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Preface

In this book, various aspects of microfluidics and nanofluidics are presented. Microfluidics
and nanofluidics span a broad array of disciplines including mechanical, materials, and elec‐
trical engineering, surface science, chemistry, physics, and biology. In Chapter 1, the science
and phenomena that become important when fluid flow is confined in microfluidic channels
are discussed. In the second chapter, applications of nanofluid for thermal management of
photovoltaic modules are reported. In the third chapter, nanofluid minimum quantity lubri‐
cation cooling (NMQLC) technique is summarized first; then a review on the mechanism of
grinding thermodynamics under NMQLC condition is presented based on published litera‐
tures. In Chapter 4, each mechanism is presented in brief yet concise manner, for broad range
of readers, which serves as a strong foundation for amateurs as well as a brainstorming
source for experts, by description of: from the fundamental mechanism that underlies the
phenomenon, covering the theoretical and schematic description; how the response is being
tuned; and utmost practical, the understanding by specific implementation into bioparticle
manipulation covering from micron-sized material down to molecular-level particles. Chap‐
ter 5 deals with transport and interactions of colloidal particles, and biomolecules in micro‐
channels are of great importance to many microfluidic applications, such as drug delivery in
life science, microchannel heat exchangers in electronic cooling and food processing industry.
Chapter 6 aims to review and discuss the fluid flow behavior of the multiphase system, math‐
ematical models, as well as the fundamental phenomena of driving force of microdroplet
encapsulation and fission multiphase system. Chapter 7 presents the recent progress and ap‐
plications of nanofluids in machining processes as well as some initial researches about mi‐
crofluids. Nanofluids provide an excellent media in cutting zone for enhancing the thermal
conductivity and tribological characteristics. Precisely addressed (DNA gene) spray micro‐
fluidic chip is investigated in Chapter 8. Chapter 9 aims to focus on a detailed description of
the thermal transport behavior, challenges and implications that involve the development
and use of HTFs under the influence of atomistic-scale structures and industrial applications.
Heat and mass transfer analysis in magnetite molybdenum disulfide nanofluid of grade two
is studied in Chapter 10. Chapter 11 deals with heat transfer enhancement as well as the pres‐
sure drop augmentation to determine whether nanofluid is feasible for use in practical appli‐
cations. Chapter 12 presents an overview of the biofouling in membrane processes and
different fabrication techniques of microfluidic membrane systems.

Mohsen Sheikholeslami Kandelousi (M. Sheikholeslami)
Department of Mechanical Engineering

Babol Noshirvani University of Technology
Babol, Islamic Republic of Iran
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Abstract

The science and phenomena that become important when fluid-flow is confined in micro-
fluidic channels are initially discussed. Then, technologies for channel fabrication (rang-
ing from photolithography and chemical etching, to imprinting, and to 3D-printing) are 
reviewed. The reference list is extensive and (within each topic) it is arranged chronologi-
cally. Examples (with emphasis on those from the authors’ laboratory) are highlighted. 
Among them, they involve plasma miniaturization via microplasma formation inside 
micro-fluidic (and in some cases millifluidic) channels fabricated on 2D and 3D-chips. 
Questions addressed include: How small plasmas can be made? What defines their fun-
damental size-limit? How small analytical plasmas should be made? And what is their 
ignition voltage? The discussion then continues with the science, technology and appli-
cations of nanofluidics. The conclusions include predictions on potential future devel-
opment of portable instruments employing either micro or nanofluidic channels. Such 
portable (or mobile) instruments are expected to be controlled by a smartphone; to have 
(some) energy autonomy; to employ Artificial Intelligence and Deep Learning, and to 
have wireless connectivity for their inclusion in the Internet-of-Things (IoT). In essence, 
those that can be used for chemical analysis in the field for “bringing part of the lab to the 
sample” types of applications.

Keywords: microfluidics, nanofluidics, wet chemical etching, embossing, polymeric 
substrates, 3D printing, rapid prototyping, microplasmas, portability, postage stamp 
sized 2D-chips, 3D-chips, Lab-on-a-chip, MEMS, NEMS
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1. Science, technology and advantages of microfluidics

As is the case in many fields of scientific research, the field of microfluidics has three main 
components: a science, a technology and an applications component.

For microfluidics, a common thread between all of these components is that they are micro-
sized, so size will be briefly discussed first. The dimensions shown in Figure 1 are approxi-
mate because size of naturally-occurring objects (and of some manufactured-things) varies, 
for example the diameter of a human hair is between 50 and 100 μm; the diameter of the tip 
of a rollerball pen is between fine, medium and bold (e.g., between 0.5 and 0.7 mm); and of 
a 1 cent coin with its diameter varying slightly depending on the jurisdiction the penny was 
minted (typically around 20 mm or somewhat more).

