibility in aqueous medium [25–
28]. Oleic acid (OA) is a commonly used surfactant to stabilize magnetic nanoparticles
synthesized by traditional coprecipitation method [22]. Antioxidation additives may also be
added to prevent oxidation. In water‐based MR fluids, pH control additives are also used.

Magnetic nanoparticles tend to aggregate due to strong magnetic dipole‐dipole attraction
between particles. Stability of the magnetic colloid depends on the thermal contribution and
the balance between attractive (van der Waals and dipole‐dipole) and repulsive (steric and
electrostatic) interactions. Under the magnetic field, the magnetic energy derives the particles
to higher intensity regions; on the other hand, thermal energy forces the particles to wander
around in the whole liquid. The stability against segregation is favored by the high ratio of the
thermal energy to the magnetic energy. Stability against settling due to gravitational field is
given by the ratio between gravitational energy and magnetic energy [8]. The two basic
attractive interactions between the magnetic particles are dipole‐dipole and van der Waals‐
London interactions. The ratio of thermal energy (kT) to dipole‐dipole contact energy (Edipole =
(µ0M2/12)V) must be greater than unity. The particle diameter is given by D ≤ (72 kT/πµ0M2)1/3,
and the particle size is calculated as D ≤ 7.8 nm. The normal ferrofluids with the particle size
of 10 nm are in the limits of agglomeration. Van der Waals forces arise due to the fluctuating
electric dipole‐dipole forces. Preventing the contact of the particles is another necessity if a
stable colloid is to be obtained [8].

The Brownian motion, electrostatic repulsion, and steric repulsion are the main mechanisms
supporting the ferrofluid colloidal stability. Electrostatic interaction is the dominant mecha‐
nism in ionic ferrofluids, whereas steric repulsion is the dominant mechanism supporting the
colloidal stability in organic‐based ferrofluids [23]. The agglomeration of particles suspended
in a liquid can be prevented by creating mutually repelling charged double layers or by
physically preventing the close approach of particles by steric hindrance which is provided by
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the surfactant molecules adsorbed onto the particle surface [8, 23]. As the thickness of the
adsorbed polymer is increased, the stability of the dispersion increases [8, 23]. Wang and
Huang showed that by retaining excess oleic acid in their ferrofluid, stable magnetic colloid
was achieved by steric repulsion [8, 23].

3. Thermal conductivity of ferrofluids

3.1. Experimental investigations

Thermal conductivity of ferrofluids has gained much attention in the last decade due to the
significant enhancement compared to the nonmagnetic nanofluids. The increase in the thermal
conductivity can occur both with and without the applied magnetic field. Experimental studies
show that the change in the off‐state (when there is no magnetic field) thermal conductivity of
ferrofluids could be due to volume fraction of magnetic phase, particle size distribution,
temperature, surfactant, etc. On the other hand, when the magnetic field is applied, besides
the factors mentioned above, the magnitude and direction of the applied magnetic field affect
the thermal conductivity of the ferrofluids.

In the experimental studies of the thermal conductivity of ferrofluids, it has been observed
that both the on‐state and off‐state thermal conductivities increase with the increase in the
volume fraction of the magnetic phase. When the literature was reviewed, it was seen that
most of the ferrofluids synthesized with magnetite (Fe3O4) which was produced by copre‐
ciptation method has been studied. Abareshi and coworkers synthesized ferrofluids by
dispersing Fe3O4 nanoparticles in water [29]. They reported an increase of 11.5% in the off‐
state thermal conductivity as the particle loading increased to 3 vol% at 40°C. This increase
was observed when the magnetic field was applied parallel to the heat flux. The study of Li
et al. was also performed with water‐based ferrofluids and an increase in the on‐state
(magnetic field, H = 19 kA/m) thermal conductivity of 11% for 1 vol% and 25% for 5 vol%
magnetic nanoparticles was reported [30]. Philip et al. and Shima et al. [30, 31] investigated
the thermal conductivity of kerosene‐based ferrofluids synthesized with Fe3O4 nanoparticles.
When the magnetic field was applied parallel to the heat flux, they discovered a dramatic
increase in the thermal conductivity. For a volume fraction of 6.3%, the increase was 300% at
H = 7 kA/m field strength. No increase was observed when the magnetic field was applied
perpendicular to the heat flux. The reason may be that the different directions of external
magnetic field lead to quite different morphologies of the magnetic fluids that exerted quite
different effects on the energy transport process inside the magnetic fluid [31]. They further
explained that the chains formed by the particles provided more effective bridges for energy
transport inside the ferrofluid along the direction of temperature gradient and as a result, the
thermal process in the ferrofluid was enhanced. The anisotropic property of thermal
conductivity was addressed in the theoretical study by Fu et al., and Blums et al [10, 32].
Blums et al. predict anisotropy of thermal conductivity in ferrofluids in the presence of a
magnetic field [10]. In the research conducted by Gavili et al. the thermal conductivity of
ferrofluids containing Fe3O4 nanoparticles suspended in deionized water under magnetic
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field was experimentally investigated [33]. According to their results, a ferrofluid with 5.0%
volume fraction of nanoparticles with an average diameter of 10 nm enhanced the thermal
conductivity more than 200% at 1000 Gauss magnetic field [33].

As it is seen from all the research and reports, it is evident the experimental results have been
heterogeneous. The difference in the experimental outcomes may be due to magnetization,
size distribution of the particles, the type of the carrier liquid, etc. The effect of the carrier liquid
showed that the thermal conductivity ratio is higher for carrier liquid with a low thermal
conductivity like common hydrocarbons. However, the absolute thermal conductivity of
ferrofluid is higher for a carrier liquid with a high thermal conductivity.

In recent years, studies have been carried out to understand the thermal conductivity of
ferrofluids synthesized by magnetic phase other than Fe3O4, especially with carbon nanotubes
(CNT) has also been investigated by many scientists. Hong et al. [34] and Wensel et al. [35]
experimentally measured the thermal conductivity of single wall carbon nanotubes coated
by Fe2O3 nanoparticles suspended in water and they observed an approximately 10% increase
in the thermal conductivity with 0.02% particle loading. Wright et al. reported thermal
conductivity enhancement of single wall carbon nanotubes coated by Ni nanoparticles
suspended in water [36]. Sundar et al. measured the thermal conductivity enhancement of the
hybrid ferrofluid which was composed of carbon nanotube (CNT)—Fe3O4 and water [37]. They
observed a thermal conductivity enhancement of 13.88–28.46% at 0.3% volume concentration
in the temperature range of 25–60°C. Shahsavar et al. analyzed the thermal conductivity
behavior of Fe3O4 and CNT hybrid ferrofluids and observed that the highest enhancement in
the thermal conductivity was about 151% for 0.9% ferrofluid and 1.35% CNT [38].

The review of the literature on the experimental studies of the thermal conductivity of
ferrofluids revealed that the thermal conductivity is enhanced by the volume fraction of the
magnetic phase and the applied magnetic field. Next chapter will discuss the reasons for the
abnormal enhancement in the thermal conductivity of the ferrofluid under the influence of
applied magnetic field.

3.2. Mechanisms of heat transfer enhancement

In the thermal conductivity of conventional nanofluids and ferrofluids, the most discussed
mechanisms have been Brownian motion and formation of particle chain/cluster structure [39].
The Brownian motion indicates the random movement of particles dispersed in liquid or gas,
and the motion is due to collision with base fluid molecules, which makes particles undergo
a random walk motion [40]. The Brownian motion could contribute to the thermal conductivity
enhancement in two ways, namely, the direct contribution due to motion of nanoparticles that
transports heat (diffusion of nanoparticles) and the indirect contribution due to the so called
micro‐convection of fluid surrounding individual nanoparticles [40]. The diffusion of magnetic
nanoparticles plays an important role at a low volume fraction (ϕ < 2%), which could be
explained by the effective medium (Maxwell) theory rather than the effects associated with the
Brownian motion‐induced hydrodynamics. The effective medium or mean‐field theory of
Maxwell, which describes the effective macroscopic properties of the composite material as a
function of the particle fraction and the material properties of the components, is most often
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used to analyze the thermal conductivity results of nanofluid experiments. For a nanofluid
with non‐interacting spherical nanoparticles with low volume fraction, the theory predicts
(Eq. 2)
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where ϕ is the nanoparticle volume fraction, κp and κf are thermal conductivity of the particle
and the fluid, respectively. β = (κp‐κf)/( κp + 2κf), and (κp‐κf) is the difference between the thermal
conductivities of the nanoparticle and the base fluid. However, in the study done by Vadasz
et al. [41] and Keblinski et al. [42], the results of the thermal conductivity measurements
showed divergence from the effective medium theory. One possible discrepancy between
effective medium theory and the experimental results is the interparticle interactions, which
can result in the formation of chain and cluster‐like formations. Philip and coworkers showed
that the micro‐convection of the fluid medium around randomly moving nanoparticles did
not affect the thermal conductivity of a nanofluid and the microconvection model overesti‐
mated the thermal conductivity values [43]. According to them, the conductivity enhancement
in the ferrofluid at high volume fraction (ϕ < 2%) was due to the presence of dimmers or
trimmers in the fluid. These results were in a reasonable agreement with the Maxwell‐Gannet
model, especially at higher volume fractions. Clusters or chains of the particles may form heat
bridges [31]. The form and magnitude of these structures vary and depend not only on the
material of the carrier medium and the particles but also on the shape and size of the particles
[31].

In ferrofluids, the interparticle interactions have even more important impact on the properties
of the fluid, due to the chain‐like formation of the particles caused by the magnetic dipole
interactions. The effect of this interaction can be seen, for example, in changes in the viscosity
of ferrofluids, which depends on interparticle interaction [7, 44].

Magnetically induced structure formation only arises if the magnetic energy of the particles is
larger than their thermal energy. The mechanism of thermal conductivity enhancement can be
explained as follows: The magnetic particles in the ferrofluid are single domain and super‐
paramagnetic with magnetic moment m as mentioned above [28]. The interparticle dipole‐
dipole interaction, which is also called dipolar coupling, refers to the interaction between
magnetic dipoles. The potential energy of the interaction Ud is given by Eq. (3),
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Suppose mi and mj are two magnetic moments in space and rij (= ri ‐ rj) is the distance between
the ith and the jth particles. The magnetic moments are oriented in random directions in the
absence of magnetic field and the nanoparticles are influenced by the Brownian motion as the
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thermal energy exceeds the magnetic dipole attraction ( 𝀵𝀵𝀵𝀵 < ). In the presence of a

magnetic field, the magnetic dipolar interaction becomes strong enough to dominate the
thermal energy so that the magnetic particles start aligning in the direction of the magnetic
field [31]. Figure 1 gives the schematic drawing of the clustering/chain‐like formation under
magnetic field.

Figure 1. Schematic drawing of the chain‐like formation of the magnetic particles in the fluid. (a) No magnetic field. (b)
Applied magnetic field.

The lengths of the chains depend on the magnitude of the magnetic field. As the magnetic field
increases, the particles start forming short chains along the direction of the magnetic field and
the chains get longer as the magnetic field increases. Based on Philip's theory due to linear
chain‐like structures of the magnetic nanoparticles, the percolation theory could support the
abnormal enhancement of the ferrofluid. They stated that the maximum enhancement was
observed when the chain‐like aggregates were well dispersed without clumping [31].

Although the thermal conductivity of ferrofluids enhances with increasing magnetic field,
there are reports regarding a decrease in the thermal conductivity of these fluids. Shima et al.
observed decrease in the thermal conductivity above 82 Gauss magnetic field [31]. They
attributed this decrease to the “zippering” of the chains. The linear and thick aggregates with
the aspect ratio due to zippering can collapse to the bottom of the cell, and hence the thermal
conductivity cannot be measured. Gavili and coworkers observed that the thermal conduc‐
tivity dramatically decreased in the presence of magnetic field with increasing temperature.
When the temperature of the ferrofluid increases, the chain‐like structure is broken due to the
increase in the thermal velocity and consequently the thermal conductivity decreases [33].

Theoretical and experimental studies related with the thermal radiation and convection of the
heat transfer of nanofluids have started to gain more attention in the recent years especially,
in the field of engineering applications such as solar collectors and in space applications [45–
47].Thermal convection in magnetic fluids heated from below subjected to an external
magnetic field causes a convection‐driving mechanism. The temperature difference causes a
gradient in the magnetic field and as a result a magnetic force appears. Beyond a certain
threshold a thermomagnetic convection is generated.
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The lengths of the chains depend on the magnitude of the magnetic field. As the magnetic field
increases, the particles start forming short chains along the direction of the magnetic field and
the chains get longer as the magnetic field increases. Based on Philip's theory due to linear
chain‐like structures of the magnetic nanoparticles, the percolation theory could support the
abnormal enhancement of the ferrofluid. They stated that the maximum enhancement was
observed when the chain‐like aggregates were well dispersed without clumping [31].

Although the thermal conductivity of ferrofluids enhances with increasing magnetic field,
there are reports regarding a decrease in the thermal conductivity of these fluids. Shima et al.
observed decrease in the thermal conductivity above 82 Gauss magnetic field [31]. They
attributed this decrease to the “zippering” of the chains. The linear and thick aggregates with
the aspect ratio due to zippering can collapse to the bottom of the cell, and hence the thermal
conductivity cannot be measured. Gavili and coworkers observed that the thermal conduc‐
tivity dramatically decreased in the presence of magnetic field with increasing temperature.
When the temperature of the ferrofluid increases, the chain‐like structure is broken due to the
increase in the thermal velocity and consequently the thermal conductivity decreases [33].

Theoretical and experimental studies related with the thermal radiation and convection of the
heat transfer of nanofluids have started to gain more attention in the recent years especially,
in the field of engineering applications such as solar collectors and in space applications [45–
47].Thermal convection in magnetic fluids heated from below subjected to an external
magnetic field causes a convection‐driving mechanism. The temperature difference causes a
gradient in the magnetic field and as a result a magnetic force appears. Beyond a certain
threshold a thermomagnetic convection is generated.
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4. Experimental study

4.1. Apparatus and data analysis

An experimental setup is built according to the ISO 8301 numbered “Thermal insulation‐
determination of steady state thermal resistance and related properties—Heat flow meter
apparatus” standard has been used in the heat transfer experiments. Experimental setup has
been established as single‐specimen asymmetrical configuration according to the standard
shown in Figure 2.

Figure 2. Single‐specimen asymmetrical configuration (U', U” are the cooling and heating units, respectively, and H =
heat flux meter).

Schematic drawing containing the requirements of experimental setup such as testing unit,
two water baths, data acquisition system, and computer is given in Figure 3. The testing unit
was heated and cooled by water bath.

Figure 3. The illustration of experimental setup.
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A more detailed representation of the testing unit given in Figure 4, which consisted of a space
for sample, heat flux sensors, thermocouples, heating‐cooling sources, and polyurethane
insulating material from outside to inside. The magnetic field was applied by neodymium
permanent magnets parallel to the temperature gradient. The maximum magnetic field
obtained was approximately 140 Gauss. One of the uncertainties of the setup could be the non‐
uniformity of magnetic field. The magnetic field was calculated as the average of the field from
three different points on the radial direction. Another uncertainty could be heat loss. Although
the experimental setup was isolated, there could still be some heat loss. For reproducibility of
the data, each measurement was performed for five ferrofluid samples.

Figure 4. Testing unit.

In order to determine the temperature range at which the thermal conductivity of ferrofluids
is more effective for different applications, the experiments were done in two different
temperature intervals; from ‐20 to 0°C, and from 0 to 50°C and two different temperature
differences. The temperatures difference between the hot and cold surfaces of the setup are
given in Table 2.

Between 0 and -20°C interval Between 0 and 50°C interval

Temperature difference, 20 K Temperature difference, 35 K

Temperature difference, 15 K Temperature difference, 20 K

Table 2. Temperature intervals and temperature differences at which the experiments were performed.

Besides the effect of temperature, following variables were considered during investigation of
heat transfer of ferrofluids, different carrier liquid and concentration of the magnetic phase.

The thermal conductivity measurements have been carried out when the water baths came a
steady state temperature. The heat transfer coefficient has been calculated by using Eq. 4,
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 A T
Q x

k D
=

D (4)

where A is the cross‐sectional area, Q is heat flux, ΔT is the temperature difference, and Δx is
the height of the measuring cell.

4.2. Ferrofluid preparation

Synthesis of stable and well dispersible MR fluid is extremely important for mechanical and
heat transfer applications. Synthesis of stable ferrofluid depends on concentration and
viscosity of carrier fluid, concentration of magnetic phase, particle size, and surfactants. The
ferrofluids in this study were synthesized in water and silicone oil (viscosity 350 cSt) with as
received magnetite Fe3O4 nanopowder from Aldrich. The particle size was approximately 50
nm. Samples were synthesized as volumetric percentages of 5 and 20%. Surfactant was also
added to prevent sedimentation. The names and description of the ferrofluids are given in
Table 3.

Name Description

5 Fe3O4‐S 5 vol% Fe3O4 + 350 cSt silicone oil + surfactant

5 Fe3O4‐W 5 vol% Fe3O4 + water

20 Fe3O4‐W 20 vol% Fe3O4 + water

20 Fe3O4‐S 20 vol% Fe3O4 + 350 cSt silicone oil + surfactant

Table 3. Description of the MR fluids used in this research.

In order to have a stable dispersion ball milling which could break up the agglomerated, was
applied. Ball milling procedure was conducted with yttria stabilized zirconia grinding media
with 0.5 mm diameter.

5. Results and discussion

5.1. Analysis of thermal conductivity in the temperature interval between 0 and -50°C.

In this part of the study, base liquid, volume fraction (5 and 20 vol% Fe3O4), temperature (ΔT
= 20 and 35 K), and dependence of the thermal conductivity of the ferrofluids were investigated.

5.2. Carrier liquid dependence of the 5 vol% Fe3O4-based ferrofluids

Heat transfer coefficients of ferrofluids were analyzed for two different temperature intervals,
and in each temperature interval, the thermal conductivity of the ferrofluids was investigated
for two different temperature differences. The temperature intervals were chosen as 0 to 50°C
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and ‐20 to 0°C, and the temperature differences are ΔT = 35 K and ΔT = 20 K for the first interval
and ΔT = 15 K and ΔT = 20 K for the second interval mentioned above.

In the first part of the study, the heat transfer was investigated for 5Fe3O4‐S and 5Fe3O4‐W at a
temperature difference of 20 K. The increase in heat transfer coefficient in the presence of
magnetic field of 134 Gauss was 7 and 18% for 5 Fe3O4‐S and 5 Fe3O4‐W‐type ferrofluids,
respectively (Figure 5).

Figure 5. Thermal conductivity at 0–50°C interval and the temperature difference ΔT = 20 K.

As discussed above, the heat transfer increased as we increased the magnetic field. Although
this increase could be attributed to the chain formation of the iron particles in the fluid, the
effect of magnetic field is still not very clear. In Figure 6, the percent change in the thermal
conductivity is given at temperature difference of ΔT = 35 K in temperature interval of 0–50°C

Figure 6. Thermal conductivity at 0–50°C interval and the temperature difference ΔT = 35 K.
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As given in Figure 6, heat transfer coefficients for 5 Fe3O4‐S and 5 Fe3O4‐W at the highest
magnetic field were measured as 0.47 and 0.56 W/m K, respectively. In addition, the increase
in the thermal conductivity for 5 Fe3O4‐S was about 23% and water based was 5%. In either
temperature differences (ΔT = 35 and 20 K), the thermal conductivity coefficient of silicone‐
based ferrofluid is less than that of the water‐based ferrofluid. Since the volume concentration
of the magnetic phase is small, the thermal conductivity of the base liquid could be a factor in
the increase of the thermal conductivity of ferrofluid. The thermal conductivity of water is
more than that of the silicone oil.

5.3. Volume percent and temperature dependence of thermal conductivity

In this part of the study, the volume dependence of the thermal conductivity was investigated.
This investigation was performed at ΔT = 35 and 20 K as well. In Figure 7, it is observed that
as the volume fraction is increased, the thermal conductivity coefficients for 5 Fe3O4‐S and 20
Fe3O4‐S ferrofluid also increased for ΔT = 35 K. At the highest magnetic field, the thermal
conductivity coefficient, k, is measured as 0.51 and 0.47 W/mK for 20 and 5 vol%, respectively.
The percent increase in both of the fluids was the same, which was approximately 24%.

When the temperature difference is kept smaller (ΔT = 20 K) in the same temperature interval,
the thermal conductivity coefficient, k, is 0.51 and 0.47 W/m K (Figure 10) at 134 Gauss which
were the same as the coefficients in ΔT = 35 K and the percent change of the thermal conduc‐
tivity for these two intervals was almost the same. When we compare Figures 7 and 8 at a
magnetic field of 134 Gauss we saw that the k values were the same for 20 and 35 K temperature
differences. However, at zero magnetic field, they were different which made a difference in
the percent increase. The percent increase in the 35 K difference is more than that of the 20 K
difference.

Figure 7. Volume dependence of thermal conductivity between 0 and 50°C temperature interval and 35 K temperature
difference.
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Figure 8. Volume dependence of thermal conductivity between 0 and 50°C temperature interval and 20 K temperature
difference.

Figure 9. Temperature difference dependence of 20 vol% Fe3O4 and silicone oil‐based ferrofluid.

Figure 10. Temperature difference dependence of 5 vol% Fe3O4 and silicone oil‐based ferrofluid.
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Figures 9 and 10 give a clearer view of the temperature difference dependence of the thermal
conductivity for 20 Fe3O4‐S and 5 Fe3O4‐S‐type ferrofluid, respectively. In both graphs, the
thermal conductivity enhancement is more for 35 K temperature difference. As the magnetic
field increased, the k values reached the same value irrespective of the temperature difference.

5.4. Analysis of thermal conductivity in the temperature interval between -20 and 0°C.

In this part of the study, the thermal conductivity of the for 5 Fe3O4‐S and 20 Fe3O4‐S ferrofluids
were investigated in the temperature interval of ‐20 to 0°C in which the temperature differences
were kept as 15 and 20 K.

5.4.1. Volume percent and temperature dependence of thermal conductivity

The next set of measurements involved a lower temperature interval, such as from ‐20 to 0°C.
In this interval, the temperature differences were taken as 15 and 20 K. Figure 11 shows the
change in the thermal conductivity with respect to the magnetic field when the temperature
gradient was 20 K. The percentage decrease in the thermal conductivity of ferrofluids for 5 and
20 vol% ferrofluids at 134 Gauss was 33 and 34%, respectively. The volume dependence of the
thermal conductivity was also observed in these measurements. The 20 vol% ferrofluid had a
higher thermal conductivity. Figure 12 shows the change in the thermal conductivity with
respect to the magnetic field under a 15 K temperature difference. Unlike the results obtained
in the higher temperature intervals, there was a very small increase in the conductivity,
followed by a slight decrease as the magnetic field increased. All the fluids showed a similar
trend. The same amount of decrease was observed in this range for two different magnetic
phase concentrations. The percentage decrease in the thermal conductivity for 5 Fe3O4‐S and
20 Fe3O4‐S type ferrofluids at 134 Gauss was 2 and 3%, respectively. The volume dependence

Figure 11. Volume dependence of thermal conductivity between ‐20 and 0°C temperature interval and 20 K tempera‐
ture difference.

Heat Transfer of Ferrofluids
http://dx.doi.org/10.5772/65912

155



of the thermal conductivity was also observed in these measurements. The for 20 Fe3O4‐S type
ferrofluid had a thermal conductivity of 42 W/K.m at 134 Gauss whereas for 5 Fe3O4‐S type
ferrofluid had 37 W/K.m.

Figure 12. Volume dependence of thermal conductivity between ‐20 and 0°C temperature interval and temperature
difference of 15 K.

The thermal conductivity depended on the temperature difference at very low magnetic fields.
As the magnetic field increases the thermal conductivity became irrespective of the tempera‐
ture. This behavior is observed both for 5 Fe3O4‐S and 20 Fe3O4‐S (Figures 13 and 14, respec‐
tively).

Figure 13. Temperature difference dependence of 5 vol% Fe3O4 and silicone oil‐based ferrofluid (5Fe3O4‐S).

Nanofluid Heat and Mass Transfer in Engineering Problems156



of the thermal conductivity was also observed in these measurements. The for 20 Fe3O4‐S type
ferrofluid had a thermal conductivity of 42 W/K.m at 134 Gauss whereas for 5 Fe3O4‐S type
ferrofluid had 37 W/K.m.

Figure 12. Volume dependence of thermal conductivity between ‐20 and 0°C temperature interval and temperature
difference of 15 K.

The thermal conductivity depended on the temperature difference at very low magnetic fields.
As the magnetic field increases the thermal conductivity became irrespective of the tempera‐
ture. This behavior is observed both for 5 Fe3O4‐S and 20 Fe3O4‐S (Figures 13 and 14, respec‐
tively).

Figure 13. Temperature difference dependence of 5 vol% Fe3O4 and silicone oil‐based ferrofluid (5Fe3O4‐S).

Nanofluid Heat and Mass Transfer in Engineering Problems156

Figure 14. Temperature difference dependence of 20 vol% Fe3O4 and silicone oil‐based ferrofluid (20Fe3O4‐S).

6. Conclusion

Thermal conductivity mechanism in liquid involves collision of the molecules and transfer of
the energy and momentum with one another. Transfer of the kinetic energy occurs in the lower
temperature part of the system when a molecule moves from a high temperature region to a
region of lower temperature and this molecule gives up this energy via collision with lower
energy molecules. In solids, on the other hand, thermal energy may be conducted by lattice
vibrations. At low‐temperature ranges (‐20 to 0°C), the energy of the molecules in the liquid
is not enough to cause collisions and lattice vibrations could be insufficient to conduct heat.
The decrease of the thermal conductivity observed in the temperature range between 0 and
‐20°C could be due to the less energetic particles. We consider that the thermal conductivity
of the ferrofluid is determined by the factors such as stability of the ferrofluid particle size and
the viscosity of the base liquid. Another important point in the heat transfer of the ferrofluids
could be the thermo‐convective instability of the magnetic fluids. The instability arises due to
the stronger magnetization of the colder fluid which is drawn to the higher region and is
displaced by the warmer fluid [5, 46, 47]

As the temperature decreases the density and viscosity of the base fluid, silicone oil, increase.
The denser and more viscous fluid hinders the motion of the magnetic particles due to the
temperature difference. Thus, lower temperatures inhibit the motion of particles in the
ferrofluid which will prevent settling of the particles. The stability of the fluid can be affected
in a negative way at higher temperatures and at lower magnetic fields because the density and
viscosity of the silicone oil decrease at high temperature. The instability of the ferrofluid at low
temperature could be the reason for the different thermal conductivities at low magnetic fields.
At low temperature, chain formation between the magnetic particles is activated by the
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increase in magnetic field. Consequently, this increases the thermal conductivity of the
magnetic fluid at low temperatures. As the magnetism increases, the effect of the temperature
range diminishes and thermal conductivity reaches almost the same value.

The heat transfer characteristics of 5Fe3O4‐S and 20Fe3O4‐S ferrofluid were investigated in the
presence of the magnetic field applied parallel to the temperature gradient. The thermal
conductivity behavior of the ferrofluids in different temperature ranges was analyzed, and it
was seen that the heat transfer was more effective at higher temperatures. The fluids showed
an increase in the thermal conductivity in the temperature intervals from 0 to 50°C, and a
decrease from ‐20 to 0°C.
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Nomenclature

Δη (B): Change in viscosity under magnetic field (Pa s)

η (0): Viscosity without magnetic field (Pa s)

k: Boltzmann constant (J/K)

T: Temperature (K)

Edipole: Dipole‐dipole energy

µ0: Vacuum permeability (Vs/A m)

M: Magnetization (A/m)

Md: Domain magnetization

H: Magnetic field (Gauss)

V: Volume (m3)

D: Particle diameter (m)

κp: Thermal conductivity of the particle (W/m K)

κf : Thermal conductivity of the fluid

β: Magnetic induction (T)

Φ: Volume fraction

Ud: Potential energy of the interaction

mi, mj: Magnetic moments in space

rij : (= ri ‐ rj) distance between the ith and the jth particle
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Abstract

In this study, we propose a new type of a cooling agent based on magnetic nanofluid for
the purpose of replacing the classical cooling fluids in electrical power transformers. The
magnetite (Fe3O4) nanoparticles were synthesized by the co-precipitation method from
an aqueous medium of salts FeCl3x6H2O and FeSO4x7H2O in the molar ratio Fe3+/Fe2+ =
2:1, by alkalization with 10% aqueous solution of NaOH at 80°C, for 1 h. The size of the
magnetite nanoparticles, as measured by X-ray diffraction method, was 14 nm and by
scanning electron microscopy (SEM), they are between 10 and 30 nm. Magnetite powder
was placed in oleic acid as a surfactant to prevent agglomeration of nanoparticles. The
resulting mixture was dispersed in transformer oil UTR 40, with the role of carrier
liquid. The magnetic, rheological, thermal and electrical characteristic properties of the
obtained Fe3O4 transformer oil-based nanofluid were determined. A mathematical
model and numerical simulation results are very useful for investigating the heat trans-
fer performances of the magnetic nanofluid. Based on this study, it was tested the
cooling performance of this magnetic nanofluid for two types of electrical power trans-
formers as compared to classical methods. We also presented a microactuator based on
the same magnetic nanofluid.

Keywords: colloidal magnetic Fe3O4 nanoparticles, X-ray diffraction, SEM, electrical
transformer, magnetic nanofluid coolant, heat transfer, magnetic properties,
microactuator, mass transfer, pulse width modulation, mathematical model, numerical
simulation

1. Introduction

Magnetic nanofluids, known also as ferrofluids or magnetic liquids, are stable colloidal sus-
pensions of superparamagnetic nanoparticles such as γ-Fe2O3, α-Fe2O3, Fe3O4, CoFe2O4,
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Mn1−xZnxFe2O4, in a carrier liquid (an organic solvent or water) [1–5]. In order to prevent the
aggregation of magnetic nanoparticles and to attain a stable magnetic nanofluid, the
nanoparticles are coated with a surfactant during the preparation process [1, 4–8]. The charac-
terization of magnetic nanoparticles and of the obtained magnetic nanofluid is carried out by
various techniques in order to determine their structural, magnetic, rheological and magneto-
rheological properties [1–11]. The development of the synthesis methods leads to the possibil-
ity of tailoring the magnetic nanofluids and consequently, their physical properties, such that it
fulfills the requirements of a certain application [1, 5, 12–24].

Besides the well-known application of ferrofluids in sealing and lubrication, recent develop-
ments envisaged their potential in fields like actuation [22, 23], medicine [1, 16], biotechnology
[14, 24], as cooling fluids [25–29] or as liquid core in power transformers [30, 31]. The applica-
tions in medicine and biotechnology require from the magnetic nanofluid to be biocompatible.
Therefore, water-based magnetic nanofluids are the candidates for magnetic hyperthermia for
cancer treatment and targeted drug delivery, as well magnetic separation for purification of
cells, proteins or else. The applications envisaged in electrical engineering require from the
proposed magnetic nanofluid to also have good thermal and insulating properties. These
conditions can be fulfilled by the transformer oil-based magnetic nanofluids.

This chapter is addressing the application of a Fe3O4 magnetic nanofluid based on transformer
oil, as cooling and insulating fluid of a power transformer. Thus, the preparation procedure
and the characterization of structural, magnetic, rheological, thermal and electrical properties
are presented. The mathematical model applied to the problem is introduced, and the numer-
ical results for two power transformers are discussed. The use of this Fe3O4 magnetic nanofluid
in a micro-actuation application is also presented.

2. The synthesis and complex characterization of nanofluid with colloidal
magnetic Fe3O4 nanoparticles

2.1. Nanofluid synthesis

The materials used for the synthesis of nanofluid with colloidal magnetic Fe3O4 nanoparticles
we can mention: hexahydrated ferric chloride (FeCl3x6H2O) of 99% purity obtained from
Merck Germany; ferrous sulfate sheptahydrate (FeSO4x7H2O) of 98% purity purchased from
Chimopar, Romania; sodium hydroxide (NaOH) of 99% purity and oleic acid (C18H34O2) of
99% purity provided by Riedel de Haen. Other chemicals were of analytic grade. The reagents
were used without further purification. All solutions were prepared with deionized water.

The transformer oil-based ferrofluid with Fe3O4 nanoparticles was synthesized by chemical co-
precipitation method [23], using FeCl3 + 6H2O and FeSO4 + 7H2O with a molar ratio of Fe2+/
Fe3+ = 1:2, dissolved in 300 ml of water and treated with NaOH 10%. The mixture was stirred at
80°C for 1 h. The resulting black color precipitate of Fe3O4 was washed with deionized water
and magnetically decanted until a pH of 7 was reached. Then, 10 ml of HCl 0.1 N was added to
the Fe3O4 precipitate for peptization. The mixture was washed and decanted again until pH 7,
dried at 90°C and treated with acetone for water removal. A small part of the obtained powder
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was analyzed [X-ray diffraction, scanning electron microscopy (SEM) and elemental analysis
EDX] for structural properties. The remaining part of the powder was treated with 2 ml of oleic
acid as surfactant, and with 5 ml of toluene and heated at 90°C for toluene removal. Finally, the
mixture was dispersed in 50 ml of UTR 40 transformer oil, under strong stirring for 20 h in
order to obtain the magnetic nanofluid. Figure 1 schematically presents the transformer oil-
based magnetic nanofluid of Fe3O4 synthesis.

2.2. Nanofluid characterization

2.2.1. Powder characterization of Fe3O4 nanoparticles

The Fe3O4 powder was structurally characterized by X-ray diffraction using a diffractometer D8
ADVANCE type X Bruker-AXS in conditions: Cu-Kα radiation (γ = 1.5406 Å), 40 KV/40 mA,

Figure 1. Transformer oil-based magnetic nanofluid of Fe3O4 synthesis.
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filter kβ of Ni, in the 2θ range of 25–70°, using a step of 0.04° and measuring time on point
of 1 s.

The XRD pattern of the powder is presented in Figure 2 and shows the peaks corresponding to
the Fe3O4 highlighted by “hkl” Miller indices (220), (311), (400), (422), (511) and (440), [2, 4],
which denote a spinel structure with lattice parameter a = 0.83778 nm, in accord with the
literature data (JCPDS file no. 19-629). According to the (311) peak, the medium size of the
crystallites determined by Scherrer formula (1) is 14 nm.

D ¼ 0:9λ
B∗cosθ

; (1)

where D is the crystallites medium size, γ is the wavelength of this X-ray (γ = 0.154059 nm), B∗

is the full width at half maximum (FWHM) and θ is the half diffraction angle of crystal
orientation peak.

The morphology of the sample was studied by SEM using a Carl Zeiss SMT FESEM-FIB
Auriger type scanner. The elemental analysis (energy-dispersive X-ray spectroscopy EDX)
was performed with an energy dispersive probe of Inca Energy 250 type Oxford Instruments
LTD England coupled to SEM.

The topology of the Fe3O4 powder analyzed by scanning electron microscopy evidenced two
types of surface: smooth surface and rough surface (fracture). A crystalline structure of the
material was found for the first type of surface, which is composed of crystallites having

Figure 2. The Fe3O4 XRD pattern of the Fe3O4 nanoparticles.
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average sizes between 10 and 30 nm (Figure 3) in good agreement with the diffraction analy-
sis. For the second type of surface, a structure of acicular type agglomerates was found
(Figure 4).

The elemental analysis confirms the presence of Fe3O4 (Figure 5) and shows that the resulting
black powder contains 70.14%Fe, 24.96% O, 4.16% C and 0.74% Cl (Table 1). The presence of
the Fe3O4 is exhibited by elemental Fe-peaks of about 6.45 and 0.75 keV. The high percentage of
oxygen is related to its existence in the iron oxide.

The SEM image (Figure 5a) and the elemental energy dispersive X-ray analysis (Figure 5b)
confirms the data determined by X-ray diffraction. The content of C and Cl represents the little
impurities.

Figure 3. The SEM image for the first structure.

Figure 4. The SEM image for the second structure.
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2.2.2. Characteristic properties of the nanofluid with colloidal magnetic Fe3O4 nanoparticles used as a
cooling fluid for power transformers

2.2.2.1. Magnetic properties

The full magnetization curve and the hysteresis loop of the transformer oil-based magnetic
nanofluid (MNF/UTR 40), with a solid volume fraction of the dispersed magnetite particles of
1.67%, were measured at room temperature (25°C), using a vibrating sample magnetometer—
VSM 880—ADE Technologies USA, in the magnetic field range of 0–950 kA/m.

The magnetization M measured at the maximum value of the applied magnetic field, approx.
900 kA/m, is considered to be the nominal magnetization of the investigated sample. Also, the
absence of hysteresis loop area indicates a specific behavior of soft magnetic material (Figure 6)
with the magnetic characteristics shown in Table 2.

In Table 2, Mr represents the remnant magnetization and Hc is the coercive magnetic field;
ρ24oC is the density of the magnetic fluid at 24°C and ϕFe3O4

is the solid volume fraction of the
dispersed magnetite.

According to Shliomis [32], the magnetic behavior of a diluted magnetic nanofluid ðϕFe3O4
< 5Þ

under the action of an external magnetic field is well described by the single-particle model,

Figure 5. The elemental analysis for Fe3O4 powder: (a) the SEM image and (b) the elemental energy dispersive X-ray
analysis.

Element Weight (%) Atomic (%)

C K 4.16 10.89

O K 24.96 49.01

Cl K 0.74 0.66

Fe K 70.14 39.45

Totals 100.00 100.00

Table 1. Analysis data for Fe3O4 nanoparticles, energy dispersive.
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which states that the energy of dipolar interactions is lower than the thermal energy. In this
case, the equilibrium static magnetization is a superposition of Langevin functions,

M ¼ ϕmMd cothξ−
1
ξ

� �
¼ ϕmMdLðξÞ; (2)

with

ξ ¼ πμ0MdD3
mH

6kBT
; (3)

representing the Langevin parameter. Herein Md ¼ 480 kA=m is the monodomenial magneti-
zation of magnetite, μ0 ¼ 4π· 10−7 H=m is the magnetic permeability of vacuum, Dm is the
magnetic diameter of the dispersed magnetite particles, H is the applied magnetic field,
kB ¼ 1:38· 10−23 J=K is the Boltzmann constant and T is the absolute temperature.

In lowmagnetic fields ð< 1 mTÞ, with ξ ! 0, the Langevin function becomes LðξÞ ! ξ
3, that is a

linear variation in sample magnetization with the applied field. Knowing that the initial
magnetic susceptibility is χiL ¼ M=H, one can obtain:

χiL ¼ πμ0ϕmM
2
dD

3
m

18kBT
(4)

On the other hand, in the region of intense magnetic fields ðξ >> 1Þ, the Langevin function is
given by LðξÞ ! 1− 1

ξ, and static magnetization of the magnetic nanofluid is approximated by

the following relationship [33],

Figure 6. Hysteresis loop and full magnetization curve of the transformer oil-based magnetic fluid sample shows specific
behavior of soft magnetic materials: (a) hysteresis loop for UTR 40-based MNF sample and (b) full magnetization curve
for UTR 40-based MNF sample.

Sample M (Gs) M (kA/m) Mr (kA/m) Hc (kA/m) ρ24oC (g/cm3) ϕFe3O4
(%)

MNF/UTR 40 50 3.98 – – 0.96 1.67

Table 2. Physical properties of MNF/UTR 40 sample.
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M≅ϕmMd 1−
6kBT

πμ0MdD3
mH

 !
; (5)

where ϕm ¼ Ms=Md is the magnetic volume fraction, with Ms representing the saturation
magnetization of the magnetic nanofluid sample. The above relationship shows that the
magnetization reaches saturation for very high values of the magnetic field ðH ! ∞Þ.
In fact, in real ferrofluids, the dimensional polydispersity of the magnetic particles is a charac-
teristic that cannot be neglected and, in the absence of inter-particle interactions, an accurate
expression of magnetization is obtained [34],

M ¼ Ms ∫
∞

0
LðξÞfðxÞdx; (6)

where fðxÞ is the log-normal distribution function (Figure 7)

fðxÞ ¼ 1
xS

ffiffiffiffiffiffi
2π

p exp � ln2 x
D0

2S2

 !
; (7)

with x is the magnetic diameter of the magnetite particles; fðxÞdx representing the probability
that the magnetic diameter of the magnetic particles to be in the range of ðx; xþ dxÞ; D0 is the
dimensional distribution parameter, defined by the relationship lnðD0Þ ¼ 〈lnðxÞ〉; S is also a
dimensional distribution parameter, representing the deviation of lnðxÞ value from lnðD0Þ [35].
Another important aspect regarding the magnetization evaluation that should be considered is
the dependence of the dispersed nanoparticles magnetic moments with their magnetic diame-
ters [36, 37]. Here, MsðxÞ ¼ nmðxÞ and the ferrofluid magnetization become

Figure 7. (a) TEM image of mono-layer covered magnetite nanoparticles with oleic acid and stably dispersed in hexane;
(b) dimensional distribution of the magnetic particles physical diameters is well approximated by the log-normal distri-
bution function.
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M ¼ n∫
∞

0
mðxÞLðξÞfðxÞdx; (8)

with n representing the density of the dispersed magnetite particles in magnetic fluid and m is
the dipolar magnetic moment.

The linear dependence of the initial magnetic susceptibility versus magnetic particle concen-
tration in low fields, rel. (4), and the asymptotic variation in magnetization in intense magnetic
fields, rel. (5), form the basic instruments of magnetogranulometric analysis, in order to
determine the mean magnetic diameter of the dispersed magnetic particles,

〈Dm〉 ¼ D0exp
S2

2

� �
; (9)

and standard deviation

σ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
〈D2

m〉−〈Dm〉
2

q
;

σ ¼ D0exp
S2

2

� �
½expS2−1�1=2; (10)

where the dimensional distribution parameters are evaluated first,

S ¼ 1
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln

3χiLH0

Ms

s
; (11)

D3
0 ¼

6kBT
πμ0MdH0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ms

3χiLH0

s
; (12)

and

n ¼ μ0MsH0

kBT
; (13)

The expression of the dimensional distribution parameters was obtained from rel. (8), consid-
ering the above presented limit cases and evaluating the initial magnetic susceptibility and
saturation magnetization, respectively.

In the linear region of small magnetic fields ðH < 1 kA=mÞ from static magnetization curve,
measured for the MNF/UTR 40 sample, the initial magnetic susceptibility has been evaluated.
Ms and H0 magnetic field were determined in the quasi-saturation region ðH > 700 kA=mÞ,
where the contribution to the ferrofluid magnetization is given by the magnetic particle
interactions with the applied magnetic field, inter-particle interactions being neglected. As a
result, in the saturation region can be considered that the magnetic nanofluid magnetization
varies linearly with 1=H according to Langevin’s law, even for concentrated samples. In
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Figure 8, which represents the final part (quasi-saturation) of the magnetization curve in
M ¼ fð1=HÞ representation, Ms is obtained as the intersection with the ordinate axis. Also, the
ratio of the magnetization curve slope and the corresponding absolute value of Ms is the value
of H0 field, where R2 represents the measure of accuracy of the fit in linear regression (Table 3).

Magnetogranulometric analysis of the MNF/UTR 40 sample has revealed a mean magnetic
diameter of the magnetite particles of 〈Dm〉 ¼ 6:46 nm and a standard deviation of
σ ¼ 2:18 nm. The log-normal distribution parameters (rel. (11)–(13)), evaluated directly from
the magnetization curve, were obtained through non-linear regression, using rel. (8). Consid-
ering the thickness of non-magnetic layer at the surface of magnetic nanoparticles of
δm ¼ 0:83 nm [33],

〈Dp〉 ¼ 〈Dm〉þ 2 � δm; (14)

a value of 8.12 nmwas determined for the mean physical diameter. Furthermore, a thickness of
1.9 nm of the oleic acid monolayer cover of magnetite particles δs [38] leads to a hydrodynamic
diameter of the particles of 〈Dh〉 ¼ 11:92 nm,

Figure 8. Obtaining Msand H0 field in the quasi-saturation region of the magnetization curve, in M ¼ fð1=HÞ representa-
tion, where the ferrofluid magnetization varies linearly with 1=H, according to Langevin’s law.

Sample χiL (-) R2 ðχiLÞ (-) Ms (kA/m) Ms (Gs) H0 (kA/m) R2 ðMsÞ (-)
MNF/UTR 40 0.11 0.99467 4.24 53.23 34.72 0.98580

Table 3. Initial magnetic susceptibility and saturation magnetization of the transformer oil-based magnetic fluid sample.
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〈Dh〉 ¼ 〈Dp〉þ 2 � δs (15)

Main results obtained through magnetogranulometric analysis of the MNF/UTR 40 sample are
summarized in Table 4.

2.2.2.2. Rheological properties

Rheological investigations, carried out with an Anton Paar Physica MCR 300 rheometer using
a double-gap concentric cylinder geometry, consisted of measuring the dynamic viscosity
curves of the samples in the absence of the magnetic field. The shear rate, _γ , varied from 1 s−1

to 1000 s−1, at different values of working temperature t ¼ ð20; 40; 60; 80ÞoC. The viscosity
curves (Figure 9) measured for both the transformer oil-based magnetic nanofluid (MNF/
UTR 40) and the carrier liquid-transformer oil (UTR 40) showed that adding a small volume
fraction of magnetic particles in the carrier ðφFe3O4

≅ 1:67 %Þ leads to a very mild increase in the

dynamic viscosity and the Newtonian behavior of the samples is preserved throughout the
investigated temperature range.

This behavior indicates the absence of the magnetic particle interactions, that is, a very good
stability of the sample, mainly due to the efficient steric stabilization. An Arrhenius-type
relationship describes the sample viscosity behavior with temperature,

Sample D0 (nm) S (-) n ( + 10
22 partic./m3) 〈Dm〉 (nm) σ (nm) 〈Dp〉 (nm) 〈Dh〉 (nm)

MNF/UTR 40 6.12 0.33 4.50 6.46 2.18 8.12 11.92

Table 4. Main properties of MNF/UTR 40 sample obtained through magnetogranulometric analysis, including the log-
normal distribution parameters values.

Figure 9. Viscosity curves showed that the Newtonian behavior of the carrier (UTR 40) (a) is preserved throughout the
temperature range, also for the magnetic nanofluid (MNF/UTR 40), (b) that contains a small amount of the dispersed
magnetic particles, indicating an efficient steric stabilization.
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η ¼ ηrefexp �Ea
R

1
T
−

1
Tref

� �� �
; (16)

where Tref ¼ 20oC is considered the reference temperature; ηrefðPa � sÞ is the dynamic viscosity

corresponding to the reference absolute temperature; Εa ðJ �mol�1Þ means the activation

energy and R ¼ 8:31447 J �mol−1K−1 is the ideal gas constant.

Considering a shear rate of 100 s−1, rel. (16) was used to fit the dependence η ¼ ηðTÞ, with
activation energy as fit parameter (Figure 10).