1.1. Microfluidics as a science

Microfluidics has been defined [1–17] as the study of the behavior of fluids (or whatever is in 
them, e.g., colloids, discrete nanoparticles or individual cells), in micro or in sub-millimeter 
channels or around microstructures. Although microchannels can be relatively long (e.g., sev-
eral 10’s of mm), they are still called microchannels as long as one critical dimension (e.g., 
channel-width or channel-depth or tube radius) is in the micro scale. Microfluidic channels 
can be used for example to confine or to guide or to mix or to manipulate fluids.

• The science of scaling as applied to microfluidics: a number of physical properties of 
fluids change as size gets smaller [1–47], to quote “smaller brings new capability” [31]. These 
changes are often non-linear and have been discussed in books [1–17] and in journal papers 
[18–29]. A non-exhaustive list of size-dependent phenomena and effects is outlined below.

Figure 1. Examples of an approximate scale of things. The boundaries between micro and nanofluidics and between 
micro and millifluidics are fuzzy. In many cases, the strict definition adopted by the National Science Foundation (NSF) 
of the US for nano as anything with one critical dimension ≤100 nm is not strictly adhered to, thus there is a gap between 
100 nm and 1 μm. Similar arguments apply to the NSF definition for micro (defined as one with a critical dimension 
between 1 and 100 μm). In many cases, the micro-scale is arbitrarily widened to ~1 mm and sometimes slightly more. The 
term millifluidics has recently been used for channels (or structures) with one critical dimension of a few mm.

Microfluidics and Nanofluidics2

• The length-cube relationship: the geometrical scale of length varies linearly but volume 
varies as length-to-the-power-of-three. As a consequence, volume changes rapidly as length 
decreases. Typical volumes of fluids in microfluidic channels range between nano-liter (nL) 
and femtoliter (fL). At the μm-scale, some properties of fluids change (as compared to a 
mesoscale, arbitrarily defined as the intermediate scale between the micro-scale and the 
macro-scale). Example properties that dominate at a micro-scale and that are different than 
those observed at the meso and macroscales include dominance of laminar-flow, diffusion-
dominated mixing and capillary action. To highlight one such effect, a counter-intuitive  
example (from an every-day scale point of view) involves two parallel-flowing fluid-streams 
that come into contact in a microchannel. Since there are no eddy currents or turbulence (due 
to laminar flow), the only mixing that occurs is a result of slow-occurring diffusion at the 
interface between the two fluid-flows. Since there is no bulk mixing, mixture-separations 
in microchannels are faster and have shorter separation times.

• The square-cube law: states that volume increases faster than surface area. In microfluidics, 
fluid-flows in microchannels are influenced or controlled or are a function of surface area 
(e.g., surface tension) while others (e.g., weight) are a function of volume. Typically, in micro-
fluidics there are no gravity effects but dominance of surface tension and of interface effects.

• Examples of other phenomena influenced by size and expressed by dimensionless num-
bers: these include laminar flow expressed by the Reynolds number; surface tension ex-
pressed by the Bond number; transient thermal effects expressed by the Fourier number; 
viscous heating by the Brinkman number; and fluid compressibility by the Mach number.

• As a result of channel-size, microfluidics enables one to probe individually whatever it is in 
a fluid constrained in a microchannel (e.g., a single cell), thus providing additional avenues 
for scientific inquiry and discovery (important especially in the bio-analytical sciences).

Overall, the relevant literature [1–47] describes efforts at exploring and understanding the 
Physics of flow-related phenomena. Developments enabled by microfluidics will be highlighted 
in this chapter, with emphasis on ionized gases (e.g., Paschen’s law for electrical gas break-
down; plasma sheaths and the Debye length) as applied to microplasmas formed inside fluidic 
channels.

1.2. Microfluidics as a technology

Microfluidics refers to a variety of approaches that enable exploitation of the phenomena men-
tioned above by fabricating microfluidic channels on a variety of substrates. For instance, on 
crystalline Silicon (of c-Si) wafers, on amorphous glass or on polymeric substrates. Due to the 
advantages of confining flow in microfluidic channels, several fabrication technologies have 
been developed and tested and will be briefly reviewed. These technologies are often collectively 
called micro Total Analysis Systems (μTAS) or Lab-on-a-Chip (LoC) or Micro Electro Mechanical 
Systems (MEMS). Microfluidics or whatever acronym is used to describe it, has attracted sig-
nificant attention in books [1–17] and in journals [18–29]. While in the topic of publications, 
older references have been purposely included in this chapter followed by some recent publi-
cations. Where possible, the citations in the reference list have been grouped either according  
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channels.