In Table 5, it can be observed that the value of the viscous flow activation energy does not
change after dispersing a small amount of surfacted magnetite particles in the carrier liquid. It
can be concluded that the adding of small volume fractions of surfacted magnetite particles in
a carrier liquidðϕFe3O4

< 5Þ, as transformer oil, has no significant influence on the rheological
properties of the samples.

2.2.2.3. Thermal properties

The addition of metallic nanoparticles (magnetic or non-magnetic) or non-metallic (e.g., dia-
mond nanoparticles) in transformer oils in order to improve their cooling performances
is a solution that was demonstrated by several patents and associated research works (e.g.
[39–45]). This paragraph analyzes the thermal properties of the magnetic nanofluid, which was
tested for use as cooling and insulating medium in power transformers.

Determination of the effective thermal properties that characterize the cooling fluids in our
study as well as their modeling using analytical formulae is representing a main problem of
the topic in discussion. Irrespective of the considered approach, either theoretical or experi-
mental, a representative element of the studied medium has to be chosen. It has to be

Figure 10. Arrhenius type dependence of the samples dynamic viscosity with temperature: (a) carrier liquid UTR 40 and
(b) transformer oil-based magnetic nanofluid MNF/UTR 40.

Sample φFe3O4
(%) ΕaðJ �mol�1Þ

MNF/UTR 40 1.67 28.27 + 103

UTR 40 – 28.38 + 103

Table 5. Viscous flow activation energy of the carrier liquid (UTR 40) and the magnetic nanofluid (MNF/UTR 40).
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underlined that the determination of the properties of heterogeneous materials has to be made
by complying with the request of representativeness of the studied volume, that is, the consid-
ered volume of the heterogeneous material must be sufficiently large in order to be statistically
representative irrespective of the type of the carried out experiment [46, 47].

The main properties that are influencing the thermal behaviour of a material are the heat
capacity, thermal conductivity, density, thermal expansion coefficient and thermal diffusivity
(a property that depends on the first three). Various experimental studies determined that the
effective properties of nanofluids (magnetic or non-magnetic) are dependent on the following
characteristics of their components [25, 48–50]: the thermo-physical properties of the carrier
fluid, nanoparticles and surfactant; nanoparticles volume fraction, size distribution, mean
diameter and shape; temperature; magnetic field (in the case of magnetic nanoparticles).

A review of the reference literature regarding the main properties of the transformer oil-based
fluids and their dependence with the temperature outlined the followings: specific heat is
increasing as linear function with temperature; thermal conductivity is decreasing as a quasi-
linear function with temperature especially for transformer oils; dynamic viscosity is decreas-
ing with the increasing temperature; the dielectric constant has relatively low values and
decreases with the increasing temperature [51–53].

2.2.2.3.1. Thermal conductivity

The thermal conductivity of magnetic nanofluids can be described as a function of several
parameters, among the most important are the thermal conductivities of the carrier liquid and
magnetic nanoparticles and their dependence on temperature and pressure, the volume frac-
tion, the shape and the size distribution of the nanoparticles. The interfacial thermal resistance
between the nanoparticles and the surrounding liquid is also considered. It has been proved
numerically and experimentally that an applied magnetic field can affect the thermal conduc-
tivity of a magnetic nanofluid due to the consequent ordering of magnetic dipoles of the
nanoparticles along the field lines [25, 54].

There are many Maxwell-type models developed for the thermal conductivity of mixtures
(also named effective thermal conductivity—ETC), either solid matrix—solid filler or liquid
carrier and dispersed nanoparticles that are based on the Maxwell model, which is
recommended for low volume fraction of the filler/nanoparticles and considers that the
nanoparticles are identical, spherical and non-interacting. The Holotescu-Stoian model, devel-
oped initially for the solid matrix—solid filler mixture and presented in Refs. [55, 56], intro-
duced for the first time the filler particle size distribution in the Maxwell model. The
expression for the effective thermal conductivity of the Holotescu-Stoian model, rel. (17), in
the case of a magnetic nanofluid is [57],

ke ¼ kf
kp þ 2 kf þ 2 ϕe ðkp−kfÞ
kp þ 2 kf− ϕe ðkp−kfÞ

; (17)

where ke is the effective thermal conductivity of the magnetic nanofluid, kp is the thermal
conductivity of the magnetic nanoparticles, kf is the thermal conductivity of the carrier fluid,
ϕe is the equivalent volume fraction, defined by
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ϕe ¼ ϕFe3O4

〈ðDm þ δÞ3〉2
〈ðDm þ δÞ2〉3 ; (18)

with ϕFe3O4
is the solid nanoparticles volume fraction (magnetite in this case),Dm is the mag-

netic diameter, δ ¼ 2δm is the double thickness of the non-magnetic layer, and

〈u〉 ¼ ∫
∞

0
ufðxÞdx (19)

with u being a magnetic diameter dependent function and fðxÞ is the log-normal distribution
function.

The relationship between physical (geometrical) diameter Dp, magnetic diameter Dm and δ is
given by

Dp ¼ Dm þ δ: (20)

This model, confirmed by the experimental data [57], was applied to determine the thermal
conductivity of the analyzed magnetic nanofluid sample. The results (at room temperature) are
given in Table 6, and we observe that the addition of magnetite nanoparticles alone is increasing
the thermal conductivity of the magnetic nanofluid. The transformer oil thermal conductivity is
decreasing with the increasing temperature, thus the cooling performance can be diminished at
normal operating conditions in power transformers (and other electrical equipments). We can
conclude that the addition of the magnetite nanoparticles can counteract this disadvantage.
Moreover, during the operation of a power transformer, for instance, the magnetic field is acting
on the magnetic nanofluid, influencing its physical properties, and generating the magneto-
convection that can enhance the heat transfer, as shown in the next section.

2.2.2.3.2. Specific heat

The specific heat of the magnetic nanofluid, at constant pressure, was determined using the
following mixture formula [58]

ρMNFðTÞ � cp,MNFðTÞ ¼ ð1−ϕÞ � ρUTRðTÞ � cp,UTRðTÞ þ ϕm � ρNPðTÞ � cp,NPðTÞ; (21)

where the transformer oil specific heat was determined by using

cp,UTRðTÞ ¼ 5:025 � Tþ 1789:50 (22)

and the specific heat of the magnetite by using [59],

Property/sample UTR NP MNF_UTR ΔX/XUTR

ke (W/m K) 0.127 1.39 0.135 +6.29%

cp (J/kg K) 1910.1 0.892 1867.8 −2.2%

β (1/K) 7.15 + 10−4 1.2 + 10−4 6.44 + 10−4 −9.94%

Table 6. Thermal expansion coefficients.
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cp,NPðTÞ ¼ 0:6334þ 0:871 � 10−3T; (23)

where T (K) is the absolute temperature of the solid and ρ is the mass density of the material.

The numerical results obtained for the magnetic nanofluid specific heat indicate a slightly
decrease compared to that of the carrier liquid. In what it concerns the effect of an applied
magnetic field on the specific heat capacity of a magnetic nanofluid, for a certain range of
temperature, the reference literature indicates the influence of the nanoparticles volume
fraction and nanofluid composition (carrier liquid and nanoparticles). Also, the magnitude
and the applied field orientation relative to the gravitational field (as the experiments were
conducted in gravitational field) should be considered. Korolev et al. [60] analyzed the
influence of an applied magnetic field (oriented perpendicularly on gravity) on a trans-
former oil-based magnetic nanofluid with magnetite nanoparticles, having a solid volume
fraction of 7.4%, in the temperature range from 15 to 80°C. The experiment showed that, for a
certain temperature, the specific heat capacity has a maximum in the investigated range of
the applied magnetic field, which, according to the authors, indicates the presence of a
magneto-caloric effect.

2.2.2.3.3. Thermal expansion coefficient

Similarly, to determine the thermal expansion coefficient of the magnetic nanofluid, a
corresponding mixing formula was used [61],

βMNF ¼ βUTR
1

1þ ð1−ϕFe3O4
ÞρUTR

ϕFe3O4
ρNP

βNP

βUTR
þ 1

1þ ϕFe3O4
1−ϕFe3O4

� ρNP
ρUTR

2
64

3
75; (24)

where βMNF [1/K] is the thermal expansion coefficient of MNF, βUTR is the thermal expansion
coefficient of the transformer oil [62], βNP is the thermal expansion coefficient of the magnetite
nanoparticles [63], ρUTR ¼ 0:867 g=cm3 (at 20°C) and ρMNF ¼ 0:96 g=cm3 (at 24°C) are the
measured densities of the transformer oil and the magnetic nanofluid, respectively.

The results of the calculations, summarized in Table 6, give the thermal properties at room
temperature. We observe that the analyzed thermal properties have a diverging behavior.
While the thermal expansion coefficient and specific heat are decreasing, the thermal conduc-
tivity is increasing. The last column is indicating the relative variation compared to the
corresponding property of the carrier liquid (transformer oil).

2.2.2.3.4. Evaluation of the heat transfer potential of the magnetic nanofluid

To determine the potential performance of the magnetic nanofluid for heat transfer, we con-
sidered the figure-of-merit (FOM), as defined for natural convection [64],

FOMNC ¼ β ρ2 cp k
1

n−1=η
h in

; (25)

where n ¼ 0:25 for laminar flow and n ¼ 0:33 for turbulent flow.
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The results obtained for the FOM of the carrier liquid and the magnetic nanofluid, using the
properties determined above, are presented in Table 7. The comparison of the relative increase
of FOM indicates that the addition of nanoparticles is advantageous for both laminar and
turbulent flow.

2.2.2.4. Electric permittivity

As underlined above, the use of a magnetic nanofluid in electrical engineering applications
imposes restrictions regarding its insulating properties. Transformer oils are known to be
electrical insulators so they are an appropriate carrier liquid for a magnetic nanofluid used in
such applications. If the magnetic nanoparticles volume fraction is kept in certain limits, the
magnetic nanofluid preserves its insulating properties within the required limits, too [49, 50].

We estimated the effective electric permittivity of the magnetic nanofluid εMNF, using the
Maxwell-Garnett equation for mixtures:

εMNF ¼ εUTR þ 3ϕFe3O4
εUTR

εNP−εUTR

εNP þ 2εUTR−ϕFe3O4
ðεNP−εUTRÞ ; (26)

with εUTR is the electric permittivity of the transformer oil and εNP is the electric permittivity
of the magnetite nanoparticles, ϕFe3O4

being the volume fraction of the magnetite nano-
particles.

The results are presented in Table 8, along with the relative difference between the values
corresponding to the transformer oil and magnetic nanofluid, ε0 being the free space permit-
tivity, approximate equal to 8.85 + 10−12 F/m.

We observed that for the current volume fraction of magnetic nanoparticles, the insulating
properties of the magnetic nanofluid remain very close to those of the carrier liquid (UTR 40).
In what concerns the effect of working temperatures in the power transformer, experimental
studies showed that electrical permittivity decreases with increasing temperature in the case of
transformer oils [51].

Property/sample UTR MNF_UTR ΔX/XUTR

FOM, n ¼ 0:25 18.61 19.57 +5.15%

FOM, n ¼ 0:33 91.85 96.25 +4.8%

Table 7. FOM results, obtained for the carrier liquid and for the magnetic nanofluid.

Property/sample UTR NP MNF_UTR Δε / εUTR

ε (F/m) 2.2 + ε0 81 + ε0 2.26 + ε0 2.85%

Table 8. Effective electric permittivity of the Fe3O4 transformer oil-based magnetic nanofluid.
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3. Heat transfer and electromagnetic field by numerical simulation for the
electrical transformer cooled by a specific nanofluid

A colloidal Fe3O4 specific nanofluid dispersed in oil transformer UTR 40, named MNF/UTR
40, is utilized in a number of technologically relevant applications where external magnetic
fields are used to adjust their flow. A mathematical model and numerical simulation results
are useful for investigating the heat transfer properties of the magnetic nanofluid. Based on
this study, it was built and tested the experimental model: low power, medium voltage,
single-phased transformer type TMOf-24-5” (Figure 18) and low power, medium voltage,
single-phased transformer type TMOf2-36kV-40 kVA (Figure 19). First of all, it was used for
the transformer the transformer oil UTR 40 as cooling and insulating liquid. After that, this
oil was drained and the experimental model was filled with magnetic nanofluid based on
transformer oil MNF/UTR 40. The MNF/UTR 40 specific nanofluid has been shown to
provide both thermal and dielectric benefits to transformers, and can be utilized to improve
cooling by enhancing fluid circulation within transformer windings, to increase transformer
capacity to withstand lightning impulses, while also minimizing the effect of moisture on
typical insulating fluids. Magnetic nanofluid flow may be influenced by external magnetic
fields, and the retention force of a magnetic nanofluid can be adjusted by changing either the
magnetization of the fluid or the magnetic field in the region. Opposite to usual magnetic
fluids, the magnetizable nanofluids destined to heat transfer should have a low concentra-
tion of magnetic nanoparticles in order to make them competitive with the non-magnetic
fluids.

3.1. Mathematical model

Several simplifying assumptions aimed and keeping the physical system within approachable
software and hardware limits are requested and 2D models are best candidates, providing
numerical simulation relevant results, of satisfactory accuracy. Following this path, we con-
sider a 2D, Cartesian cross-sectional model, as shown in Figure 11.

The heat transfer and transport processes under the influence of the magnetic field for two
prototypes electric transformer: low power mono-phased transformer (24 kVA), at medium
voltage (20/√3//0,4/√3kV), TMOf-24-5 and low power mono-phased transformer (40 kVA), at
medium voltage (30/√3//0,4/√3kV), prototype TMOf 2-36kV-40 kVA, are described by the
following set of coupled partial differential equations [44]:

• electromagnetic field—quasi-steady, harmonic diffusion,

ðjωσ−ω2ε0εrÞAþ ∇ · ðμ−1
0 μ−1

r ∇ ·AÞ−σu · ð∇·AÞ ¼ Je, (27)

• momentum balance (Navier-Stokes),

ρ
∂u
∂t

þ ðu � ∇Þu
� �

¼ −∇pþ μ0ðM � ∇ÞH|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
fmg

þ μf∇
2uþ fT; (28)
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• mass conservation (incompressible flow),

∇u ¼ 0; (29)

• heat transfer (energy equation),

ρcp
∂T
∂t

þ ðu � ∇ÞT
� �

¼ k∇2Tþ E � Jeϕ: (30)

Here: u is the velocity; p is the pressure; T is the absolute temperature; A is the magnetic vector
field; M is the magnetization (in the magnetic nanofluid); H is the magnetic field strength; E is
the electric field strength; Jeϕ is the angular component of the (external) current density (in the

coil); fT is the buoyancy body force term; fmg is the magnetic body force term; σ is the electrical

conductivity; k is the thermal conductivity; μ0 is the magnetic permeability of vacuum
(μair ¼ μr air � μ0≅μ0; μr air≅1); μf is the kinematic viscosity; ρ is the mass density; cp is the
specific heat. Heat transfer occurs by conduction in the solid regions of the system and by
convection and diffusion in the fluid region. The temperature variation in the fluid region is
responsible for a gravitational flow (Boussinesq approximation), whose structure depends on
the cell geometric aspect ratio and thermal conditions. All subdomains have linear physical

Figure 11. The 2D simplified model and the FEM mesh made of triangular elements: (a) computational domain and (b)
detailed view—windings, iron core, case.
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properties, except for the magnetic nanofluid (based on transformer oil), whose magnetization
characteristic is nonlinear.

The magnetic field magnetizes the magnetic nanofluid, and the corresponding body force term
adds to the gravitational, thermal flow of the magnetic nanofluid coolant. The flow structure is
the result of the two competing forces: thermal force and magnetic force. In this study, we deal
with a super-paramagnetic magnetic nanofluid where the influence of the coercive magnetic
field intensity, Hc or the remnant induction, Br is discarded. The constitutive law for the
magnetic field of the magnetic fluid is then

B ¼ μ0ðHþMÞ: (31)

The magnetic field produced by the electrical current in the coil magnetizes the fluid and is
responsible for the magnetic body forces that influence the thermally induced flow. The
magnetization of the magnetic fluid is approximated here by the analytic formula

Mx,y ¼ a � arctanðb �Hx,yÞ; (32)

with a ¼ 104A=m and b ¼ 3· 10−5m=A are empiric constants. The magnetic body forces are
then obtained out of the magnetic energy, by taking its derivatives with respect to the
coordinates

fmg ¼ μ0ðM � ∇ÞH: (33)

The strategy that we used in the numerical simulation consists of solving for the magnetic field
first, and then using the active power thus obtained as heat source in the heat transfer and flow
parts of the problem. The obtained solutions are steady state [65] for heat transfer and flow and
quasi-steady (harmonic) for the electromagnetic field.

The main dimensions (windings, iron core, case sizes) are those of the single-phased trans-
former considered in our study. The amperturns of the windings correspond to the nominal
working point, when the iron core exhibits lower levels of magnetization—the amperturns are
compensated.

3.2. Simulation results for mono-phased transformer of low power and medium voltage
type TMOf-24-5 compared to the mono-phased transformer of low power and medium
voltage type TMOf2-36kV-40 kVA

Numerical simulation of the mono-phased transformer of low power and medium voltage
type TMOf-24-5 evidenced that the convective heat transfer in the channels between the
windings and between the windings and core (3–5 mm) is less important in the overall process,
therefore it was discarded, and only conduction heat transfer was accounted for in these areas.
Figure 12 shows simulation results for a non-magnetic, regular cooling fluid—the temperature
field (surface color map, Figure 12a–d), the thermal flow (streamlines and velocity vectors,
Figure 12a–c), magnetic flux density (Figure 12d, surface color map, iso-lines of magnetic
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vector field). Apparently, the thermal flow exhibits two minor recirculation areas—in the
upper and lower part of the windings, by the top and bottom covers—trapped within a larger
recirculation cell that develops by the lateral wall. For the heat transfer part of the problem, we
assumed a convection (Robin) type boundary condition (the ambient temperature was
assumed to be Tamb ¼ 300 K, with a heat transfer coefficient of h ¼ 2 W=m2K, that is, moderate
natural convection.

The iron core, although less magnetized in this particular regime (compensated primary and
secondary amperturns), plays a crucial role in the heat transfer problem.

Figure 12. Magnetic field, temperature and flow fields for mono-phased transformer of low power and medium voltage,
type TMOf-24-5, (a) Heat transfer and thermal flow—upper part, (b) detail—temperature, buoyancy flow, (c) heat transfer
and thermal flow—bottom part and (d) magnetic field.
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When a colloidal Fe3O4 specific nanofluid MNF/UTR 40 is utilized as a coolant, magnetic body
forces add to the thermal, gravitational body forces. Figure 13 displays the magnetic field and
forces (magnetic and thermal). Apparently, the magnetic forces contribute differently to the
overall convection flow: in the upper part of the cell they add to the buoyancy forces, whereas
in the lower part they are opposite. However not unexpected, Eq. rel. (33), another important
finding is the effect that the en-parts of the windings and the iron core have: these are regions
of high gradient magnetic field strength, and it is here that the body magnetization forces are
significant. The orientation of the magnetic forces versus the thermal forces is an important
factor in providing an optimal design. We observe that the thermal gravitationally driven
forces and the magnetic forces act concurrently in this plane, their combined effect being
greater at the left and right end regions. Similarly, the heat transfer direction is from the hotter
regions (core and windings) to the case, but with enhanced convection and increased heat
removal efficiency. Comparing the two cooling options, that is, specific nanofluid MNF/UTR
40 (Figure 14b) versus regular coolant UTR 40 (Figure 14a) apparently the MNF/UTR 40 may
do better in cooling the transformer. This essentially means a lower hot spot temperature by
approximately 10° in this model and a more uniform temperature distribution. These results
suggest that the vertical design of the low-power mono-phased transformer (40 kVA), at
medium voltage (30/√3//0,4/√3kV) prototype TMOf 2-36kV-40kVA (Figure 15) may be advis-
able [66, 67]. This prototype TMOf 2-36kV-40kVA realized in compliance with the constructive

Figure 13. Magnetic field and body forces when the coolant is a magnetic nanofluid, MNF/UTR 40: (a) detail (top)—
magnetic body forces, (b) detail (top)—buoyancy forces, (c) detail (bottom)—magnetic body forces, (d) detail (bottom)—
buoyancy forces.
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solutions with characteristics specific for the aimed purpose presents the following advan-
tages: reduced weight and dimensions in comparison with the current power transformers
that have the same rated voltage and rated power, following the intensification of the cooling
effect in the presence of the specific nanofluid MNF/UTR 40 (Figure 15b). The number of
convection zones is greater when the coolant is magnetic nanofluid MNF/UTR 40

Figure 14. 2D, axial model - magnetic flux density field, temperature distribution, and flow field for the horizontal design
TMOf-24-5 type transformer: (a) the coolant is regular UTR 40 transformer oil and (b) the coolant is a magnetic nanofluid,
MNF/UTR 40.

Figure 15. 2D, axial model - magnetic flux density field, temperature distribution, and flow field for the vertical design
TMOf 2-36kV-40kVA type transformer: (a) the coolant is regular UTR 40 transformer oil and (b) the coolant is a magnetic
nanofluid, MNF/UTR 40.
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(Figure 15b) as compared to the regular coolant, that is, the UTR 40 transformer oil
(Figure 15a). Also, because of the execution form of the magnetic circuit and of the metallic
construction (tank-bottom-lid), the construction of the power transformer in the aggregate is
realized with a smaller consumption of the main materials: copper, magnetic steel sheet and
the specific nanofluid MNF/UTR 40 are included.

4. Designing the electrical transformer cooled by nanofluid with colloidal
magnetic Fe3O4 nanoparticles dispersed in UTR 40 transformer oil

The low-power mono-phased transformer (40 kVA), at medium voltage (30/√3//0,4/√3kV),
prototype vertical design TMOf 2-36kV-40kVA type transformer has the active part (Figures 16
and 17), magnetic iron core with the high voltage (HV) and low voltage (LV) windings fixed in

Figure 16. The aggregate active parts, core and windings [44].

Figure 17. Magnetic cores and the core rolling device [44].
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a finned metallic tank constituted from two parts air-proof assembled through a soldering that
is soft and capable of elastic deformation for the taking-over of the variation with temperature
of the cooling liquid volume (Figure 19). The magnetic circuit is coating type, constituted of
two identical cores of rectangular shape (flat-core), back to back disposal (Figure 17). The
aggregate active parts (Figure 16) are the magnetic core with the high voltage and low voltage
windings, fixed on a metallic lid with their axes in a vertical position, the most convenient
situation for the heat transfer enhancement by the nanoparticles in the presence of the electro-
magnetic field. With a view to performing comparative tests related to the use of magnetic
nanofluid MNF/UTR 40 as cooling and insulating fluid transformers and regular UTR 40
transformer oil cooling, the mono-phased transformer of low power and medium voltage, the
horizontal design TMOf-24-5 type transformer (Figure 18) and mono-phased transformer of
low power and medium voltage the vertical design TMOf 2-36kV-40kVA type transformer
(Figure 19) has been achieved [44]. The numerical simulation results show that the direction of
the magnetizing force in comparison with the gravitational thermal force is an important

Figure 18. Mono-phased transformer of low power and medium voltage, the horizontal design TMOf-24-5 type trans-
former.
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element in assuring of an optimal heat transfer. Both numerical simulations as well as labora-
tory measurements [65–67] confirm the following aspects: about the usage of a magnetic
nanofluid MNF/UTR 40 as cooling and insulating fluid for transformers, this provides for
magnetization body forces that add to the thermal, gravitational forces. In the vertical layout
of the transformer, these forces act concurrently with the thermal flow, and the overall effect is
the enhancement of the heat transferred from the aggregate active parts (core and windings) to
the ambient.

In both cases, first of all, the regular UTR 40 transformer oil as cooling and insulating fluid was
used for the transformers. After that, this oil was drained and the transformers were filled with
magnetic nanofluid MNF/UTR 40 as cooling and insulating fluid.

Figures 20 and 21 show the temperature on the surface of the ribbed tank when magnetic
nanofluid MNF/UTR 40 is used for the vertical design TMOf 2-36kV-40kVA type transformer
after 1 h of operation. Monitoring of the temperature was achieved with the thermographic
camera, FLUKE Ti 20. The temperature does not exceed the value of 54°C. Magnetic nanofluid

Figure 19. Mono-phased transformer of low power and medium voltage, the vertical design TMOf 2-36kV-40kVA type
transformer [44].
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MNF/UTR 40 provides also the increase of the transformer’s capacity to sustain over-voltages
and withstand better to degradation in time due to humidity, as compared to the regular UTR
40 transformer oil coolant. Thus, transformers with reduced dimensions and higher efficiency
with loading capacity and extended life duration may be designed.

Figure 20. Temperature distribution by thermographic imaging-the tank- for mono-phased transformer of low power
and medium voltage, type TMOf2-36kV-40 kVA, after 1 h of operation.

Figure 21. 3D characteristic of the temperature depending on the X and Y coordinates, associated with the thermographic
image in Figure 20.

Nanofluid Heat and Mass Transfer in Engineering Problems188



MNF/UTR 40 provides also the increase of the transformer’s capacity to sustain over-voltages
and withstand better to degradation in time due to humidity, as compared to the regular UTR
40 transformer oil coolant. Thus, transformers with reduced dimensions and higher efficiency
with loading capacity and extended life duration may be designed.

Figure 20. Temperature distribution by thermographic imaging-the tank- for mono-phased transformer of low power
and medium voltage, type TMOf2-36kV-40 kVA, after 1 h of operation.

Figure 21. 3D characteristic of the temperature depending on the X and Y coordinates, associated with the thermographic
image in Figure 20.

Nanofluid Heat and Mass Transfer in Engineering Problems188

5. Nanofluid with colloidal magnetic Fe3O4 nanoparticles used in
microactuation process

Based on the afore described magnetic nanofluid, we can make a microactuator whose opera-
tion complies with the principle of Pulse Width Modulation (PWM) [23, 68]. The output PWM
rectangular pulse form for a pulse duty factor of 14% is presented in Figure 22. The PWM
generator discharges on the microactuator magnetic nanofluid impedances, two windings L1

and L2 (Figure 23). The electromagnetic force developed by the microactuator and implicitly
the movement of the magnetic nanofluid depends mainly on the windings excitation voltage
pulse duty factor Ku %. Passing an electric current by the microactuator windings results a
magnetic field. The net effect of this magnetic field is a mass transfer of the magnetic nanofluid.

Figure 22. The output PWM rectangular pulse form, for a pulse duty factor of 14%.

Figure 23. The microactuator with magnetic nanofluid during testing [68].
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Also, the maximum amplitude of the excitation voltage is constant, Umax = 15 V. The RMS
value of the current that goes through the coils of the actuator, for a fixed frequency of the
PWM voltage, depends mainly on the pulse duty factor. Two windings, L1 and L2, are excited
with a rectangular waveform, counter phase, in compliance with Figure 22.
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Nomenclature

D (nm) crystallites medium size
λ (nm) wavelength of the Cu-Kα radiation (0.154059 nm)
B∗ (rad) full width at half maximum (FWHM)
ϑ (o) half diffraction angle of crystal orientation peak (Bragg angle)
M (A/m) magnetization
Mr (A/m) remnant magnetization
Hc (A/m) coercive magnetic field
ρ (kg/m3) mass density
ϕFe3O4

(-) solid volume fraction of the dispersed magnetite
Md (A/m) monodomenial magnetization of magnetite (480 kA/m)
ξ (-) Langevin parameter
L(ξ)=cothξ-1/ξ (-) Langevin function
μ0 (H/m) magnetic permeability of vacuum (4π + 10−7 H/m)
μ (H/m) magnetic permeability of the medium
μr (-) relative magnetic permeability (μ/μ0)
Dm (nm) magnetic diameter
H (A/m) magnetic field strength
kB (J/K) Boltzmann constant (1.38 + 10−23 J/K)
T (K) absolute temperature
χiL (-) initial magnetic susceptibility
MS (A/m) saturation magnetization
ϕm ¼ MS=Md (-) magnetic volume fraction
fðxÞ (-) log-normal distribution function
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x (nm) magnetic diameter of the magnetite particles – argument of the log-normal
distribution function

fðxÞdx (-) probability that the magnetic diameter of the magnetic particles to be in the
range of ðx; xþ dxÞ

D0 (nm) dimensional distribution parameter, defined by ln(D0) = <ln(x)>
S (-) dimensional distribution parameter, representing the deviation of ln(x)

value from ln(D0)
n (partic./m3) density of the dispersed magnetite particles
m (A m2) dipolar magnetic moment
σ (nm) standard deviation
H0 (A/m) magnetic field strength, representing the ration of the magnetization curve

slope and saturation magnetization, in M = f(1/H) representation
R2 (-) measure of accuracy of the fit in linear regression
δm (nm) thickness of non-magnetic layer
Dp (nm) physical (geometrical) diameter
δs (nm) surfactant cover thickness
Dh (nm) hydrodynamic diameter
_γ (s−1) shear rate
η (Pa s) dynamic viscosity
ηref (Pa s) dynamic viscosity corresponding to the reference temperature, Tref
Tref (K) reference temperature
Ea (J/mol) activation energy
R (J/mol K) ideal gas constant (8.31447 J/mol K)
k (W/m K) thermal conductivity
ke (W/m K) effective thermal conductivity of the magnetic nanofluid
kp (W/m K) thermal conductivity of the magnetite nanoparticles
kf (W/m K) thermal conductivity of the carrier fluid
ϕe (-) equivalent volume fraction
δ ¼ 2δm (nm) double thickness of non-magnetic layer
u (-) magnetic diameter dependent function
cp (J/kg K) specific heat at constant pressure
cp,MNF (J/kg K) specific heat of the magnetic nanofluid
cp,UTR (J/kg K) specific heat of the transformer oil
cp,NP (J/kg K) specific heat of the magnetite nanoparticles
ρMNF (kg/m

3) mass density of the magnetic fluid (0.960 g/cm3, at 24°C)
ρUTR (kg/m3) mass density of the transformer oil (0.867 g/cm3, at 20°C)
ρNP (kg/m3) mass density of the magnetite nanoparticles
β (1/K) thermal expansion coefficient
βMNF (1/K) thermal expansion coefficient of the magnetic nanofluid
βUTR (1/K) thermal expansion coefficient of the transformer oil
βNP (1/K) thermal expansion coefficient of the magnetite nanoparticles
FOMNC (-) figure-of-merit determined for natural convection
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n (-) constant whose value depends on flow type; n = 0.25 for laminar flow and
n = 0.33 for turbulent flow

ε (F/m) electric permittivity
ε0 (F/m) electric permittivity of free space (8.8541878176 + 10−12 F/m)
εr (-) relative electric permittivity (εr = ε/ε0)
εMNF (F/m) effective electric permittivity of the magnetic fluid
εUTR (F/m) electric permittivity of the transformer oil
εNP (F/m) electric permittivity of the magnetite nanoparticles
u (m/s) velocity
ω (rad/s) angular speed
p (N/m2) pressure
A (-) magnetic vector field
E (V/m) electric field strength
Jeϕ (A/m2) angular component of the current density

fT (N) buoyancy body force term
fmg (N) magnetic body force term
σ (S/m) electrical conductivity
μf (m

2/s) kinematics viscosity
B (T) magnetic field induction
Br (T) remnant induction
a (A/m) empiric constant (104 A/m)
b (m/A) empiric constant (3 + 10−5 m/A)
Tamb (K) ambient temperature (300 K)
h (W/m2 K) heat transfer coefficient
Umax (V) excitation voltage at maximum amplitude
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Abstract

Magnetic nanofluids, also known as ferrofluids, are a colloidal mixture of superpara‐
magnetic nanoparticles suspended in a carrier fluid. For most biomedical applications,
such as magnetic fluid hyperthermia (MFH), 10‐ to 20‐nm mean diameter nanoparticles
of Fe3O4 or γ‐Fe2O3 (or various ferrites such as CoFe2O4 and ZnFe2O4) are coated with
an organic surfactant (such as dextran) and suspended in water.  These ferrofluids
exhibit both magnetic and fluidic properties and were first developed by NASA in the
1960s for space applications; however, in the twenty‐first century they have been the
subject of intense investigation due to their technological and biomedical applications.
In biomedicine, ferrofluids have a wide range of uses including by not limited to use as
MRI contrast agents, for the targeted delivery of drugs, for DNA transfection, and in
the MFH treatment of cancer. For technological applications, ferrofluids are investigated
for cooling multiple electronic devices. This chapter describes common methods of
ferrofluid synthesis, and their magnetic, structural, and morphological properties, as
well as a discussion of the methods of heat generation and transport when exposed to
RF alternating magnetic fields. The results of a number of investigations have been used
to illustrate the application of MFH for the treatment of malignant tumors without the
undesirable side‐effects of the more traditional radiation and chemotherapy treatment
regimens.

Keywords: magnetic nanofluids, ferrofluids, hyperthermia, biomedical engineering

1. Introduction

From the early times, all known magnetic materials have existed in the solid form either as
permanent magnets or soft magnetic materials; however, scientists have dreamed about a
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



stable and durable liquid magnet for some time. The desire to create such a liquid became
reality in the 1960s when Steven Papell of NASA initiated a project to control and direct liquid
rocket  fuel  by  converting  nonmagnetic  fuel  into  magnetically  active  fuel  that  could  be
controlled by the application of magnetic field in zero gravity conditions [1]. As a result of this
work, Papell is credited as the first person to prepare a liquid magnetic material and patented
this procedure in 1965.

The magnetic fluid developed by Papell was never used in the aerospace industry; however,
it set the foundation for intense scientific research and development of magnetofluidic
technology. Ron Rosensweig led the development of magnetic fluid mechanics which is a new
branch of ferro‐hydrodynamics. In 1968 Rosensweig and Moskowitz founded a corporation
(now known as FerroTech) which developed a product named Ferrofluid consisting of three
components: nanosize (10–100 nm) iron oxide particle (usually magnetite, Fe3O4), a surfactant
or a dispersant coating, and a carrier fluid. Surfactants are soap‐like materials that coat the
nanoparticles to prevent the aggregation of nanoparticles which prevents suspension of the
nanoparticles in the carrier fluid (Figure 1).

Figure 1. A magnet shapes a ferrofluid from underneath a glass sheet. In the 1960s, NASA developed the magnetic
liquid technology as a way to move a spacecraft's fuel to its engines. Image courtesy of Gregory Maxwell.

In recent years, ferrofluids have been actively pursued as an adjuvant therapy together with
chemotherapy and radiation to treat malignant tumors [2–8]. In addition, there has been a
wealth of investigation into the flow and heat transfer properties of these nanofluids under
various conditions and with various materials—studies that are key to the understanding of
how these materials may be used for biomedical applications [9–19]. For hyperthermia therapy,
magnetic nanoparticle (ferrofluids) solutions are directly injected into the tumor which is
subsequently exposed to an alternating magnet of the frequency from 150 to 500 kHz. As
energy from the magnetic field is absorbed by the nanoparticles (through processes to be
described later), the ferrofluid and its surroundings (the tumor) are heated. Due to the
increased temperature sensitivity of malignant neoplastic tissue (as compared to healthy cells),
tumor necrosis can be initiated without damage to the surrounding tissue (Figure 2).

In addition, this procedure makes the malignant cells more sensitive to chemotherapy and
radiation, allowing the application of these therapies in reduced doses to minimize their
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negative side effects. Successful management of magnetic fluid hyperthermia (MFH) treatment
requires a clear understanding of the heat generation by the nanoparticles as well as the heat
transfer from the ferrofluid to the malignant tissue. Heat generation in the nanoparticles occurs
through three separate processes that can run in parallel. These mechanisms include hysteresis
loss, Néel relaxation, and Brownian relaxation, all of which have been extensively studied [21].
The processes of heat transfer through particle‐particle interactions, tissue‐particle interac‐
tions, and by other mechanisms are much less understood and have not undergone the
exhaustive investigation seen by the mechanisms involved in heat generation by magnetic
nanoparticles. At the time of publication of this chapter, there are no known publications that
report the effects of interparticle interaction or tissue‐particle interactions on heat transfer in
malignant tissue.

Figure 2. Basic theme of hyperthermia treatment for killing cancer cells [20].

Along with the investigations of heat generation in ferrofluids, much work has been done
toward the understanding of heat conduction as exhibited by these materials. Conventional
fluids used for heat transfer applications such as water, oil, and ethylene glycol have serious
limitations in improving the performance of a host of electronic equipment; however, the
suspension of magnetic nanoparticles in these fluids (creating a ferrofluid) provide an
innovative method of improving the thermal conductivity of these materials. Many researchers
have mixed various nanosized particles of different materials to study their heat transfer
characteristics [22–25]. Ferrofluids exhibit both magnetic and fluidic properties thus, theoret‐
ically, allowing for the possibility to produce a material with a tunable viscosity, surface
tension, temperature, vapor pressure, and stability in a hostile environment. Such nanofluids
have potential applications in microelectronic devices operating at high speeds, high‐power
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engines, optical devices, and similar devices requiring advanced cooling systems. Ferrofluids
have many exciting applications in biomedicine which include targeted drug delivery, MRI
contrast agents, and magnetic fluid hyperthermia. This chapter will review not only the sources
of heat generation in magnetic nanofluids, it will also discuss the means of energy transfer
within the malignant tumors. A short discussion on the challenges in the clinical application
of hyperthermia is also included.

2. Synthesis techniques for magnetic nanofluids

Over the past several decades, different methods for the synthesis of superparamagnetic iron
oxide nanoparticles (SPION) have been investigated [26]. This interest is predominantly driven
by iron oxide's biocompatibility and high saturation magnetization which makes this material
an ideal candidate for applications in biomedicine. While the synthesis of iron oxides can be
quite complicated due to the many distinct species of iron oxides, iron hydroxides, and iron
oxyhydroxides, synthesis can be achieved through various well‐defined processes discussed
here.

2.1. Coprecipitation of iron oxide nanoparticles

The simplest and most efficient of all techniques for the production of SPION is that of the
coprecipitation of iron salts using a strong base [26]. In this method, iron oxides, generally
magnetite (Fe3O4) or maghemite (γFe2O3), are prepared through the aging of stoichiometric
aqueous mixtures of iron(II) and iron(III) salts. Formation of Fe3O4 is achieved through the
chemical reaction

+ + -+ + ® +2 3
3 4 2Fe Fe OH2 8 4Fe O H O. (1)

Starting with a stoichiometric ratio of 2Fe3+:1Fe2+ in a nonoxidizing environment, the thermo‐
dynamics of this reaction dictate that full precipitation of Fe3O4 is expected at a pH between 8
and 14. While Fe3O4 has a high saturation magnetization (a desirable property for many
biomedical applications), it is generally unstable and readily transforms into the less magnet‐
ically active γFe2O3 in the presence of oxygen through the reaction

γ 2
3 4 3 4 2Fe O 2H Fe O Fe H O.+ ++ ® + + (2)

It is important to note that oxidation in air is not the only pathway through which Fe3O4 can
transform into γFe2O3 as this process can occur through various electronic or ionic transfers
depending on the pH of the suspension involved.

The coprecipitation process allows for rapid production of large amounts of nanoparticles;
however, the technique only allows for limited control of particle size distributions as the
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growth of the crystals are controlled only by kinetic factors. The size of nanoparticles synthe‐
sized through coprecipitation can be tuned over the range from 2 to 17 nm with some success
through adjustment of reaction pH, ionic strength, reaction temperature, the nature of the salts,
or the Fe2+:Fe3+ concentration ratio. In addition, the addition of chelating organic anions or
polymer surface complexion agents during nanoparticle formation can help to control the size
of the resultant particles.

2.2. Reactions in constrained environments

Another method to produce SPION of well‐defined size uses synthetic and biological nano‐
reactors to provide size constrained environments for particle formation [27–33]. These
processes include the use of amphoteric surfactants to create water‐swollen reversed micelle
structures in monopolar solvents, apoferritin protein cages, dendrimers, cyclohexatrienes, and
phospholipid membranes that form vesicles with iron oxide nanoparticles serving as solid
supports.

2.3. Hydrothermal and high‐temperature reactions

There are two main avenues through which the formation of ferrites can be achieved via
hydrothermal conditions. These two reactions, hydrolysis and the oxidation or neutralization
of mixed metal hydroxides, are very similar in nature; however, hydrolysis involves the use
of ferrous salts.

In the hydrothermal synthesis of SPION, the reaction conditions (i.e., solvent, temperature,
and time) generally have important effects on the outcome of the nanoparticles produced. It
is generally accepted that the particle size increases with prolonged reaction time and that
higher water content results in the creation of larger particles. By the nature of the hydrother‐
mal process, particle size is mainly controlled through the rate processes of nucleation and
grain growth. Generally, with temperature held constant, these rates depend on reaction
temperature with nucleation outpacing grain growth at higher temperatures, resulting in
decreased particle size. Contrastingly, longer reaction times favor the grain growth process
which results in larger particles.

The production of size‐monodisperse SPION with high levels of size control can be achieved
[34] through the high‐temperature decomposition of iron‐based organic precursors, such as
Fe(CO)5, Fe(acac)3, or Fe(Cup)3, using organic solvents and surfactants. While the nanoparticles
produced through these methods are highly desirable due to their monodispersivity, there are
barriers to scaled‐up production in terms of the hazards associated with the reactants and the
high temperatures required.

2.4. Sol‐gel reactions

An often used process for the wet‐chemical synthesis of metal‐oxide nanostructures is that of
the sol‐gel method which is based on the hydroxylation and condensation of molecular
precursors in solution, resulting in the production of a “sol” of nanometer‐sized particles [35–
37]. Heating results in further condensation and inorganic polymerization of the sol into a wet
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gel of a denominated three‐dimensional metal oxide network. Postreaction annealing is
typically required to achieve the final crystallization of the particles. The main parameters
which influence the kinetics, reaction growth, hydrolysis, and condensation (and consequently
the structure and properties of the gel) are solvent, temperature, nature, precursor (salts)
concentration, pH, and agitation.

2.5. Polyol methods

The polyol process [38] is essentially a sol‐gel process in which a polyol, such as polyethylene
glycol, is used as the solvent. In this technique, precursor compounds are dissolved in a liquid
polyol which is subsequently heated (while stirring) to the boiling point of the polyol. During
this process, the metal precursor becomes solubilized in the diol, forming an intermediate
product which is then reduced to form metal nuclei that will serve nucleation centers for the
formation of metal particles. Particle size is tunable through the variation of reaction temper‐
ature with smaller particles created at higher temperatures. In addition, size can be controlled
through the induction of heterogeneous nucleation by adding foreign nuclei or forming
foreign nuclei in situ.

2.6. Flow injection synthesis

Confinement of the reaction space through the use of different matrices, such as emulsions,
has been shown to produce particles with narrow size distributions and, in some cases, lead
to desired particles morphologies. Salazar‐Alvarez et al. [39] developed a novel technique for
the production of magnetite nanoparticles based on a flow injection synthesis (FIS) method.
This technique consists of continuous or segmented mixing of reagents under laminar flow in
a capillary reactor. The high reproducibility of this method that results from the plug flow and
laminar flow conditions, high mixing homogeneity, and precise control, make this an appealing
technique for producing Fe3O4 nanoparticles in the 2–7 nm range.

3. Surface modification of magnetic nanoparticles

Once synthesized, magnetic nanoparticles are surfactant‐coated and dispersed in liquid
carriers to create a ferrofluid. Surfactants used to coat magnetic nanoparticles are typically
organic molecules such as oleic acid, tetramethyalammonium hydroxide (TMAH), lauric acid,
and dextran. The purpose of these surfactants is to prevent clumping of the nanoparticles so
as to prevent the formation of aggregates that become too heavy to remain dispersed in the
liquid carrier. These molecules, which are typically composed of a polar head (or tail) and a
nonpolar tail (or head), are typically absorbed to a nanoparticle on the one end while the other
end sticks out into the carrier medium forming a micelle (either inverse or regular) around the
particle. The electrostatic repulsion of the ends of these molecules prevents the agglomeration
of the nanoparticles. Figure 3 gives a brief description of various coating polymers (and types)
used in this process.
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Figure 3. Different polymers used for surface modification of magnetic nanoparticles [32].

4. Characterization of ferrofluids

Powder X‐ray diffraction is the most abundantly used technique with which to study the
crystal structure of the magnetic nanoparticles suspended in ferrofluid. In this technique, a
monochromatic beam of X‐rays is incident on powder consisting of approximately 1010

nanoparticles packed at ∼50% density and the scattered X‐rays are collected as a function of
the diffraction angle . A peak in X‐ray intensity is observed when the scattered beam from a
set of lattice planes satisfies the Bragg condition, given by

d2 sin ,=θ nλ (3)

where  is the interplanar spacing characterized by the Miller indices (ℎ𝀵𝀵𝀵𝀵),  is the diffraction
angle, and  is the wavelength of the X‐rays (typically 1.54 Å for machines using a copper‐
anode‐based X‐ray generator). For nanoparticles with a spherical morphology, the crystallite
diameter, , can be determined using the Debye‐Scherer equation [40]

Γ
0.9 ,
cos

=
λD  
θ

(4)
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where Γ is the full‐width‐at‐half‐maximum (FWHM) of the X‐ray peak and  is the diffraction
angle about which the peak is centered. In most cases, the collected spectra is analyzed fit using
a either Le Bail fit [41] (which matches the spectrum to a certain lattice type—where the peaks
are located) or a Rietveld refinement [42] (which takes into account both the lattice type and
form factors of the atoms contained on the lattice—where the peaks are located and their
relative intensities) (Figure 4).

Figure 4. XRD spectrum taken for Fe3O4 nanoparticle ensemble. The open circles correspond to the observed X‐ray in‐
tensity and the line was generated using a Le Bail fitting routine (FullPROF) confirming the cubic (𝀵𝀵𝀵𝀵𝀵𝀵𝀵) lattice with
a lattice parameter of 8.36 Å. Using the full‐width‐at‐half‐maximum of the (311) peak in the Debye‐Scherrer equation,
the average nanoparticle diameter was found to be 14 nm [43].

Figure 5. (a) A TEM image of Fe3O4 nanoparticles, (b) a high‐resolution TEM micrograph of an Fe3O4 nanoparticle, and
(c) a histogram of the particle size distribution with an associated fit to a log‐normal distribution [44].

Nanofluid Heat and Mass Transfer in Engineering Problems206



where Γ is the full‐width‐at‐half‐maximum (FWHM) of the X‐ray peak and  is the diffraction
angle about which the peak is centered. In most cases, the collected spectra is analyzed fit using
a either Le Bail fit [41] (which matches the spectrum to a certain lattice type—where the peaks
are located) or a Rietveld refinement [42] (which takes into account both the lattice type and
form factors of the atoms contained on the lattice—where the peaks are located and their
relative intensities) (Figure 4).

Figure 4. XRD spectrum taken for Fe3O4 nanoparticle ensemble. The open circles correspond to the observed X‐ray in‐
tensity and the line was generated using a Le Bail fitting routine (FullPROF) confirming the cubic (𝀵𝀵𝀵𝀵𝀵𝀵𝀵) lattice with
a lattice parameter of 8.36 Å. Using the full‐width‐at‐half‐maximum of the (311) peak in the Debye‐Scherrer equation,
the average nanoparticle diameter was found to be 14 nm [43].