1.2. Microfluidics as a technology
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tioned above by fabricating microfluidic channels on a variety of substrates. For instance, on 
crystalline Silicon (of c-Si) wafers, on amorphous glass or on polymeric substrates. Due to the 
advantages of confining flow in microfluidic channels, several fabrication technologies have 
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to fabrication technology or according to the type of substrate used (e.g., c-Si, amorphous, 
 polymeric) or according to application. Within each technology, the reference list has been sorted 
out chronologically to help interested readers follow the origin and evolution of ideas and tech-
nologies. Despite of the relatively large number of references included, this is not a comprehen-
sive review. The reference list simply offers starting points. Getting back to the main theme, the 
question still remains: why does microfluidics continue to receive increased attention? What are 
the advantages of using microfluidics, especially for chemical analysis applications?

1.3. Advantages and selected applications of microfluidics

The science and technology mentioned above are widely exploited and applied to give micro-
fluidics a host of advantages. A brief list includes use of small volumes of sample and reagents 
(thus reducing cost per analysis and minimizing waste disposal); rapid sample processing; 
potential for automation (thus reducing cost); reduced risk of contamination; short analysis 
time (e.g., by increasing speed of separations); small footprint and light-weight thus enabling 
development of future portable microfluidic-based, portable micro-instruments that can be 
employed on-site or for personal use or for personal dosimetry; potential for massive parallel-
ism (for high sample throughput); and overall, lower ownership and operating costs (vis-à-vis 
conventional, lab-sized systems). Application areas (to name but a few), include analytical 
chemistry, synthetic chemistry (including nanomaterials synthesis), microbiology, biotechnol-
ogy, point-of-care diagnostics, drug delivery, immunoassays and medicine, health- monitoring 
and health-diagnostics, agriculture, food safety and environmental monitoring [30–47].

2. Technology for fabrication of microfluidic channels

2.1. Fabrication using either crystalline Si (c-Si) or other substrates

Microchannel fabrication technology has been borrowed from the semiconductor industry. 
Initially, bulk micromachining [1–17, 48–51] was employed on crystalline Si (c-Si) substrates 
and on amorphous glass. To use it, a photolithographically patterned wafer was dipped into a 
chemical etching solution to etch-away (or subtract) material from the substrate, thus forming 
microchannels of desired geometry. This method is often referred to as wet chemical  etching  
[48–51]. Inadequate control of channel depth (resulting unevenly etched channels) due to 
spatial etch-rate variations and to pyramid formation when crystalline-Si (c-Si) substrates and 
deep microchannels were etched are two key disadvantages. In contrast, surface  micromachining 
[52–54] involves repetitive patterning, thin layer deposition and selective etching of sacrificial 
layers. The challenge here stems from the many photolithography steps involved and from 
the precautions required so that previously deposited layers are not damaged.

We used (as far back as the 1990’s) cleanroom-based photolithography, bulk micromachin-
ing and wet chemical etching [48–51] to fabricate shallow-depth microchannels (with rela-
tively low width-to-depth aspect ratio). This approach is often referred to as 2D sculpting 
of Manhattan-like structures and it offers a planar, 2D- rather than a 3D-perspective. Some 
examples will be briefly discussed later.

Microfluidics and Nanofluidics4

For completeness, other methods of microchannel fabrication on inorganic substrates (either 
crystalline or amorphous) have been described. A short list includes laser machining [55–
58]; lithographie galvanoformung adformung (LIGA) or lithography electroplating molding 
[59–61] which is well suited for fabrication of high aspect ratio channels; deep reactive ion 
etching (DRIE) [62–65] often used for fabrication of microchannels with a high aspect ratio; 
and, SU-8 (an epoxy-based negative photoresist) and its variants such as SU-8 series 2000 and 
SU-8 Series 3000) [66–68].

Technologies involving polymeric substrates [69–83] include replication via imprinting [69–73] 
or embossing [74–76]. Polymeric substrates are selected due to their bio-compatibility or to 
reduce cost of ownership. Examples will be shown later. The terms disposable or recyclable 
microfluidic devices is often used for microfluidic channels on polymeric substrates. Soft 
lithography [77–83] (defined as a collection of fabrication techniques for replication of micro-
channels) is a technology that does not require access to a clean room. It is called soft because 
it uses soft and flexible (primarily) elastomeric materials such as poly di methyl siloxane 
(PDMS) and often cyclic olefin copolymer (COC).