Figure 5. (a) A TEM image of Fe3O4 nanoparticles, (b) a high‐resolution TEM micrograph of an Fe3O4 nanoparticle, and
(c) a histogram of the particle size distribution with an associated fit to a log‐normal distribution [44].

Nanofluid Heat and Mass Transfer in Engineering Problems206

Using transmission electron microscopy (TEM), nanoparticles can be imaged and information
about the morphology and size can be determined. TEM operates on the same principles as
that of an optical microscope; however, it uses high energy electrons (typically 80–200 keV) as
an illumination source instead of light. The small DeBroglie wavelengths of these electrons
allow an electron microscope to overcome the optical resolution limits of light microscopes
and can provide resolution down to subnanometer scales. Figure 5 shows images collected
using a JEOL JEM‐2010 TEM operating a 200 kV (200 keV electrons) to image Fe3O4 nanopar‐
ticles. The samples were prepared by sonicating the nanoparticles in ethanol at very low
concentrations (∼250–500 μg/mL) and then pipetting a drop of the solution onto a carbon‐
coated (∼100 nm thickness) copper grid.

4.1. Magnetic characterization

The magnetic properties (i.e., saturation magnetization, magnetic core radius, coercivity, etc.)
of the ferrofluids can be determined through ac‐ and dc‐magnetometry using a physical
properties measurement system (Quantum Design Model 6000 PPMS). Small cylinders made
from 1266 stycast (Emerson & Cumming) epoxy can be constructed or polystyrene capsules
can be purchased to confine the liquid for measurement. Ferrofluid of known concentration is
sealed in the confinement vessel and left to cure for 24 h. The vessel is then stitched securely
into a measurement straw, sealed with kapton tape, and loaded into the PPMS to measure
magnetization curves as a function of field or temperature (Figure 6).

Figure 6. Low‐field (H = 100 Oe) ZFC‐FC moment of NiFe2O4 nanoparticles showing the blocking process at T1 ∼ 45 K
and a sudden increase of the magnetization in the FC branch at T2 ∼ 6 K [45].

4.2. Dynamic light scattering

Dynamic light scattering is the most common method used for making reliable estimates of
the hydrodynamic sizes of the colloidal particles. It is also known as quasi‐elastic light
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scattering or photon correlation spectroscopy. There are two distinct advantages associated
with the use of DLS to measure sizes: the measurement time is short and the entire process is
minimally labor intensive. During the measurement, the colloidal solution is exposed to a light
beam and the scattered beam intensity is observed. The electric field of the light beam interacts
with the particles in the medium and leads to a shift in the frequency and angular distribution
of light.

A typical arrangement of the dynamic light scattering experiment is shown in Figure 7. The
thermal motion of the nanoparticles in solution is random and the time‐dependent fluctuations
in the scattered light are measured. The main goal of the experiment is to measure the diffusion
coefficient of the particles in solution. To achieve this the scattered light intensity is measured
over a range of scattering angles θ for a given time t in steps of Δt. Typically in scattering
experiments, the scattering angles θ is expressed as a magnitude of the scattering wave vector
q given by [47]

4 sin
2

æ ö æ ö
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è ø è ø

πn θq
λ

(5)

Figure 7. Typical experimental setup for the DLS experiment [46].

where  is the refractive index of the solution and λ is the wavelength of light in vacuum. Due
to the Brownian motion of the particles, the time‐dependent fluctuation I(q,t) fluctuates around
the average intensity (). A quantitative measure of the random fluctuations is the second‐
order correlation function given by

22g ( ) ( ) ( ) / ( )t = tI t I t + I t (6)
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The averaging is done over time. From the correlation function, the decay rate Γ is determined
using the equation

( )Γτexp2 2g ( )t = b -A + (7)

In the above expression A is the baseline at infinite decay and β is the amplitude at zero decay.
The diffusion constant D is related to the decay rate by,

Γ 22 /=D q (8)

Assuming spherical particles in Brownian motion, determination of the diffusion constant,, leads to the evaluation of the hydrodynamic radius, RH using the Stokes‐Einstein equation
given by [48],

=
6 H

kTD
πηR (9)

where  is the viscosity of the medium,  is the absolute temperature, and  is the Boltzmann
constant. The DLS technique is very sensitive to the presence of small aggregates due to the
scattering intensity being proportional to the sixth power of the particle radius.

4.3. Magnetic hyperthermia system

A schematic representation of the magnetic hyperthermia system is shown in Figure 8 (one of
several commercially available hyperthermia systems available for purchase). The experimen‐
tal setup consists of a coil which can carry current provided by an amplifier. This coil essentially
acts as an inductor (of inductance ) and is coupled in parallel to a capacitor (of capacitance). This arrangement provides an oscillating magnetic field of a particular amplitude and
frequency; amplitude being determined by the current through the coil and frequency

determined by the values of L and C ( =   12   ). The ferrofluid is placed within the coil

and the temperature rise is measured using a fiber optic thermometer. The sample is enclosed
in an insulating environment to minimize heat loss to the surrounding environment

The actual setup is shown in Figure 8. The magnetic hyperthermia measurements were carried
out under ambient conditions and magnetic field strengths were measured using a simple pick
up coil of known mutual inductance and measuring the induced emf with an oscilloscope.
With the current set‐up magnetic fields of amplitude 140–240 Oe can be generated at frequen‐
cies ranging between 150 and 500 kHz (Figure 9).

The sample is placed in a small polystyrene vial insulated all around, including the top and
the bottom, using a cotton sleeve. This was done to minimize the heat loss to the surroundings.

Magnetic Nanofluids: Mechanism of Heat Generation and Transport and Their Biomedical Application
http://dx.doi.org/10.5772/66389

209



The sample holder was then placed inside the solenoid such that the entire sample was well
within the region of uniform magnetic field. This corresponds to the sample height being
approximately 3 cm in the sample holder, in our set up. The temperature of the sample was
monitored using an Optocon P/N FOTEMP1‐OEM fiber optic thermometer interfaced to the
computer for automatic data collection every 2 or 5 s (Figure 10).

Figure 8. Schematic representation of a typical setup for measurement of the specific absorption rate (SAR) in a ferro‐
fluid [49].

Figure 9. Ambrell Easy Heat System with coil, sample holder, insulating cotton padding, and OPTOCON fiber optic
thermometer.
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Figure 10. The temperature vs. time plot for the AGFO (γ‐Fe2O3 in alginate), TGFO (γ‐Fe2O3 coated with tetramethy‐
lammonium hydroxide), and TFO (Fe3O4 coated with tetramethylammonium hydroxide) samples heated by a 250 Oe
ac magnetic field oscillating at 125 kHz. The heating curve for a pure water (deionized, unfiltered) sample is also in‐
cluded as a reference. The solid lines drawn through the data are intended as guides to the eye [50].

4.4. Heat generation in magnetic nanofluids

Heat is generated in magnetic nanoparticles suspended in a carrier fluid when exposed to
an oscillating magnetic field primarily by two mechanisms—Neel relaxation and Brownian
relaxation. The process of heat generation is complicated because of the short thermal relax‐
ation time constants together with challenges of coupling sufficient power to obtain the de‐
sired temperature. In biomedical application it has been found that individual nanoparticles
are not able to effectively heat cells and tissues in the presence of an oscillating magnetic
field [51]. Nonetheless, various experiments have shown that sufficient nanoparticle heating
can be achieved if the nanoparticles aggregate. Therefore, clustering of the nanoparticles is
essential for useful heat generation [52, 53]. There are many investigations that point to heat
generation by particle‐particle interactions. The precise process is not very clear whether it
is the result of the combination effect or the individual process. More details of heat genera‐
tion by particle‐particle interaction is provided in the following section. Nonetheless, the
heating effects are highly local in nature; the clustering and spatial distribution of the parti‐
cles play an important role in heating effects. Most of the literature is filled with the experi‐
mental results about the heat generation in ferrofluids. However, a study by Etheridge et al.
[54] includes both experimental and numerical models of heat generation in a droplet con‐
taining magnetic nanoparticles. One of the goals of the study is to get an insight of the order
of magnitude of volume power density (W/m3) required to achieve significant heating in
evenly dispersed clusters of nanoparticles by using finite element method. The study also
investigated heat transfer in multiple tumor geometry environments. Recently, Pearce et al.
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[55] developed and implemented a numerical model that included the bio distribution of
the magnetic nanoparticles within the local boundary conditions.

As discussed above, magnetic heating in ferrofluids is produced primarily by two dissipation
mechanisms, Neel and Brownian relaxation. In Neel relaxation [56], which dominates the
magnetic relaxation for nanoparticles fixed in a solid matrix, the nanoparticle magnetic
moment aligns with the external field by coherently flipping along the magnetocrystalline easy
axes. Conversely, Brownian relaxation [57] requires the nanoparticle to undergo a physical
rotation to align the moment with the applied field, which is suppressed for fixed nanoparti‐
cles. Magnetic dissipation in ferrofluids has been investigated in the framework of Neel and
Brownian relaxation both theoretically and experimentally by considering the dependence on
particle size and frequency, among other parameters [58].

The Neel relaxation time, which depends on the nanoparticle magnetic core volume Vm, the
magnetocrystalline anisotropy constant K, and attempt frequency 1/τo of the magnetic moment
of the nanoparticle, is given by [56]
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This expression shows that , and therefore the expected magnetic dissipation, has a strong

explicit dependence on temperature. The Brownian relaxation time depends on the hydrody‐
namic volume of the nanoparticle/surfactant complex and is given by [57]
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Both of these processes act in parallel and the effective relaxation time given by
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is dominated by the shorter of the two processes (typically the Neel mechanism dominates).
The energy absorbed by the nanoparticles in a solid matrix, where only Neel relaxation is
relevant, is directly related to the dissipative component of the ferrofluid susceptibility given
by [59]
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with Ho and f the amplitude and frequency of the applied magnetic field and χo the equilibrium
susceptibility of the ferrofluids consisting of magnetic nanoparticles of volume fraction  and
domain magnetization , Md.
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Since this power depends strongly on the mass of the magnetic material, it is represented by
specific power, Π in units of W/g, and it is given by
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where Msample and 𝀵𝀵𝀵𝀵34 are masses of sample and Fe3O4, respectively, C is the specific heat

capacity of the carrier liquid (water), and ΔT/Δt is the time rate of change of temperature due
to magnetic heating.

Summarizing all the physical concepts, it becomes clear that the specific heating power
depends on the magnetic hydrodynamic properties of the nanoparticles. Magnetic properties
are a strong function of particle size distribution, nature of the carrier fluid, nature of surfactant
materials, and amplitude and frequency of the applied field. It has been shown experimentally
and through numerical simulation that there is a certain combination of particle size and field
amplitude and frequency that produces the maximum amount of heat through the nanopar‐
ticles [60, 61]. Hydrodynamic properties are functions of viscosity and hydrodynamic size of
the particles.

4.5. Effects of particle‐particle interaction on heat generation in ferrofluids

In a ferrofluid the coated superparamagnetic particles are dispersed in a carrier liquid and
show a constant distance between each other. However, when injected in a tumor, agglomer‐
ation of the particles takes place due to many biological effects, distortion in the coating,
magnetic attraction, or van der Waal forces. Depending on the concentration, various effects
show up. For example, Castro et al. [62] found that 1% volume fraction is a small fraction
agglomerated particles are dimers, but at 10% volume fraction about 10% of the particles are
agglomerated at trimers. Chantrell [63] and Dutz and Hergt [64] studied the packing density
of a system of identical uniaxial particles by numerical methods and found an exponential
decrease of hysteresis losses down to 50% by changing packing density from 0.24 to 76.6%.
The result could be interpreted that for ferromagnetic nanoparticles, an increase in packing
density means decrease in the distance which in turn leads to decreasing coercivity, remnant
magnetization, and hysteresis losses in the system of the nanoparticles. This decrease therefore
is due to the increasing diploe‐dipole interaction that disturbs the energy configuration of the
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system. This hypothesis is supported by experimental studies where increasing coercivity and
heating power were found for agglomerated nanoparticles in comparison to single particles
[65, 66]. Multicore materials have interesting behavior. The coercivity and remnant magneti‐
zation are significantly lower than that for single core particles of comparable size, but the
heating power is higher than that of the single core particles. Multicore particles are an
interesting material for hyperthermia but their behavior is not completely understood [67].

4.6. Effects of particle‐tissue interaction on heat generation

The amount of heat generated in magnetic nanoparticles depends on whether the particles are
free to move in the fluid injected to a tumor or are fixed to the tumor tissue. Depending on the
situation, either Neel relaxation or Brownian relaxation mechanism would determine the
amount of heat generated in the nanoparticles. Many authors believe that smaller particles lose
energy through Neel relaxation [68] and bigger particles through Brownian relaxation [59]. It
is important for Brownian relaxation that the particle should be able to show Brownian rotation
inside the tumor. In the absence of the Brownian rotation, only Neel relaxation would take
place for superparamagnetic particles and hysteresis losses due to ferromagnetic particles.
Immobilization of the magnetic nanoparticles was investigated by magnetoreflexometery [69]
and vibrating sample magnetometry [70] and found that even for high magnetic fields up to
25 kA/m, which is an upper limit for the application of hyperthermia, the strong tissue‐particle
interaction hampers the rotation of the particles. Only a limited number of investigations has
been performed to study particle‐tissue interaction and its effects on heat generation and
transfer. It will be useful to study immobilization in a number of tissues with nanoparticles of
different coatings. Regmi et al. [71] performed an investigation by coating magnetic nanopar‐
ticles with fatty acids with different bond lengths. Such fatty acids, lauric acid, myrestic acid,
and oleic acid, were suspended in water to tune Brownian relaxation. A strong dependence of
bond length on SAR value was found. This investigation could be repeated with different
tumor tissues to gain knowledge on Brownian relaxation on immobilization by varying bond
lengths of the surface functionalization.

4.7. Mass and heat transfer modeling in malignant tumors

Hyperthermia treatment has been known to induce cell death and eventually shrink the
tumor [72, 73]. The main goal of hyperthermia treatment is to raise the temperature of the
tumor high enough to kill cancerous cell while minimizing damage to the normal surrounding
cells. Hyperthermia has been successfully used in combination with other modalities such as
chemotherapy and radiation showing a considerable reduction in the size of the tumor [74–
78]. The efficacy of hyperthermia treatment depends on several factors including the moni‐
toring and determining the temperature of the tumor region, the total time of heating, and
heating and mass conduction properties of the nanoparticles.

In recent years, considerable work has been performed to understand the physics of hyper‐
thermia through mathematical and computational modeling. Jain introduced a simple
mathematical model to predict the temperature distribution during hyperthermia treatment
in normal and neoplastic mammalian cells [79]. Volpe and Jain [80] studied at 45 term lumped
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mathematical model to examine the average temperature distribution and thermal responses
of the body under different clinical whole body hyperthermia. In recent years, the efficiency
of hyperthermia has been advanced due to the emergence of many nanoparticle systems. Gold‐
based nanoparticle, carbon‐based nanoparticles, and iron oxide nanoparticles have shown
promising results in heating the tumors. Many studies have focused on maximizing SAR
values in accordance with the tumors temperature [68, 81]. Three important studies are worth
reporting here—von Maltzahn et al. [82] used a transient three‐dimensional finite elemental
heat transfer model and experimental results to investigate the photo thermal tumor ablation
by using gold nanorods. This result is important as it highlights the potential of numerical
simulation coupled with the experiment to optimizing tumor therapy planning. Through
axisymmetric three‐dimensional cell death and heat transfer model, Huang et al. [83] studied
spatial temporal distribution of injured cancerous cell and temperature distribution in the
human prostate. The results of the study successfully agreed with the experiments performed
with gold nanorods solutions by the near‐infrared irradiation method.

The hyperthermia effects for the cancer treatment are governed by three processes: the nature
of the blood profusion in the area of the tumor, the particle transport and interaction with the
tissue, and lastly, the monitoring of the heat generation and transfer in the nanoparticles. From
these three important effects, Nabil et al. [84] derived a model for couple heat and mass
transport in the tumor environment and applied the results to hyperthermia cancer treatment.
The study found that ferrofluid‐based hyperthermia treatment depends upon (1) tumor size
and vascularity and (2) two mechanisms, perfusion and diffusion, regulated by the distribution
of particle and temperature.

5. Limitations of hyperthermia

In recent years, much progress has been made to bring hyperthermia from lab experiments to
the clinic as an important modality to treat cancer; however, there are many challenges yet to
be overcome. The first challenge is the alternating magnetic field applied to the body to kill
cancer cells produces unwanted heating of the healthy tissues due to eddy currents. The
absorbed power due to eddy current is given by

2(=sedd  G H.f.r)P (16)

where  is the electrical conductivity of the tissue, G is the geometric coefficient, and r the
radius of the coil size. In an experimental study [85], a patient was exposed to a magnetic field
where the product of magnetic field and frequency was kept at 4.85 × 108 A/ms with a coil of
30 cm diameter. The patient was able to tolerate the treatment for 1 h without major discomfort.

The second challenge is of uncontrolled movement of limbs happening especially when
frequency below 100 kHz is used in hyperthermia treatment. This effect is caused by in‐
duced emf produced in neural cells when alternating magnetic field is applied [86]. Several
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investigations have been performed in the last decade to study the stimulation threshold in
different tissues and found that the eddy current threshold is the limiting threshold for
frequencies beyond several hundred kHz, the typical frequency range of ac field for hyper‐
thermia.

Another limitation of hyperthermia is the tumor size. With decreasing tumor size, the surface‐
to‐volume ratio would increase which leads to a stronger dissipation of the generated heat in
the healthy tissue and would lower the temperature inside the tumor. Hergt et al. [87] found
a relationship with size effect and SHP given by

𝀵𝀵𝀵𝀵𝀵𝀵 =   𝀵𝀵𝀵𝀵3𝀵𝀵𝀵𝀵2 , (17)

where 𝀵𝀵𝀵𝀵 is the desired increase in temperature,  is the heat conductivity of the tissue, assumed
to be 0.64 W/K m, c is the magnetic nanoparticle concentration, and R the diameter of the tumor.

Yamada and coworkers [88] heated the cancer cell pellets of different sizes from 1 to 40 mm to
50°C for 10 min to achieve complete cancer cell killing. It was confirmed that large tumors
require a smaller heat dose to achieve the target temperature. Another major challenge in
hyperthermia treatment is the problem of appropriately administrating the ferrofluids to the
tumor regions. It is rather impossible to achieve uniform distribution of the nanoparticles in
the tumor region. The best method of administration appears to be multipoint injection into
the tumor volume. Salloum et al. [89] reported the results of their investigation on optimum
heating patterns induced by multiple nanoparticle injections in tumor models with irregular
tumor shapes.

6. Thermal conductivity of ferrofluids

The understanding of the process of heat generation in ferrofluid is important, but it is equally
vital to understand mechanisms of heat transfer in ferrofluids, especially inside a tumor region
from one point to another. Ferrofluids are industrially prepared magnetic fluids which consist
of stable colloidal suspensions of small single‐domain ferromagnetic particles in suitable
carrier liquids. Usually, these fluids do not conduct electric current and exhibit a nonlinear
paramagnetic behavior. The variety of formulations available for ferrofluids permits a great
number of applications, from medical to satellite and vacuum technologies [90]. The idea that
thermal conductivity of a suspension can be increased by adding nanoparticles led to many
early investigations where metallic or metal oxide nanoparticles such as TiO2, Al2O3, Cu, CuO,
and Ag carbon nanotubes were used to show the effect [91]. The magnetic nanofluids have
lower thermal conductivity as compared to the metals and oxides listed above; however, MNF
shows considerable increase in the conductivity value in presence of an external magnetic field
[92, 93]. At present there is no reliable theory that would explain or predict thermal conduc‐
tivity of ferrofluids. It is known that thermal conductivity depends on the thermal conductivity
of the constituents of the ferrofluids such as magnetic nanoparticles, carrier fluids, and the
surfactants. It also depends on volume fraction, surface area, shapes of the nanoparticles, and
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the temperature. Although there exists no theory of thermal conductivity of ferrofluids, a
number of semiempirical relationships can predict and calculate thermal conductivity of two
phase mixtures. These models are summarized in [91]. In brief, the theoretical model by
Maxwell [94] gives thermal conductivity for solid‐liquid mixture of relatively large particles
(micron size). The effective thermal conductivity is given by
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where kp is the thermal conductivity of the particle, kb is the thermal conductivity of the base
fluid, and ϕ is the volume fraction of the suspension. The Maxwell model fails to provide a
good match with the experimental data when the particle concentration is sufficiently high.

Thermal conductivity relation is modified when the interaction among the randomly distrib‐
uted particle in high concentration is considered. Bruggeman [95] proposed a model for binary
mixture of homogenous spherical particles to calculate thermal conductivity by the following
equation:
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Bruggeman's model agrees well with the experimental results.

Hamilton and Crosser [96] studied a solid‐liquid mixture that contained nonspherical particles.
They introduced a parameter, n, to account for the shape of the particles to give the thermal
conductivity by the following equation:
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The empirical shape factor was given by  = 3 , where  is the particle sphericity defined as

=
surface ares of a sphere with volume equal to that of the particleψ

surface area  of the particle (21)

It is clear that the Maxwell model is the same as Hamilton‐Crosser model for sphericity, equal
to 1.
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Another modified Maxwell model was proposed by Yu and Choi [97] to account for the effect
of the nanolayer by replacing the thermal conductivity of solid particle kp by modified thermal
conductivity of the particle kpe. This model is based on effective medium theory given by Swartz
et al. in 1995 [98]. The effective thermal conductivity of the particle is given by
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where  = 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵  is the ratio of the thermal conductivity of the nanolayer to the thermal

conductivity of the particle and β = h/r is the ratio of the nanolayer thickness to the original
particle radius.

In 2004, Yu and Choi [99] modified Hamilton‐Crosser model to include particle‐liquid
interfacial layer for nonspherical particles given by
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and
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is the equivalent volume concentration of complex ellipsoids a(𝀵𝀵 𑩥𑩥 𑩥𑩥 𑩥𑩥 𑩥𑩥) and  = 3−, here
α is an empirical parameter and ψ is the particle sphericity.

During the past 15 years, many more models have been proposed which are modifications of
the existing models. Xue [100] proposed a model for effective thermal conductivity for
nanofluid that is based on the average polarization theory that included the effects between
interface between solid particles and carrier fluid. Xie et al. [101] proposed the interfacial
nanolayer with linear thermal conductivity model to account for the effects of mono layer
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thickness, nanoparticle size, volume fraction, and thermal conductivities of fluid, nanoparti‐
cles. For metallic particles, Patel et al. [102] found a 9% increase in the thermal conductivity
value at a very low concentration of 0.00026%. Philip et al. [22] found an unusually large
enhancement of thermal conductivity observed in a nanofluid containing chain‐like aggregate.
They showed that efficient transport of heat could take place through percolating paths. They
used colloidal suspension of Fe3O4 nanoparticle of average size 6.7 nm diameter and coated
with oleic acid suspended in kerosene oil.

The effect of magnetic field on a hybrid nanofluid containing tetramethylammonium hydrox‐
ide‐coated Fe3O4 nanoparticles and gum Arabic‐coated carbon nanotube was studied [103].
The effect of temperature on the time variation of thermal conductivity was also investigated.
It was found that the viscosity of hybrid fluid increases with the strength of the field but it
decreases with temperature. It was also noticed the nanofluid behaves as shear thinning fluid
at low shear rate but exhibits Newtonian behavior at higher shear rates. Interestingly, the
thermal conductivity exhibits a peak with the magnetic field.

6.1. Measurement of thermal conductivity of ferrofluids

There have been many methods developed over the years to measure thermal transport
properties of ferrofluids; however, in recent years the transient hot wire (THW) method has
been widely accepted. Although the principle involved in the measurement is very simple, it
requires precise temperature sensing, automatic control data acquisition, and analysis
technique to obtain accurate result. Because of the short measuring time and large number of
parameters involved, it is essential to control measurement through computer. The measure‐
ments and control are achieved and integrated by using micrononverter quick start system
using ADuC845 from analog devices. The data are transmitted to a computer using RS232
serial interface and then processed by Instrument Control Box in MATLAB or can be exported
to Microsoft Excel and processed.

The principle of the measurement of thermal conductivity by the transient hot wire (THW)
method involves detection of temporal temperature rise in a thin platinum wire that is
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source is given by [105]
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where t is the time, k is the thermal conductivity, a is the thermal diffusivity, and C = exp(γ),
γ = 0.5772157 is the Euler's constant. A plot of T(r, t) with ln(t) gives slope s = q/4πk from
which k can be calculated (Figure 11).

Figure 11. Experimental set to measure thermal conductivity of a ferrofluid by transient hot wire method [106].

The experimental set up to determine thermal conductivity of a liquid consists of a testing cell
that contains the liquid sample, a heating source, usually a platinum wire, and a sensor to
measure the temperature at a known distance from the heating source. The testing cell is well
isolated from the ambient conditions. A current is applied to the heating element for a very
short amount of time, in the order of a few seconds, in a stepwise manner. A voltmeter
connected to the sensor measures the temperature in a very short time interval, usually of the
order of tens of milliseconds. The computer controls the measurement sequences, acquires
data of temperature, and time for a given distance between the heating source and the sensor.

6.2. Mechanisms of thermal conductivity enhancement

Although many experiments have been performed that show the influence of external field on
the enhancement of the thermal conductivity value for MNF, there are no viable explanations
for the increased in thermal conductivity values. There are two important mechanisms that
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have been proposed thus far. These are Brownian motion and particle aggregation mecha‐
nisms.

6.2.1. Brownian motion

In this mechanism, the suspended particles move in the liquid randomly and create collision
with the liquid molecules which creates a random walk motion. Thermal conductivity increase
in this mechanism can be considered in two ways, one due to the direct contribution through
diffusion of nanoparticles that transport heat and the other indirectly due to the microcon‐
vection of fluid surrounding the nanoparticles. It has been suggested that the latter effect can
set up a current of heat transfer between nanoparticles and the carrier fluid causing the increase
in thermal conductivity. However, the recent studies have rejected the increase in thermal
conductivity due to the formation of microconvection. Particle clustering and particle aggre‐
gation have been suggested as the reason for the increase. Phillips et al. [92] showed the
microconvection of the fluid medium did not affect the thermal conductivity of a nanofluid.
Through the analysis they showed that the model has overestimated the thermal conductivity
value. Also, it was found that diffusion of the nanoparticles plays an important role at lower
volume fraction which contributed to the presence of dimers and trimers in the suspension.

6.2.2. Nanoparticle clustering

Clustering and aggregation of nanoparticles, especially into linear chains, have attracted a lot
of attention to understand and explain thermal conductivity of nanofluids. The theory behind
this thinking is that clustering in nanofluids creates higher conducting paths for the heat flow
thereby increasing the heat conduction. It was shown by Bishop et al. [107] that even in the
absence of magnetic field, interparticle interaction can have self‐induced self‐assembly, which
could influence heat conduction. In a self‐assembled group, the magnetic moment tends to
align with the local field due to the neighboring particles or the external field. Such an effect
leads to an anisotropy of the interaction which helps magnetic nanoparticles to form one‐
dimensional chains, wires, rings, two dimension aggregates, or three dimension super lattices.
Thus, it is very important to understand the mechanism of aggregation, their distribution,
morphology, and their interaction in the presence of a magnetic field for the determination of
the thermal conductivity. A decrease in the thermal conductivity value with an increase in the
mass of the nanoparticle is difficult to explain based on the existing models and theories [108].

7. Thermomagnetic convection

An external magnetic field imposed on a ferrofluid with varying susceptibility produced by
the presence of a temperature gradient, results in a nonuniform Kelvin body force, which leads
to a form of heat transfer called thermomagnetic convection. This form of heat transfer can be
useful when conventional convection heat transfer is inadequate, e.g., in miniature microscale
devices or under reduced gravity conditions. A good understanding of the relationship
between an imposed magnetic field, the resulting ferrofluid flow, and the temperature
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distribution is a prerequisite for the proper design and implementation of applications
involving thermomagnetic convection. The Kelvin body force is given by

( ).= Ñfm µ M B (27)

where M is the magnetization and B is the magnetic induction. The Kelvin body force creates
a static pressure field in the flow that is symmetric about the applied magnetic field producing
a rotational force field. Such a symmetric field does not change the velocity profile and as a
result convection inside the fluid cannot take place.

Ferrofluids can be used to transfer heat, since heat and mass transport in such magnetic fluids
can be controlled using an external magnetic field. In 1970, Finlayson [109] first explained how
an external magnetic field imposed on a ferrofluid with varying magnetic susceptibility, e.g.,
due to a temperature gradient, results in a nonuniform magnetic body force, which leads to
thermomagnetic convection. This form of heat transfer can be useful for cases where conven‐
tional convection fails to provide adequate heat transfer, e.g., in miniature microscale devices
or under reduced gravity conditions.

A comprehensive review [110] of thermomagnetic convection also shows that this form of
convection can be correlated with a dimensionless magnetic Rayleigh number. Subsequently,
this group explained that fluid motion occurs due to the presence of a Kelvin body force that
has two terms. The first term can be treated as a magneto static pressure, while the second is
important only if there is a spatial gradient of the fluid susceptibility, e.g., in a nonisothermal
system. Colder fluid that has a larger magnetic susceptibility is attracted toward regions with
larger field strength during thermomagnetic convection, which displaces warmer fluid of
lower susceptibility. They showed that thermomagnetic convection can be correlated with a
dimensionless magnetic Rayleigh number. Heat transfer due to this form of convection can be
much more effective than buoyancy‐induced convection for systems with small dimensions,
etc.

The heat transfer intensity is measured by Rayleigh number which is the sum of the thermo‐
magnetic and thermos gravitational part. The value of the Rayleigh number therefore depends
on the magnetic field distribution, properties of the ferrofluid, and pyro magnetic coefficient,
which is the degree of dependence of magnetization on temperature. Pyro magnetic coefficient
is given by [111]:

( )  T MM   Bb = b +b (28)

where βT is the thermal expansion coefficient of the ferrofluid and βM denotes the relative pyro
magnetic coefficient of dispersed material. For most heat transfer applications, ferrofluids are
synthesized to have a greater pyro magnetic coefficient, that is, their curie temperature is closer
to the operating temperature. In that respect Zn substituted ferrites are considered favorable
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for thermomagnetic convention applications. In particular, Mn0.5Zn0.5Fe2O4 are widely used
due to their low Neel temperature and higher thermomagnetic coefficient.

7.1. Experimental studies on thermomagnetic convections

Shuchi et al. [112] studied the effect of magnetic field on heat transfer for magnetic nanopar‐
ticles coated with polymers and suspended in an organic fluid and found that the heat transfer
capability of the system is improved when the magnetic field is applied at the entrance region.
Blums et al. [113] investigated the heat transfer from a nonmagnetic cylinder to a temperature‐
sensitive ferrofluid, MnxZn1‐xFe2O4 suspended in tertadecane. They applied uniform and
nonuniform fields, directed perpendicular to the laminar‐free convection and found that
thermal gravitation and thermomagnetic forces worked additively on heat transfer intensity
in ferrofluid. The increase in the heat transfer was attributed to both the properties of the
ferrofluid and the magnetic field gradient. They found that a higher heat transfer could be
achieved under an increased magnetic field.

A few recent studies have found that the thermomagnetic convection is strongly influenced
by external magnetic field and thermos physical properties of the ferrofluid. In particular,
Stefan et al. [114] investigated the magneto viscous effects on thermomagnetic convection.
They found an increase in the thermos‐viscous effect due to the morphology of the nanopar‐
ticles. Nanjundappa et al. [115] confirmed Bernard‐Mangaroni thermomagnetic convection in
their theoretical investigation

7.2. Magnetoviscous effects

When ferrofluids are subjected to a magnetic field, the suspended magnetic nanoparticles tend
to align their dipoles in the direction of the magnetic field. This alignment impedes the
movement of the particles and eventually increases the effective viscosity of the ferrofluids.
The change in the viscosity with the application of the magnetic field is called magnetoviscous
effects. This effect was first studied by McTague [116] who investigated the phenomenon by
measuring the capillary flow of a highly diluted ferrofluid under the influence of parallel and
perpendicular magnetic fields. The results show an increase in the viscosity of the ferrofluids
under both orientations of the magnetic field. Interestingly, the increase in the viscosity value
in the parallel direction was double that of the value in the perpendicular direction.

The experimental results of McTague were theoretically explained by Shilomis [117] who
introduced a model consisting of internal rotation of a single magnetic nanoparticle to derive
an expression for the viscosity for the two orientations of the magnetic field. Shilomis’ model
was based on two assumptions—all nanoparticles are magnetically hard and there is no
interaction between the nanoparticles. In addition, the effect of shear rate was neglected.
Shilomis's model was investigated experimentally by Ambacher et al. [118] and Odenbach and
Gilly [119] using concentrated magnetic ferrofluid under high shear rates. The experimental
results diverged from theoretical values. The difference in the values was explained by the
presence of the strong dipole‐dipole interaction between magnetic nanoparticles and the
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formation of particle agglomeration. Since then, the magneto viscous effect has been exten‐
sively investigated by many researchers for many different ferrofluids.

The influence of nanoparticle size on the change in viscous behavior of the ferrofluid was
studied by Odenbach and Raj [120] who found the effect is significant for bigger size nano‐
particle and negligible for particles of smaller diameter (about 10 nm). A similar effect was
noticed [121–123] by increasing the strength of the magnetic field from 0 to 1 T. The authors
also measured the Bingham's yield stress for different size particles. It was found that the
maximum value of 246 Pa for bigger size particle was 15 times higher than that for the smaller
particles. Recently, Patel et al. [124] dispersed a small fraction of micron‐sized nanoparticles
in a dilute ferrofluid suspension. It was found that the small size magnetic nanoparticles tend
to attach with the large particles. The result showed that the viscosity of the ferrofluid
containing small magnetic nanoparticles increased significantly by adding a small fraction of
large size nanoparticles. The viscosity was increased by 58% in zero field, while the field
influenced viscosity was found to be 92% of the zero field value.

A number of studies were performed to investigate the effect of volume fraction on the
magnetoviscous effects. Hezaveh et al. [125] investigated the rheological behavior of Fe3O4

magnetic nanoparticles with different volume fractions 5, 10, 15, 20, 25, and 30% in paraffin
base. It was found that the ferrofluid behave like Newtonian in the low concentration regimen
and like non‐Newtonian in the higher concentration. In a constant shear rate of 5 s‐1, fluid
viscosities increased with increasing magnetic field up to the peak value around 0.3 kA/m and
then declined constantly. The trends were clearly observed at high concentration (30 wt%).
This phenomenon was explained by Hosseini et al. [126] with the fact that at high concentra‐
tion, the distance between the particles is less, therefore the interaction among the particles
become stronger resulting in higher resistance to flow. Once they have exceeded the yield
stress, the structures disintegrate, and thus viscosity decreases. The effect of viscosity was
found less in low concentration due to fact that the particles are far apart. The influence of
shear on the magnetoviscous effect was studied by Khosroshahi and Ghazanfari [127]. It was
found that the ferrofluid containing Fe3O4/PVA exhibited non‐Newtonian shear thinning at a
volume concentration of 7% under a constant magnetic field. The apparent viscosity decreased
when the shear rate increased from 20 to 150 s‐1.

Rodriguez‐Arco et al. [128] studied the effect of coating on the magnetoviscous effect. After
coating with citric acid, humic acid, and oleic acid, the mean diameters of the coated Fe3O4

nanoparticles were 7.7±1.3, 11.1±2.4, and 7.4±1.3 nm. As the thickness of the coating layer is
increased, the magnetic energy of interaction was found to decrease. This phenomenon could
hinder thermal motion, the growth of magnetic aggregates, and also weaken the magnetovis‐
cous effect.

Linke and Odenbach [129] studied the effect of the direction of the magnetic field on the
magneto viscous behavior of the ferrofluids. The magneto viscous effect was found to be the
highest when the magnetic field is perpendicular to the flow. The lowest magneto effect was
observed for the parallel orientation to the flow because of the elongated microstructure in the
direction of the flow. Gerth‐Noritzsch et al. [130] studied the dependence of the ratio of viscosity
coefficient on shear rate for a ferrofluid in parallel and perpendicular configurations. The ratio
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between the relative changes of viscosity for parallel and perpendicular orientation on shear
rate is given by:
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where Δη is the relative change in viscosity, H is the strength of the magnetic field, and ̇ is
shear rate at wall. The ratio R should be equal to 2 in order to avoid the hindrance of a single
particle situation and for a complete structure disintegration [131, 132]. Thirupathi and
Rajender [133] noticed the similar effect of shear rate on viscosity in Mn–Zn ferrite ferrofluid.
The viscosity value was found to be maximum at 0.1 s‐1 shear rates for various applied magnetic
fields and shear thinning can be detected at low shear rates. As shear rate increased, the fluid
behavior changed from non‐Newtonian to Newtonian. For zero field to 1.30 T, viscosity
slightly decreased until it approached the value of shear rate of 500 s‐1, whereby after this value,
viscosity showed no more dependence on magnetic field strength. The authors emphasized
that magnetoviscous effects in ferrofluid exist primarily due to the interactions between the
particles in the agglomeration that were aligned in a straight chain and not because of the
interaction between the chains [134]. Zubarev [135] also noticed that the effective coefficient
of particle diffusion in the direction along the applied field is about one to two orders of
magnitude greater compared to the direction perpendicular to the field.

8. Other applications

Magnetic nanoparticle ferrofluids have potential applications as heat transfer medium in
energy conversion devices. They are commercially used such as loud speaker cooling. Some
of the applications are reviewed here.

8.1. Energy convention devices

Several theoretical and experimental studies have been performed to analyze heat transfer in
parallel duct and loop shape channel‐type energy conversion devices based on thermomag‐
netic effects. Lian et al. [136] reported the performance of automatic energy transport in cooling
devices based on the principles of a temperature‐sensitive ferrofluid and thermomagnetic
effects. Their system consisted of a loop of permanent magnets, heat source, heat sink, and
temperature‐sensitive magnetic fluid. All these parts were assembled in an automatic energy
transfer device. By adjusting the magnetic field gradient and temperature gradient inside the
ferrofluid, it was possible to control the energy transport in the device. Their result showed
that the performance of their device depended on the structure of the loop.
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8.2. Thermomagnetic‐based cooling

One of the most important applications of the magnetic nanofluid is thermomagnetic convec‐
tion‐based cooling. As discussed earlier, thermomagnetic convection occurs in a ferrofluid that
is placed under thermal gradient (producing varying susceptibility) and exposing to an
external magnetic field. This action produces a nonuniform magnetic force called Kelvin body
force that leads to thermomagnetic convection. One of the major challenges in such an
application is to find a system that would retain its magnetic properties at high temperatures
as most nanoparticles exhibit superparamagnetic behavior at room temperature and do not
follow Curie Weiss law and therefore lose their magnetic properties at high temperatures. In
spite of these challenges, many micro devices are being considered for thermomagnetic
cooling. Several studies have been reported in the literature of heat transfer in such devices.
Zablotsky et al. [137] studied the possibility of an application of surface cooling based on
thermomagnetic convection. They found that the thermomagnetic convection could be
enhanced if the heat source was located into the region of the magnetic field intensity. They
concluded that it is important (1) to select a MNF with higher pyro magnetic coefficient: lower
Curie temperature, higher saturation magnetization, and higher boiling point; and (2) adjust
the magnetic field to its maximum value to maintain a balance between temperature gradient
and magnetic field.

8.3. Thermal conduction‐based smart cooling

Recently a smart system was developed where thermal conductivity was tuned with externally
applied field. Philip et al. [138] developed a device that has the ability to tune thermal
conductivity to viscosity ratio to remove heat and control vibration in the system. Such a device
can have important applications in mircofludic devices, MEMS, and NEMS, and many other
miniature devices. The system is still in a developmental stage to become fully utilized for such
applications.

9. Future directions

Thermal conduction in presence of magnetic field has many potential applications in micro‐
and nanodevices. Several studies have studied the connection between the anomalous thermal
conductivity observed and the chai formation in the fluids. Magnetic nanoparticle ferrofluids
have potential applications as heat transfer medium in energy conversion devices. They are
commercially used for loud speaker cooling. Understanding the role of chain formation in the
enhancement of thermal conductivity is the main challenge in this area. The future investiga‐
tion should focus on the following areas:

1. Understanding the role of particle size, shape, coating, and the properties of the carrier
liquid on the thermomagnetic properties.

2. Development of thermomagnetic models that would include particle size, morphology,
and magnetic properties.
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3. Understanding the effects of viscosity of the thermomagnetic properties.

4. Developing composite materials for better thermomagnetic behavior

5. Investigating thermal conductivity tuned systems for better control of heat transfer.

It is important that suitable models be developed and tested with experimental investigation.
The use of magnetic nanofluid is very promising for exciting applications such as smart
cooling, automatic energy devices, and automatic cooling devices. There are many challenges
to understand thermal conduction in ferrofluid for biomedical applications such as hyper‐
thermia where heat energy is used for killing cancer cells. It is, however, not known how heat
transfers in tumor regions from the magnetic nanoparticles fluid.
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Abstract

Energy transfer in mixed convection unsteady magnetohydrodynamic (MHD) flow of
an incompressible nanofluid inside a channel filled with a saturated porous medium is
investigated. The walls of the channel are kept at constant temperature, and uniform
magnetic field is applied perpendicular to the direction of the flow. Three different flow
situations are discussed on the basis of physical boundary conditions. The problem is
first written in terms of partial differential equations (PDEs), then reduces to ordinary
differential equations (ODEs) by using a perturbation technique and solved for solutions
of velocity and temperature. Four different shapes of nanoparticles inside ethylene
glycol (C2H6O2) and water (H2O)-based nanofluids are used in equal volume fraction.
The solutions of velocity and temperature are plotted graphically, and the physical
behavior of the problem is discussed for different flow parameters. It is evaluated from
this problem that viscosity and thermal conductivity are the dominant parameters
responsible for different consequences of motion and temperature of nanofluids. Due
to greater viscosity and thermal conductivity, C2H6O2-based nanofluid is regarded as
better convectional base fluid assimilated to H2O.

Keywords: mixed convection, nanofluid, heat transfer, cylindrical-shaped
nanoparticles, MHD flow, porous medium, analytical solutions

1. Introduction

1.1. Nanofluids

Thermal conductivity is the important thermophysical property that plays an essential role in
heat transfer enhancement. The internal property of the material is depended on the nature of
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the fluids. Changing the nature of the fluids or materials can also be affected. In contrast, by
applying external force, thermal convection can also be affected on the fluids. Thermal convec-
tions are depended on the nature of the fluids as well as on the fluid flow, fluid regime,
geometry, etc. Heat transfer conventional fluids, such as ethylene glycol (EG), water, and oils,
which are lubricant and kerosene oil have poor thermal conductivities compared to solids. On
the other hand, solid particles exhibited rich thermal conductivities than those of conventional
heat transfer fluids. The significant improvements in the thermal conductivity of the fluids,
which are conventional base by adding up the nanosized particles, were considered by Choi
[1] for the first time. The mixture of nanosized particles containing conventional-based fluids is
usually known as nanofluids. More accurately, nanofluids are suspensions of nanosized parti-
cles in base fluids. The most ordinary nanoparticles used in nanofluids are oxides, carbides,
and metals. Nanofluids are mainly used in electronic equipment, power generation, energy
supply, production, and air conditioning. Vajjha and Das [2] investigated, for the first time, EG
(60%) and water (40%) mixture that is a base fluid for the preparation of alumina (Al2O3),
copper oxide ðCuOÞ, and zinc oxide ðZnOÞ nanofluids. At the equal temperature and concen-
tration, CuO nanofluids have higher thermal conductivity than those of Al2O3 and ZnO
nanofluids. Naik and Sundar [3] have prepared ðCuOÞ nanofluids with 70% propylene glycol
and 30% water. As estimated, they found that CuO nanofluids have rich thermal conductivity
and viscosity as compared to the other fluids that are base. Recently, Mansur et al. [4] have
studied magnetohydrodynamic (MHD) stagnation-point flow of nanofluids over a permeable
sheet for stretching and shrinking cases. They used bvp4c program in MATLAB to obtain the
numerical solutions and computed results for different parameters.

The quality of nanofluids in terms of heat transfer performance depends on the volume fraction
and types of nanoparticles as well as also depends on the shapes of nanoparticles. Many
researchers have used nanoparticles in spherical shapes. However, the nanofluids containing
nonspherical shapes of nanoparticles have higher thermal conductivities as compared to
spherical ones. Hence, nonspherical shapes of nanoparticles are most suitable to be used.
Nanoparticles other than spherical shapes have been used in this research due to their above-
mentioned properties. More closely, in this study we discuss four different types of
nanoparticles, namely, cylinder, platelet, blade, and brick. Nanoparticles of nonspherical
shapes with desirable properties are the main focus of present study. Recently, the develop-
ment in the field of nanotechnology has shown that cylindrical-shaped nanoparticles are
seven times more harmful than spherical-shaped nanoparticles in the deliverance of drugs
to breast cancer. In the literature survey of nanofluids, we found that analytical studies for
the suspension of a variety of shapes of nanoparticles containing EG and water-based fluids
are not described yet. Although Timofeeva et al. [5] study the problem of Al2O3 nanofluids
which are of different shaped nanoparticles, but they performed experimentally with theo-
retical modeling together in this study. More closely, they studied various shapes of Al2O3

nanoparticles in a base fluid mixture of EG and water of similar volumes. Improvement in
the effective thermal conductivities due to particle shapes was mentioned by Timofeeva et al.
Loganathan et al. [6] considered nanoparticles that are sphere shaped and analyzed radiation
effects on an unsteady natural convection flow of nanofluids over an infinite vertical plate.
They have found that the velocity of spherical silver ðAgÞ nanofluids is less than that of
copper ðCuÞ; titanium dioxide ðTiO2Þ, and Al2O3 spherical nanofluids. Recently, Asma et al.
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[7] found exact solutions for free-convection flow of nanofluids at ramped wall temperature
by using five various kinds of spherical-shaped nanoparticles.