There are other techniques that are rather difficult to classify either according to fabrica-
tion technology or according substrate. Despite of being brief, the list includes droplet 
microfluidics [84–89], in which discrete droplets or small volumes of immiscible liquids 
are guided through microchannels. In the early literature, this approach was often called 
digital microfluidics. As it is known now, digital microfluidics [90–95] is an outgrowth of 
electrowetting [90, 92] and it involves use of discrete droplets on arrays of electrodes, with 
individual droplets manipulated by electrical means. The list also includes centrifugal  
microfluidics [96–101], a technique that enables micro-flow manipulation by using rota-
tional forces (e.g., Coriolis) obtained by spinning a CD on top of which there are micro-
fluidic channels. This technique is often called “lab on a CD”. It also includes paper 
microfluidics [102–108], a technique that uses paper for development of microfluidic 
approaches intended for use in resource limited situations (e.g., remote geographical areas 
or resource-limited locations).

Rapid prototyping via 3D-printing [109–122] involves both a technology (e.g., a 3D printer) 
and a materials platform (e.g., a polymer) for formation (primarily) of mill-sized fluidic (and 
recently) micro-sized channels [115, 117, 120]. An example of 3D printing will be discussed 
later in this chapter.

2.2. Fabrication technology examples

To highlight substrate-dependence of fabrication, the fabrication steps required for micro-
channels on c-Si and on amorphous glass or quartz substrates are compared and contrasted 
in Figure 2. It should be noted that depending on crystallographic orientation of the substrate 
and of the chemical cocktail used in the etching solution, isotropic or anisotropic etching may 
be obtained [48–51].

Example 1: Planar 2D-chips and wet chemical etching for fabrication of microchannels on 
crystalline and amorphous substrates (Figure 2).
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For completeness, an example of wet chemically etched microchannels on glass is shown in 
Figure 3.

The quality of the etched microchannels depended on the composition of the etching solu-
tion and on the geometric-primitives that were used to define the channels. To enclose the 
microchannel of Figure 3, a cover plate was used (but is not shown in Figure 3). Depending 
on the required optical transparency, a UV-transparent quartz cover plate was employed for 
most of the work described here. Furthermore, depending on the substrate (e.g., c-Si or glass), 
a variety of bonding methods can be employed [2–17].

Despite of the ability to fabricate low aspect ratio microchannels, wet chemical etching has 
shortcomings arising from costs, from limited access by many to photolithography and to 
cleanrooms, and from time-delays between mask-design (Figure 3b) and receipt of finished 
prototype (e.g., Figure 3a). At present, access to cleanrooms is not required because microflu-
idic chips can now be ordered from specialized foundries. In spite of this, there are still costs 

Figure 2. Simplified steps used for fabrication of microchannels on a) a c-Si wafer as a substrate and on b), a wafer made 
from an amorphous material (abbreviated as a-wafer-above, such as glass).
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and time-delays involved. There is another limitation if microchannels are to be used with bio-
logical samples, because many biosamples adhere to substrates. Thus, functionalized surfaces 
or microfluidic channels on polymeric substrates are preferred.

Example 2. Imprinting microchannels on planar polymeric 2D-chips. 2D-microchannel fab-
rication on polymeric substrates is one way of overcoming some of the limitations mentioned 
above. But polymers may contain additives, fillers or plasticizers that may contaminate the 
samples, and they may display auto-fluorescence. As for fabrication (Figure 4), it may be 
achieved by using Si-stamp imprinting (Figure 4) or by imprinting (by pressing) a wire on a 
substrate [69] (Figure 5). In the example shown in Figure 4, a c-Si stamp (or master or hard 
mold) was developed and was employed for replication by imprinting.

Figure 3. (a) Part of a 14.5 mm by 25.6 mm chip of an etched microfluidic channel on corning 7059 glass with the 
photoresist removed and (for clarity) without a cover plate. Also omitted are pipette-tips used as sample reservoirs that 
are attached to the sample well. A coin was included for size. (b) Part of a Mylar mask used for photo-lithography. (c) 
Part of a washed meandering microchannel shown under 10x magnification and (d) shown under 60-fold magnification. 
(e) an unwashed microchannel immediately after etching showing etching by-products inside the microchannels, thus 
requiring their removal. (f) a sample-well and a washed microchannel showing the quality of etching, in particular for 
the round sample-well. For (d), (e) and (f) the photoresist was not removed to provide contrast for the photographs.
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Figure 4. (a) Mask; (b) mask on c-Si chip, coin has been added for size; (c) chemically etched c-Si chip (serving as a 
stamp), the meandering pattern is protruding from the surface of the chip; (d) imprint generated by pressing the stamp 
and the polymeric chip together by placing them in a hydraulic press and by applying pressure at room temperature; (e) 
imprinted sample-well on a polymer chip shown under magnification; and (f), part of an imprinted meandering channel 
shown under magnification. For (d) and (e) and (f) different polymeric materials were used.