Sebdani et al. [8] studied heat transfer of Al2O3 water nanofluid in mixed convection flow
inside a square cavity. Fan et al. [9] described mixed convection heat transfer in a horizontal
channel filled with nanofluids. Tiwari and Das [10] and Sheikhzadeh et al. [11] investigated
laminar mixed convection flow of a nanofluid in two-sided lid-driven enclosures. Further-
more, a magnetic field in nanofluids has diverse applications such as in the metallurgy and
polymer industry where hydromagnetic techniques are used. Nadeem and Saleem [12]
presented the unsteady flow of a rotating MHD nanofluid in a rotating cone in the presence
of magnetic field. Al-Salem et al. [13] examined MHD mixed convection flow in a linearly
heated cavity. The effects of variable viscosity and variable thermal conductivity on the MHD
flow and heat transfer over a nonlinear stretching sheet was studied by Prasad et al. [14]. The
problem of Darcy Forchheimer mixed convection heat and mass transfer in fluid-saturated
porous media in the presence of thermophoresis was discussed by Rami et al. [15]. The effect of
radiation and magnetic fields on the mixed convection stagnation-point flow over a vertical
stretching sheet in a porous medium bounded by a stretching vertical plate was analyzed by
Hayat et al. [16]. Some other studies on mixed convection flow of nanofluids are mentioned in
Refs. [17–28]. Nanofluids due to the higher conduction or heat transfer rate of together with
other several applications in the field of nanoscience have attracted the attention of researchers
to perform future research. Altogether, several researchers are working experimentally, some
of them are using numerical simulation. However, very limited research studies are obtainable
on analytical side. Experimental research mainly focuses on the enhancement of heat transfer
rate of nanofluids through thermal conduction. And this study also includes heat transfer
through mixed convection. Several other efforts made on nanofluids are presented in Refs.
[29–39].

In order to encounter the importance of MHD in nanofluids, Mansur et al. [4] explored the
MHD stagnation point flow of nanofluids over a stretching/shrinking sheet with suction. Colla
et al. [21] conducted water-based nanofluids characterization, thermal conductivity and vis-
cosity measurements, and correlation. Abareshi et al. [40] investigated fabrication, characteri-
zation, and measurement of thermal conductivity of nanofluids. Borglin et al. [41] examined
experimentally the flow of magnetic nanofluids in porous media. MHD effect on nanofluid
with energy and hydrothermal behavior between two collateral plates was presented by
Sheikholeslami et al. [42]. Sheikholeslami et al. [43] studied forced convection heat transfer in
a semiannulus under the influence of a variable magnetic field. Some other research studies on
electrically conducting nanofluids are mentioned in Refs. [44–50].

In view of the above literature, the existing research is concerned with the radiative heat
transfer in mixed convection MHD flow of different shapes of Al2O3 in EG base nanofluid in
a channel filled with saturated porous medium. The foremost focus of this study is the
importance of cylindrical-shaped nanofluids on several flow parameters. The uniform constant
magnetic field is applied at 90� to the flow and the nanofluids are supposed electrically
conducting. No slip condition is taken at the boundary walls of the channel. Three different
flow cases on the basis of appropriate boundary conditions are explored. Both of the boundary
walls of the channel are at rest in the first case, while motion in the fluids is induced due to
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buoyancy force and external pressure gradient. In the second case, the right wall of the channel is
oscillating in its ownplanewhereas in the third case, both of the boundingwalls of the channel are
set into oscillatory motions. The analytical solutions of velocity and temperature are obtained by
using a perturbation technique. Graphs are plotted, and the physical behavior of the problem is
discussed for different parameters of interest.Nusselt number and skin friction are also computed.

2. Derivation and solutions of governing equations

Consider flow in oscillating form of an incompressible nanofluid inside vertical porous chan-
nel. Flow of the nanofluids is supposed electrically conducting under the influence of uniform
constant magnetic field. The uniform magnetic field is applied perpendicular to the direction
of the flow. Reynolds number is supposed small to ignore the effect of evoked magnetic field.
The external electric and electric fields due to polarization of charges are taken zero in order to
ignore the influence of electric force in Lorentz force. It is assumed that at time t ¼ 0, the flow is
at constant temperature θ0: Right boundary of the channel ðy ¼ dÞ is maintained at constant
temperature θwR, while the left boundary ðy ¼ 0Þ has a uniform temperature θwL. Coordinate
axis is considered where flow of fluids is moving in the x-axis direction, while the y-axis is
taken perpendicular to the velocity of the flow direction.

After derivation of governing equations for quantity of motion and energy under the assump-
tion of Boussinesq approximation are as follow:

ρnf
∂u
∂t

¼ � ∂p
∂x

þ μnf
∂2u
∂y2

� σnfB
2
0 þ

μnf

κ1

� �
uþ ðρβÞ

nf
gðθ� θ0Þ, (1)

ðρcpÞnf
∂θ
∂t

¼ κnf
∂2θ
∂y2

� ∂q
∂y

, (2)

where u ¼ uðy, tÞ, θ ¼ θðy, tÞ, ρnf, μnf
, σnf , κ1 > 0, ðρβÞnf , g, ðρcpÞnf, κnf q specify the fluid

velocity, temperature, density, dynamic viscosity, electrical conductivity, permeability of the
porous medium, thermal expansion coefficient, gravitational acceleration, heat capacitance,
thermal conductivity of nanofluids, and radiative heat flux in the x-direction.
�∂p=∂x ¼ λ exp ðiωtÞ represents the pressure gradient of the flow in oscillatory form where ω
is the oscillation parameter and λ is the amplitude of oscillation.

The Hamilton and Crosser [17] model for thermal conductivity and the Timofeeva et al. [5]
model for calculating dynamic viscosity of nanofluids are used in order to encounter spherical
and other than spherical shapes of nanoparticles inside nanofluids. From these models:

μnf ¼ μf ð1þ aφþ φ2bÞ, (3)

κnf
κf

¼ κs þ ðm� 1Þκf þ ðn� 1Þðκs � κsÞφ
κs þ ðm� 1Þκf � ðκs � κf Þφ , (4)

where κf and κs are the thermal conductivities of the base fluid and solid nanoparticles,
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buoyancy force and external pressure gradient. In the second case, the right wall of the channel is
oscillating in its ownplanewhereas in the third case, both of the boundingwalls of the channel are
set into oscillatory motions. The analytical solutions of velocity and temperature are obtained by
using a perturbation technique. Graphs are plotted, and the physical behavior of the problem is
discussed for different parameters of interest.Nusselt number and skin friction are also computed.

2. Derivation and solutions of governing equations

Consider flow in oscillating form of an incompressible nanofluid inside vertical porous chan-
nel. Flow of the nanofluids is supposed electrically conducting under the influence of uniform
constant magnetic field. The uniform magnetic field is applied perpendicular to the direction
of the flow. Reynolds number is supposed small to ignore the effect of evoked magnetic field.
The external electric and electric fields due to polarization of charges are taken zero in order to
ignore the influence of electric force in Lorentz force. It is assumed that at time t ¼ 0, the flow is
at constant temperature θ0: Right boundary of the channel ðy ¼ dÞ is maintained at constant
temperature θwR, while the left boundary ðy ¼ 0Þ has a uniform temperature θwL. Coordinate
axis is considered where flow of fluids is moving in the x-axis direction, while the y-axis is
taken perpendicular to the velocity of the flow direction.

After derivation of governing equations for quantity of motion and energy under the assump-
tion of Boussinesq approximation are as follow:

ρnf
∂u
∂t

¼ � ∂p
∂x

þ μnf
∂2u
∂y2

� σnfB
2
0 þ

μnf

κ1

� �
uþ ðρβÞ

nf
gðθ� θ0Þ, (1)

ðρcpÞnf
∂θ
∂t

¼ κnf
∂2θ
∂y2

� ∂q
∂y

, (2)

where u ¼ uðy, tÞ, θ ¼ θðy, tÞ, ρnf, μnf
, σnf , κ1 > 0, ðρβÞnf , g, ðρcpÞnf, κnf q specify the fluid

velocity, temperature, density, dynamic viscosity, electrical conductivity, permeability of the
porous medium, thermal expansion coefficient, gravitational acceleration, heat capacitance,
thermal conductivity of nanofluids, and radiative heat flux in the x-direction.
�∂p=∂x ¼ λ exp ðiωtÞ represents the pressure gradient of the flow in oscillatory form where ω
is the oscillation parameter and λ is the amplitude of oscillation.

The Hamilton and Crosser [17] model for thermal conductivity and the Timofeeva et al. [5]
model for calculating dynamic viscosity of nanofluids are used in order to encounter spherical
and other than spherical shapes of nanoparticles inside nanofluids. From these models:

μnf ¼ μf ð1þ aφþ φ2bÞ, (3)

κnf
κf

¼ κs þ ðm� 1Þκf þ ðn� 1Þðκs � κsÞφ
κs þ ðm� 1Þκf � ðκs � κf Þφ , (4)

where κf and κs are the thermal conductivities of the base fluid and solid nanoparticles,
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respectively. The density ρnf, thermal expansion coefficient ðρβÞnf, heat capacitance ðρcpÞnf and
thermal conductivity σnf , of nanofluids are derived by using the relations given by [6, 7]

ðρcpÞnf ¼ ð1� φÞðρcpÞf þ φðρcpÞs,ρnf ¼ ð1� φÞρf þ φρs,

ðρβÞnf ¼ ð1� φÞðρβÞf þ φðρβÞs,κnf ¼ αnfðρcpÞnf,

σnf ¼ σf 1þ 3ðσ� 1Þφ
ðσþ 2Þ � ðσ� 1Þφ

� �
, σ ¼ σs

σf
, (5)

where φ is the volume fraction of the nanoparticles, ρf and ρs are the density of the base fluid

and solid nanoparticles, respectively, μf is the dynamic viscosity of the base fluid, ðcpÞf and

ðcpÞs denote the specific heat at constant pressure corresponding to the base fluid and solid
nanoparticles and σf and σs are electrical conductivities of base fluids and solid nanoparticles.
The total term ðρcpÞ is known as heat capacitance.

Here a and b are shape constants and different for different shape of nanoparticles as presented
in Table 1 [5], μf , κf , and κs are the dynamic viscosity, thermal conductivity of the base fluid,

and thermal conductivity of solid nanoparticles, respectively. The empirical shape factor n
defined in Eq. (4) is equal to n ¼ 3=Ψ , where Ψ is the sphericity. Sphericity given in Hamilton
and Crosser model is the ratio of surface area of the sphere to the surface area of real particle
with equal volumes. The values of sphericity for different shapes of nanoparticles are given in
Table 2 [5].

In Eqs. (1) and (2), the ðρcpÞnf, ρnf, ðρβÞnf, κnf, and σnf of nanofluids are used from the relations
given by Asma et al. [7], as

The temperature θ0 and θw of both walls of the channel is assumed high and both walls are
emitting radiations [20]. Therefore, radiative heat flux as a function of temperature is given by

� ∂q
∂y

¼ 4α2
0ðθ� θ0Þ, (6)

where α0 is the radiation absorption coefficient.

Model Platelet Blade Cylinder Brick

a 37.1 14.6 13.5 1.9

b 612.6 123.3 904.4 471.4

Table 1. Constants a and b empirical shape factors.

Model Platelet Blade Cylinder Brick

Ψ 0.52 0.36 0.62 0.81

Table 2. Sphericity Ψ for different shapes nanoparticles.
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Using Eq. (6) into Eq. (2) gives

ðρcpÞnf
∂θ
∂t

¼ κnf
∂2θ
∂y2

� 4α2
0ðθ� θ0Þ, (7)

In order to convert dimensional partial differential equations (PDEs) into dimensionless PDEs,
the following nondimensional variable are introduced

x∗ ¼ x
d
, y∗ ¼ y

d
, u∗ ¼ u

U0
, t∗ ¼ tU0

d
, θ∗ ¼ θ� θ0

θw � θ0
,

p∗ ¼ d
μU0

p, ω∗ ¼ dω1

U0
,

(8)

After dimensionalization (dropping for convenience) Eqs. (1) and (7) give

ð1� φÞ þ φ
ρs

ρf

" #
Re

∂u
∂t

¼ λ exp ðiωtÞ þ ð1þ aφþ bφ2Þ ∂
2u
∂y2

�

1þ 3ðσ� 1Þφ
ðσþ 2Þ � ðσ� 1Þφ

� �
M2u� 1

K
ð1þ aφþ bφ2Þ þ ð1� φÞ þ φðρβÞs

ðρβÞf

" #
Grθ,

(9)

Pe
λn

ð1� φÞ þ φ
ðρcpÞs
ðρcpÞf

" #
∂θ
∂t

¼ ∂2θ
∂y2

þN2

λn
θ, (10)

where

Re ¼ U0d
vf

,M2 ¼ σf B2
0d

2

μf
,K ¼ κ1

d2
Gr ¼

gβf d
2ðθw � θ0Þ
vfU0

, Pe ¼
ðρcpÞf dU0

κf
,

λn ¼ κnf

κf
¼ κs þ ðm� 1Þκf þ ðn� 1Þðκs � κsÞφ

κs þ ðm� 1Þκf � ðκs � κf Þφ ,N2 ¼ 4d2α2
0

κf
:

Here Re, M, Gr, Pe, and N denote the Reynolds number, magnetic parameter, the thermal
Grashof number, the Peclet number, and the radiation parameter, respectively. Three different
flow cases are considered in order to solve Eqs. (9) and (10). These are as follow:

2.1. Case I: Stationary walls of the channel

In this case, the gap between the two plates of the channel is denoted by d and both plates are
assumed stationary at y ¼ 0 and y ¼ d. The flow of nanofluids is unidirectional and moving
with velocity in the x-axis. Both plates of the channel are maintained at constant and uniform
temperature θw and θ0. Thus, the appropriate boundary conditions are

uð0, tÞ ¼ 0, uðd, tÞ ¼ 0, (11)

θð0, tÞ ¼ θ0, θðd, tÞ ¼ θw: (12)

After reducing Eqs. (11) and (12) into dimensionless form, we get
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Grashof number, the Peclet number, and the radiation parameter, respectively. Three different
flow cases are considered in order to solve Eqs. (9) and (10). These are as follow:

2.1. Case I: Stationary walls of the channel

In this case, the gap between the two plates of the channel is denoted by d and both plates are
assumed stationary at y ¼ 0 and y ¼ d. The flow of nanofluids is unidirectional and moving
with velocity in the x-axis. Both plates of the channel are maintained at constant and uniform
temperature θw and θ0. Thus, the appropriate boundary conditions are

uð0, tÞ ¼ 0, uðd, tÞ ¼ 0, (11)

θð0, tÞ ¼ θ0, θðd, tÞ ¼ θw: (12)

After reducing Eqs. (11) and (12) into dimensionless form, we get
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uð0, tÞ ¼ 0; uð1, tÞ ¼ 0, t > 0, (13)

θð0, tÞ ¼ 0; θð1, tÞ ¼ 1; t > 0: (14)

Further simplification of Eqs. (9) and (10) after conversion of dimensional PDEs, we get

d0
∂u
∂t

¼ λ exp ðiωtÞ þ φ2
∂2u
∂y2

� h20uþ d1θ, (15)

e0
∂θ
∂t

¼ ∂2θ
∂y2

þ e1θ, (16)

where

d0 ¼ φ1Re,φ1 ¼ ð1� φÞ þ φ
ρs

ρf
,φ2 ¼ ð1þ aφþ bφ2Þ, h20 ¼ φ5M

2 þ 1=K,

φ5 ¼ 1þ 3ðσ� 1Þφ
ðσþ 2Þ � ðσ� 1Þφ

� �
, d1 ¼ φ3Gr,φ3 ¼ ð1� φÞ þ φ

ðρβÞs
ðρβÞf

, e02 ¼ Peφ4

λn
,

φ4 ¼ ð1� φÞ þ φ
ðρcpÞs
ðρcpÞf

" #
, e12 ¼ N2

λn
:

Perturb-type solutions are supposed to convert PDEs in Eqs. (15) and (16) under appropriate
boundary conditions, and in Eqs. (11) and (12) into ordinary differential equations (ODEs) are

uðy, tÞ ¼ ½u0ðyÞ þ ε exp ðiωtÞ u1ðyÞ�, (17)

θðy, tÞ ¼ ½θ0ðyÞ þ ε exp ðiωtÞ θ1ðyÞ�: (18)

Using Eqs. (17) and (18) into Eqs. (15) and (16), we obtain the following system of ordinary
differential equations

d2u0ðyÞ
dy2

� h21u0ðyÞ ¼ d2θ0ðyÞ, (19)

d2u1ðyÞ
dy2

� h22u1ðyÞ ¼ � λ
φ2

, (20)

d2θ0ðyÞ
dy2

� e21θ0ðyÞ ¼ 0, (21)

d2θ1ðyÞ
dy2

þ h23θ1ðyÞ ¼ 0, (22)

where

h1 ¼
ffiffiffiffiffiffiffi
h20
φ2

s
, d2 ¼ d1

φ2
, h2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h20 þ iωd0

φ2

s
, h3 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e1 � iωe0

p
:

The associated boundary conditions (Eqs. (13) and (14)) are reduce to
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u0ð0Þ ¼ 0; u0ð1Þ ¼ 0, (23)

u1ð0Þ ¼ 0; u1ð1Þ ¼ 0, (24)

θ0ð0Þ ¼ 0; θ0ð1Þ ¼ 1, (25)

θ1ð0Þ ¼ 0; θ1ð1Þ ¼ 0: (26)

Perturb solution for temperature in Eqs. (21) and (22) under appropriate boundary conditions
(Eqs. (25) and (26)) give

θ0ðyÞ ¼ sin ðe1yÞ
sin ðe1Þ , (27)

θ1ðyÞ ¼ 0: (28)

Temperature of nanofluids, Eq. (18) using Eqs. (27) and (28) gives

θðy, tÞ ¼ θðyÞ ¼ sin ðe1yÞ
sin ðe1Þ : (29)

Perturb solution for temperature in Eqs. (19) and (20), using Eq. (27) under appropriate
boundary conditions, Eqs. (23) and (24) yield

u0ðyÞ ¼ c1 sinhðh1yÞ þ c2 coshðh1yÞ þ d2
ðe21 þ h21Þ

sin ðe1yÞ
sin ðe1Þ : (30)

u1ðyÞ ¼ c3 sinhðh2yÞ þ c4 coshðh2yÞ þ λ

h22φ2

: (31)

Here c1, c2 , c3 and c4 are arbitrary constants given by

c1 ¼ � d2
sinhðh1Þðe21 þ h21Þ

, c2 ¼ 0, c3 ¼ λ

h22φ2

1
sinhðh2Þ ðcoshðh2Þ � 1Þ, c4 ¼ � λ

h22φ2

: (32)

Final velocity for nanofluids, substituting Eqs. (30)–(32) into Eq. (17), we obtain

uðy, tÞ ¼ � d2sinhðh1yÞ
ðe21 þ h21Þsinhðh1Þ

þ d2 sin ðe1yÞ
ðe21 þ h21Þ sin ðe1Þ

þε exp ðiωtÞ

λðcoshðh2Þ � 1Þsinhðh2yÞ
h22φ2sinhðh2Þ

þ λ

h22φ2

�
1� coshðh2yÞ

�

2
66664

3
77775
:

(33)
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2.2. Case 2: right plate of the channel is oscillating in its own plane

In this case, the right wall of the channel (y ¼ d) is locate into oscillatory motion, while on other
hand, the left wall ðy ¼ 0Þ is taken as stationary. The first boundary condition is the same,
while the second boundary condition in dimensionless form modifies to

uð1, tÞ ¼ HðtÞε exp ðiωtÞ; t > 0, (34)

where HðtÞ is the Heaviside step function.

By using the same procedure as in Case-1, and the velocity solution is obtained as

uðy, tÞ ¼ � d2sinhðh1yÞ
sinhðh1Þðe21 þ h21Þ

þ d2
ðe21 þ h21Þ

sin ðe1yÞ
sin ðe1Þ

þε exp ðiωtÞ

sinhðh2yÞ
sinhðh2Þ HðtÞ þ λ

ðh22φ2Þ
�
coshðh2Þ � 1

� !

� λ

ðh22φ2Þ
coshðh2yÞ þ λ

ðh22φ2Þ

2
666664

3
777775
:

(35)

2.3. Case 3: both plates of the channel are oscillating in its own plane

In this case, both plates of the channel are chosen into oscillatory motions. The dimensionless
form of the boundary conditions is

uð0, tÞ ¼ uð1, tÞ ¼ HðtÞε exp ðiωtÞ; t > 0: (36)

The resulting expression for velocity is obtained as

uðy, tÞ ¼ � d2sinhðh1yÞ
sinhðh1Þðe21 þ h21Þ

þ d2
ðe21 þ h21Þ

sin ðe1yÞ
sin ðe1Þ

þε exp ðiωtÞ

sinhðh2yÞ
sinhðh2Þ

HðtÞ
�
1� coshðh2yÞ

�
þ

λ

ðh22φ2Þ
�
coshðh2Þ � 1

�

0
BBB@

1
CCCA

þ HðtÞ � λ

ðh22φ2Þ

( )
coshðh2yÞ þ λ

ðh22φ2Þ

2
6666666664

3
7777777775

:

(37)

2.4. Evaluation of Nusselt number and skin-friction

The dimensionless derivations for Nusselt number and skin-frictions are evaluated from
Eqs. (29), (33), (35) and (37) as follows:
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Nu ¼ e1
sin ðe1Þ , (38)

τ1 ¼ τ1ð tÞ ¼ � d2h1
ðe21 þ h21Þsinhðh1Þ

þ d2b1
ðe21 þ h21Þ sin ðe1Þ

þε exp ðiωtÞ λðcoshðh2Þ � 1Þ
h2φ2sinhðh2Þ

� �
:

(39)

τ2 ¼ τ2ðtÞ ¼ � d2h1
ðe21 þ h21Þsinhðh1Þ

þ d2e1
ðe21 þ h21Þ sin ðe1Þ

þε exp ðiωtÞ h2
sinhðh2Þ HðtÞ þ λ

ðh2φ2Þ
�
coshðh2Þ � 1

�� �� �
,

(40)

τ3 ¼ τ3ðtÞ ¼ � d2h1
ðe21 þ h21Þsinhðh1Þ

þ d2b1
ðe21 þ h21Þ sin ðe1Þ

þε exp ðiωtÞ h2
sinhðh2Þ

HðtÞ
�
1� coshðh2Þ

�

þ λ

ðh22φ2Þ
�
coshðh2Þ � 1

�

8>>><
>>>:

9>>>=
>>>;

2
6664

3
7775:

(41)

3. Graphical consequences and depiction

In this segment, graphical consequences are figured and debated. Similarly, influence of the
radiation effect on heat transfer in mixed convection MHD flow of nanofluids inside a channel
filled with a saturated porous medium is explored. Three different flow cases on the basis of
appropriate boundary conditions are examined. Four dissimilar shapes of Al2O3 as solid
nanoparticles, which are cylinder, platelet, brick, and blade, are dangling into conventional
base fluids, ethylene glycol and water. The physical performance of the exhibited graphs is
conferred for various embedded parameters. The numerical values of constants a and b (called
shape factors) are chosen from Table 1, and sphericity Ψ is given in Table 2. It should be
acclaimed that a and b coefficients vary highly with particle shape. The numerical values for
the various shapes of nanoparticles (platelet, blade, cylinder and brick) at equal volumes are
presented in Tables 1–3.

The geometry of the problem is shown in Figure 1. The impact of dissimilar shapes of alumina
Al2O3 nanoparticles on the motion of ethylene glycol-based nanofluids is represented in
Figure 2. It is viewed that the blade shape of alumina Al2O3 nanoparticles inside ethylene
glycol-based nanofluids has the uppermost velocity chased by brick, platelet, and cylindrical-
shaped nanoparticles in ethylene glycol-based nanofluids. The impact of the shapes on the
motion of nanofluids is because of the strong subjection of viscosity on particle shapes for
φ < 0:1. It is exonerated from the present consequences that the elongated shaped
nanoparticles like cylinder and platelet have larger viscosities as assimilated to nanofluids
comprising square-shaped nanoparticles like brick and blade. The acquired consequences
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nanoparticles like cylinder and platelet have larger viscosities as assimilated to nanofluids
comprising square-shaped nanoparticles like brick and blade. The acquired consequences
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agree well with the experimental consequences predicted by Timofeeva et al.. A very small
divergence is perceived in the present research, where the cylindrical-shaped nanoparticles
have the larger viscosity, whereas from the experimental findings perceived by Timofeeva
et al., the platelet has the larger viscosity. Timofeeva et al. had assimilated their consequences
with the Hamilton and Crosser model and found that their consequences were equivalent with
the Hamilton and Crosser model. In the current work, the model of Hamilton and Crosser is
applied and found that analytical consequences in this research also identical to the experi-
mental consequences of Timofeeva et al.

Figure 3 shows the result of dissimilar shapes of alumina Al2O3 nanoparticles on the motion of
water H2O-based nanofluids. It is surely noticed that the cylindrical-shaped alumina Al2O3

Model rðKgm�3Þ cPðkg�1Κ�1Þ kðWm�1Κ�1Þ β · 10�5ðΚ�1Þ σ ðs=mÞ

H2O 997.1 4179 0.613 21 5.5 · 10-6

C2H6O2 1.115 0.58 0.1490 6.5 1.07 · 10-6

Cu 8933 385 401 1.67 59.6 · 106

TiO2 4250 686.2 8.9528 0.9 2.6 · 106

Ag 10,500 235 429 1.89 6.30 · 107

Al2O3 3970 765 40 0.85 1.07 · 10-6

Fe3O4 5180 670 9.7 0.5 12.7

Table 3. Thermophysical properties of water and nanoparticles.

Figure 1. Physical model and coordinates system.
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Figure 2. Velocity profiles for different shapes of Al2O3 nanoparticles in EG-based nanofluids when Gr ¼ 0:1, N ¼ 0:1,
M ¼ 1, λ ¼ 1, K ¼ 1, t ¼ 5, φ ¼ 0:04, ω ¼ 0:2:

Figure 3. Velocity profiles for different shapes of Al2O3 nanoparticles in water-based nanofluids when Gr ¼ 0:1,
N ¼ 0:1, M ¼ 1, λ ¼ 1, K ¼ 1, t ¼ 5, φ ¼ 0:04, ω ¼ 0:2:

Nanofluid Heat and Mass Transfer in Engineering Problems250



Figure 2. Velocity profiles for different shapes of Al2O3 nanoparticles in EG-based nanofluids when Gr ¼ 0:1, N ¼ 0:1,
M ¼ 1, λ ¼ 1, K ¼ 1, t ¼ 5, φ ¼ 0:04, ω ¼ 0:2:

Figure 3. Velocity profiles for different shapes of Al2O3 nanoparticles in water-based nanofluids when Gr ¼ 0:1,
N ¼ 0:1, M ¼ 1, λ ¼ 1, K ¼ 1, t ¼ 5, φ ¼ 0:04, ω ¼ 0:2:

Nanofluid Heat and Mass Transfer in Engineering Problems250

nanoparticles in ethylene glycol-based nanofluids have the uppermost velocity chased by plate-
let, brick, and blade. Thus, in accordance with Hamilton and Crosser model, solution of elon-
gated and thin shaped particles (high shape factor m) should have larger thermal conductivities,
if the ratio of knf=kf is higher than 100. It is also predicted by Colla et al. that the thermal
conductivity and viscosity increase with the increase of particle absorption due to which motion
of nanofluids decreases. For that reason, the cylindrical-shaped alumina Al2O3 nanoparticles
have the higher thermal conductivity chased by platelet, brick, and blade. Timofeeva et al.
depicted the conclusion that, when the sphericity of nanoparticles is less than 0.6, the negative
concession of heat flow resistance at the solid-liquid interface increases much faster than the
particle shape concession. Thus, the inclusive thermal conductivity of solution starts decreasing
less than sphericity of 0.6. However, it is increasing in the case of Hamilton and Crosser model
because of the only concession of particle shape parameter m: Nevertheless, flow in this work is
one-directional and one-dimensional; therefore, the negative concession of heat flow resistance is

ignored. Timofeeva et al. reported the model knf=kf ¼ 1þ ðcshapek þ csurfacek Þ φ, for calculating the

thermal conductivity of nanoparticles. In accordance with this model, cshapek and csurfacek coeffi-
cients reflecting concessions to the effective thermal conductivity because of particle shape
(positive influence) and because of surface resistance (negative effect), respectively. Particle shape

coefficient cshapek was also derived from the Hamilton and Crosser's equation (1962).

A comparability of alumina Al2O3 in C2H6O2-based nanofluids with alumina Al2O3 in
H2O-based nanofluids is shown in Figure 4. It is viewed that the motion of H2O-based
nanofluids is larger than the motion of C2H6O2-based nanofluids. The thermal conductivity
and viscosity of C2H6O2- and H2O-based nanofluids are also perceived by the Hamilton and
Crosser model for equal value of φ. This consequence shows that C2H6O2-based nanofluids
have larger thermal conductivity and viscosity than H2O-based nanofluids.

The influence of different solid nanoparticles on the motion of different nanofluids is shown in
Figure 5. From this figure, it is notable that cylindrical-shaped Al2O3 in C2H6O2-based
nanofluids has the uppermost motion chased by Fe3O4, TiO2, Cu, and Ag in C2H6O2-based
nanofluids. This indicates that cylindrical-shaped silver Ag in C2H6O2-based nanofluids has
the higher viscosity and thermal conductivity assimilated to Cu, TiO2, Fe3O4, and Al2O3 in
C2H6O2-based nanofluids. One can view from this consequence that cylindrical-shaped Ag in
C2H6O2-based nanofluids has better quality fluids assimilated to Fe3O4 cylindrical-shaped in
C2H6O2-based nanofluids. This consequence is supported by the Hamilton and Crosser model
that the viscosity and thermal conductivity of nanofluids are also influenced by nanoparticles
φ, i.e., the viscosity and thermal conductivity increase with the increase in φ. Therefore, motion
decreases with the increase in φ. This figure further shows that the viscosity of Al2O3 in
C2H6O2-based nanofluids at φ is below 0.1, which increases nonlinearly with nanoparticles
suspension. This consequence is found similar to the experimental consequence predicted by
Colla et al.

Different φ of nonspherical cylindrical-shaped alumina Al2O3 nanoparticles on the motion of
alumina Al2O3 in C2H6O2-based nanofluids is exhibited in Figure 6. It is view from this figure
that with the increase of φ the motion of nanofluids is decreased. Due to this reason, the
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Figure 4. Comparison of velocity profiles of Al2O3 in EG and water-based nanofluids when Gr ¼ 0:1, N ¼ 0:1, M ¼ 1,
λ ¼ 1, K ¼ 1, t ¼ 5, φ ¼ 0:04, ω ¼ 0:2:

Figure 5. Velocity profiles of different nanoparticles in EG-based nanofluids when Gr ¼ 0:1, N ¼ 0:1, M ¼ 1, λ ¼ 1,
K ¼ 1, t ¼ 5, φ ¼ 0:04, ω ¼ 0:2:
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nanofluid becomes more viscous with the increase of φ, which governs to decrease the motion
of nanofluids. The thermal conductivity of nanofluids also increases with the increase of φ. The
experimental research by Colla et al. also supports these results.

Consequences for various values of radiation parameter N of Al2O3 in H2O-based nanofluids are
displayed in Figure 7. It is observed that motion increases with the increase ofN: This consequence
agrees well with the consequence reported by Makinde and Mhone. Physically, this means that
with the increase ofN, the amount of heat energy transfers to the fluids also increases.

The graphical outcomes of the motion of nanofluids for several values of magnetic parameter M
of alumina Al2O3 in H2O-based nanofluids are exhibited in Figure 8. Increasing magnetic
parameter, M, results in the decrease of the motion of the alumina nanofluids. Increasing
perpendicular magnetic field on the electrically conducting fluid imparts to a resistive force
called Lorentz force, which is identical to drag force, and upon increasing the value of magnetic
parameter,M, the drag force rises which has the tendency to reduce the motion of the nanofluid.
The resistive force is maximum near the plates of the channel and minimum in the middle of the
plates. Therefore, motion on the alumina nanofluids is maximum in the middle of the plates and
minimum at the plates. The motion of alumina nanofluids for various numerical values of
Grashof number, Gr of Al2O3 in H2O-based nanofluids is shown in Figure 9. It is concluded that
an increase in Grashof number, Gr, governs to an increase in the motion of alumina nanofluids.
An increase in Grashof number, Gr, rises temperature of alumina in ethylene glycol nanofluids,
which govern to an increase in the upward buoyancy force. Therefore, motion in alumina
nanofluids increases with Gr, because of the increment of buoyancy force. Figure 10 shows

Figure 6. Velocity profiles for different values of φ of Al2O3 in EG-based nanofluids when Gr ¼ 0:1, N ¼ 0:1, M ¼ 1,
λ ¼ 1, K ¼ 1, t ¼ 5, ω ¼ 0:2:
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Figure 8. Velocity profiles for different values of M of Al2O3 in EG-based nanofluids when Gr ¼ 0:1, N ¼ 0:1, λ ¼ 1,
K ¼ 1, t ¼ 5, φ ¼ 0:04, ω ¼ 0:2:

Figure 7. Velocity profiles for different values of N of Al2O3 in EG-based nanofluids when Gr ¼ 0:1, M ¼ 1, λ ¼ 1,
K ¼ 1, t ¼ 5, φ ¼ 0:04, ω ¼ 0:2:
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Figure 7. Velocity profiles for different values of N of Al2O3 in EG-based nanofluids when Gr ¼ 0:1, M ¼ 1, λ ¼ 1,
K ¼ 1, t ¼ 5, φ ¼ 0:04, ω ¼ 0:2:
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permeability parameter K: It is view that motion of Al2O3 in C2H6O2-based nanofluids increases
with increasing values of permeability parameter K of Al2O3 in C2H6O2-based nanofluids because
of the small friction force. Similarly, increasingK reduces thenanofluids frictionwithin theplatewalls
and motion of alumina nanofluids enhances. In the second case, Figures 11–18 show the flow
conditionwhen the left wall is oscillating in its own plane and the right wall is stationary. Under the
last conditions, when both plates of the channel are oscillating in their planes (Figures 19–26). From
all these graphs, we found that they are qualitatively identical but different quantitatively to Fig-
ures 2–10. It can also viewed from Figures 11, 13, and 14 that themotion of Al2O3 in C2H6O2-based
nanofluids at the right wall (y = 1) is not equal to zero. It is because of the reason of oscillating right
plate of the channel. It should also be investigated from Figures 20, 24, and 26 that only the
magnitude of motion of nanofluids is considered; therefore, the negative sign in motion is ignored
in these figures and only shows that themotion ofAl2O3 inC2H6O2-based nanofluids is reduced.

The influence of dissimilar particle shapes on the temperature of Al2O3 in H2O and C2H6O2-
based nanofluids is presented in Figures 27 and 28. The temperature of both types of
nanofluids is different for dissimilar shapes because of the various viscosity and thermal
conductivity of these nanoparticles. It should be concluded that the influence of thermal
conductivity increases with the increase of temperature. However, the viscosity decreases with
the increase of temperature. It is view that an elongated shape of nanoparticles inside H2O-
based nanofluids like cylinder and platelet has small temperature due to the larger viscosity
and thermal conductivity while the blade shape of nanoparticles has the uppermost tempera-
ture because of least viscosity and thermal conductivity. The brick shape nanoparticles
suspended fluids are lowest in the temperature range; however, it has low viscosity. This is

Figure 9. Velocity profiles for different values of Gr of Al2O3 in EG-based nanofluids when N ¼ 0:1, M ¼ 1, λ ¼ 1,
K ¼ 1, t ¼ 10, φ ¼ 0:04, ω ¼ 0:2:
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Figure 10. Velocity profiles of different values of K of Al2O3 in EG-based nanofluids when Gr ¼ 0:1, N ¼ 0:1, M ¼ 1,
λ ¼ 1, t ¼ 5, φ ¼ 0:04, ω ¼ 0:2:

Figure 11. Velocity profiles for different shapes of Al2O3 nanoparticles in EG-based nanofluids when Gr ¼ 0:1, N ¼ 0:1,
M ¼ 1, λ ¼ 1, K ¼ 1, t ¼ 5, φ ¼ 0:04, ω ¼ 0:2:
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Figure 12. Velocity profiles for different shapes of Al2O3 nanoparticles in water-based nanofluids when Gr ¼ 0:1,
N ¼ 0:1, M ¼ 1, λ ¼ 1, K ¼ 1, t ¼ 5, φ ¼ 0:04, ω ¼ 0:2:

Figure 13. Comparison of velocity profiles of Al2O3 in EG- and water-based nanofluids when Gr ¼ 0:1, N ¼ 0:1, M ¼ 1,
λ ¼ 1, K ¼ 1, t ¼ 5, φ ¼ 0:04, ω ¼ 0:2:
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Figure 14. Velocity profiles for different values of φ of Al2O3 in EG-based nanofluids when Gr ¼ 0:1, N ¼ 0:1, M ¼ 1,
λ ¼ 0:01, K ¼ 0:3, t ¼ 10, ω ¼ 0:2:

Figure 15. Velocity profiles for different values of N of Al2O3 in EG-based nanofluids when Gr ¼ 1, M ¼ 1, λ ¼ 0:01,
K ¼ 0:2, t ¼ 10, φ ¼ 0:04, ω ¼ 0:2:
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because of the shear thinning behavior with temperature of nanofluids. Moreover, cylindrical-
shaped nanofluids also show shear thinning behavior. However, the effect is less dominant. All

Figure 16. Velocity profiles for different values ofM of Al2O3 in EG-based nanofluids when Gr ¼ 1, N ¼ 0:1, λ ¼ 0:001,
K ¼ 1, t ¼ 10, φ ¼ 0:04, ω ¼ 0:2:

Figure 17. Velocity profiles for different values of Gr of Al2O3 in EG-based nanofluids when N ¼ 0:1, M ¼ 1,
λ ¼ 0:01, K ¼ 0:2, t ¼ 10, φ ¼ 0:04, ω ¼ 0:2:
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the other dissimilar shapes like platelet and blade show Newtonian behavior and independence
of viscosity on shear rate. This shear thinning behavior is also analyzed experimentally by
Timofeeva et al.

Figure 18. Velocity profiles for different values of K of Al2O3 in EG-based nanofluids when Gr ¼ 0:1, N ¼ 0:1, M ¼ 1,
λ ¼ 0:01, t ¼ 10, φ ¼ 0:04, ω ¼ 0:2:

Figure 19. Velocity profiles for different shapes of Al2O3 nanoparticles in EG-based nanofluids when Gr ¼ 1, N ¼ 0:1,
M ¼ 1, λ ¼ 0:01, K ¼ 1, t ¼ 10, φ ¼ 0:04, ω ¼ 0:2:
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Figure 20. Velocity profiles for different shapes of Al2O3 nanoparticles in water-based nanofluids when Gr ¼ 1, N ¼ 0:1,
M ¼ 1, λ ¼ 0:01, K ¼ 1, t ¼ 10, φ ¼ 0:04, ω ¼ 0:2:

Figure 21. Comparison of velocity profiles of Al2O3 in EG- and water-based nanofluids when Gr ¼ 1, N ¼ 0:1, M ¼ 1,
λ ¼ 0:01, K ¼ 1, t ¼ 10, φ ¼ 0:04, ω ¼ 0:2:
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Figure 22. Velocity profiles for different values of φ of Al2O3 in EG-based nanofluids when Gr ¼ 1, N ¼ 0:1, M ¼ 1,
λ ¼ 0:01, K ¼ 1, t ¼ 10, ω ¼ 0:2:

Figure 23. Velocity profiles for different values of N of Al2O3 in EG-based nanofluids when Gr ¼ 1, M ¼ 1, λ ¼ 0:01,
K ¼ 1, t ¼ 10, φ ¼ 0:04, ω ¼ 0:2:
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Figure 23. Velocity profiles for different values of N of Al2O3 in EG-based nanofluids when Gr ¼ 1, M ¼ 1, λ ¼ 0:01,
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Figure 24. Velocity profiles for different values of M of Al2O3 in EG-based nanofluids when Gr ¼ 1, M ¼ 1, λ ¼ 0:01,
K ¼ 1, t ¼ 10, φ ¼ 0:04, λ ¼ 0:01, ω ¼ 0:2:

Figure 25. Velocity profiles for different values of Gr of Al2O3 in EG-based nanofluids when Gr ¼ 1, M ¼ 1, λ ¼ 0:01,
K ¼ 1, t ¼ 10, φ ¼ 0:04, ω ¼ 0:2:
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A comparatively study of Al2O3 in H2O- and C2H6O2-based nanofluids is displayed in Fig-
ure 29. It is analyzed that both nanofluids are temperature dependent and the variation is found
at the same rate for both types of nanofluids. This means that the influence of temperature of
nanofluids on the thermal conductivity and viscosity of two types of base nanofluids may cause
at the same rate. Figure 30 exhibits the influence of φ on the temperature of Al2O3 in C2H6O2-
based nanofluids. It is evaluated that with the increase of φ temperature of the nanofluid
increases because of the shear thinning nature. The viscosity of cylindrical-shaped nanoparticles
inside water and C2H6O2-based nanofluids shows shear thinning nature at the highest suspen-
sion. This was also experimentally investigated by Timofeeva et al.

Figure 27. Temperature profiles for different shapes of Al2O3 nanoparticles in EG-based nanofluids when N ¼ 1:5, t ¼ 1:

Figure 26. Velocity profiles for different values of K of Al2O3 in EG-based nanofluids when Gr ¼ 1, M ¼ 1, λ ¼ 0:01,
K ¼ 1, t ¼ 10, φ ¼ 0:04, ω ¼ 0:2:
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The graphical consequences of temperature of nanofluids for several values of N are displayed
in Figure 31. It is indicated that the temperature of the cylindrical-shaped alumina Al2O3

nanoparticles in C2H6O2-based nanofluids shows larger oscillation with the increase of N: It is
evaluated in the solution of the problem that temperature of the alumina nanofluids is oscillating
and the influence of oscillation is increase with the increase of N: The increasing N means cooler
or dense nanofluids or reduce the influence of energy transport to the nanofluids. The cylindri-
cal-shape nanofluids have temperature dependent viscosity because of the shear thinning nature.

Figure 28. Temperature profiles for different shapes of Al2O3 nanoparticles in water-based nanofluids when N ¼ 1:5,
t ¼ 1:

Figure 29. Comparison of temperature profiles of Al2O3 in EG- and water-based nanofluids when N ¼ 1:5, t ¼ 1:
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4. Conclusions

In this chapter, the influence of radiative heat transfer on mixed convection MHD flow of
different shapes of Al2O3 in C2H6O2, and H2O base nanofluids in a channel filled with a
saturated porous medium is analyzed. The two plates of the channel at finite distance with
nonuniform wall temperature are chosen in a vertical direction under the influence of a perpen-
dicular magnetic field. The governing PDEs are solved by the perturbation method for three
different flow cases, and analytic solutions are evaluated. The influence of the dissimilar shapes
of nanoparticles, namely, platelet, blade, cylinder, and brick of the same volume, on the motion

Figure 30. Temperature profiles for different values of φ of Al2O3 in EG-based nanofluids when N ¼ 1:5, t ¼ 1:

Figure 31. Temperature profiles for different values of N of Al2O3 in EG-based nanofluids when t ¼ 1:
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of nanofluids and temperature of nanofluids is examined with different consequences. An
elongated shape of nanoparticles inside base fluids like cylinder and platelet results in greater
viscosity at the equal volume fraction due to structural limitation of rotational and transitional
Brownian motion. The shear thinning nature of cylinder and blade shape of nanoparticles inside
H2O and C2H6O2 is also investigated in this research. Viscosities and thermal conductivities of
nanofluids are viewed depending on nanoparticle shapes, suspension of volume fraction, and
base fluid of solid nanoparticles. The concluded results are as follow:

1. The motion of nanofluid decreases with the increase of volume fraction of nanoparticles
because of the increment in viscosity and thermal conductivity.

2. The motion of C2H6O2 base nanofluid is found smaller than H2O base nanofluid because
the viscosity of base fluid influences the Brownian movement of the nanoparticles.

3. Elongatednanoparticles insidewaterandC2H6O2 likecylinderandplatelet shapeshavesmaller
motion as assimilated to blade andbrick shapes of nanoparticles because of greater viscosity.

4. The motion of the nanofluid decreases with the enhancement of magnetic parameter
because of the increase of the resistive type drag force that has the tendency to reduce the
motion of the nanofluids.

5. The motion of the nanofluid also decreases with the increases of thermal Grashof number.
The increase of Gr increases the temperature of nanofluids, which governs to an increase
in the upward buoyancy force. Therefore, the motion in nanofluids increases with increas-
ing Gr because of the increment of buoyancy force.
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Nomenclature

Roman letters

a, b Constants depend on shape of nanoparticles

B0 Applied magnetic field

B0 Magnitude of applied magnetic field

B Total magnetic field

b Induced magnetic field

ðcpÞs Heat capacity of solid nanoparticles

ðcpÞf Heat capacity of base fluids
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Roman letters

ðcpÞnf Heat capacity of nanofluids

D Rate of strain tensor

dp Diameter of solid nanoparticles

E Total electric field

e Internal energy per unit volume

exp Exponential function

F Force

f Function of temperature and volume fraction, etc.

Gr Thermal Grashof number

g Gravitational acceleration

Hð:Þ Heaviside function

H Total momentum of the system

I Identity tensor

i Cartesian unit vector in the x-direction

J Current density

J ·B Lorentz force

j Cartesian unit vector in the y-direction

K Dimensionless permeability parameter

ks Thermal conductivity of solid nanoparticles

kf Thermal conductivity of base fluids

knf Thermal conductivity of nanofluids

kb Boltzmann constant

k Cartesian unit vector in the z-direction

M Magnetic parameter

m Mass of the flow of fluids

N Radiation parameter

Nu Nusselt number

n Empirical shape factors

p Pressure

ph Hydrostatic pressure

pd Dynamic pressure

Pe Peclet number

Q Heat generation parameter

Radiant flux vector

qr Magnitude of radiant heat flux

q} Heat conduction per unit area

q} Magnitude of heat conduction per unit area
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Roman letters

Re Reynolds number

rc Radius of gyration

S Surface of the control volume

T Cauchy stress tensor

T Temperature

t Time

u Velocity in x-direction

U0 Reference velocity

∇V Dyadic tensor

V Velocity vector field

V Control volume

V Magnitude of velocity

v0 Constant velocity in y-direction

W Work done

Greek letters

ρs Density of solid nanoparticles

ρf Density of base fluids

ρnf Density of nanofluids

βs Volumetric coefficient of thermal expansion of solid nanoparticles

βf Volumetric coefficient of thermal expansion of base fluids.

βnf Volumetric coefficient of thermal expansion of nanofluids

μs Dynamic viscosity of solid nanoparticles

μf Dynamic viscosity of base fluids

μnf Dynamic viscosity of solid nanofluids

β Modeling function

ϕ Volume fraction of solid nanoparticles

Ψ Sphericity

ω Oscillating parameter

ε Perturbed parameter

λ Williamson parameter

α0 Mean absorption coefficient

σnf Electrical conductivity of nanofluids

μm Magnetic permeability

∇ Delta function

τ1 Skin friction

τ Viscous stress tensor
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containing the solid nanometer-sized particle dispersion are called “nanofluids.” At 

first, nanofluid heat and mass transfer over a stretching sheet are provided with 
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and heat transfer in the presence of magnetic field are investigated. Furthermore, 
applications for electrical and biomedical engineering are provided. Besides, 

applications of nanofluid in internal combustion engine are provided.
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