Figure 5. (a) Imprinted channel on a polymeric chip (60x magnification), (b) sample-well (60x magnification) and (c) 
Venturi micropump with no moving parts and no electrical power requirements fabricated by imprinting (coin included 
for size) [73].

Microfluidics and Nanofluidics8

Example 3: 3D-printed, milli-sized fluidic channels on polymeric materials for hybrid  
3D chips. 3D printing technology [109–122] using polymeric materials is receiving attention 
for rapid prototyping [109] including fabrication of mm channels (often called millifluid-
ics) and more recently for sub-mm channels (using specialized printers) [120, 121]. We used 
3D-printing due to reduced fabrication and ownership costs and due to quick turn-around 
times (often from concept to prototype in hours). A simple, hybrid, 3D-printed 3D-chip con-
taining a millifluidic channel is shown in Figure 6. The word hybrid was used because the two 
needle electrodes and the quartz cover plate were not 3D-printed.

In my laboratory, some of the fabrication technologies discussed thus far have been used 
to constrain plasmas in microfluidic or in millifluidic channels. But why plasmas and why 
microplasmas?

3. Why plasmas?

There are four states of matter: gases, liquids, solids and plasmas [123–131]. To generalize, 
atmospheric pressure plasmas are ionized gases that are either hot or cold (about room tem-
perature or somewhat above it). Plasmas occur in nature, for example those found in inter-stel-
lar space, in the ionosphere, in auroras and in lightening. There are also artificially-generated 
plasmas that are being used in many every-day-life applications. Neon signs and fluorescent 
lights in which low-pressure plasmas are formed either in Neon (Ne) gas or in Argon (Ar) 
gas) are two such examples. Other examples include plasmas employed for device fabrication 
by the semiconductor industry or for materials synthesis in nanoscience and nanotechnology 
[129–131]. It has been estimated that over 50% of whatever goes inside any electronic device 
(e.g., a tablet, a smartphone, TV) is fabricated using a low-pressure plasma.

Conventional-scale (or lab-scale) atmospheric pressure plasmas are widely used in chemi-
cal analysis, primarily in the form of atmospheric-pressure, 6000–10,000 K hot Inductively 
Coupled Plasmas or ICPs [132]. Due to their size and weight (e.g., in the few 100’s of pounds), 

Figure 6. Sugar cube-sized, 3D-printed hybrid-chip with a millifluidic channel to be fitted with a quartz cover plate 
(selected for UV transparency). A sample introduction system is also shown and it has been included to provide an 
overall size for this “critical” component of a potential future micro-instrument. An actual sugar-cube (~1 cm by ~1 cm) 
has been included for scale comparisons.
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their gas consumption (e.g., ~20 L/min), their power usage (e.g., 1–2 kW) and their need for 
cooling, ICPs are primarily used in a lab.

3.1. Some fundamental aspects of plasma science

A plasma is an ionized gas [123–131]. The term plasma was coined by Langmuir in the 1920’s 
and it is derived from the ancient Greek word πλάσμα (plasma), freely translated to something 
“moldable”. A plasma consists of ions (with ion number density ni) and electrons (with an elec-
tron number density ne), and on the average it is quasi-neutral, and for singly ionized gases 
ne≈ni. Thus, a prerequisite for plasma formation is ionization. Singly-charge ionization (in the 
form of ion-electron pair formation) is done by detaching an electron from a neutral gaseous 
atom or molecule. Although there are other ways of detaching an electron (e.g., thermally), 
one way doing it is by placing a gas between two electrodes and by applying an electric field 
with a sufficiently field-strength to ionize the gas (Figure 7), thus forming an electrical gas dis-
charge. Because neutral gaseous atoms or molecules (ordinarily insulators) become ion-electron 
pairs, they also become (partial) conductors. Partial because to an approximation, conductivity 
depends on the degree of ionization (this is important for weakly ionized plasmas).

To obtain electrical gas breakdown, the dielectric strength of the gas must be exceeded. The 
dielectric strength is the maximum electric field-strength (in V/m) an insulating gas can endure 
without breaking down into ions and electrons. If there is a sufficiently large field-strength, 
breakdown of the dielectric strength will cause formation of (typically) a low- current spark 
(i.e., a momentary electrical discharge, an example is electrostatic discharge from static elec-
tricity), or formation of a continuous electric-arc requiring continuous application of an elec-
tric field from an external power supply (Figure 7) capable of providing high-current (often 
in the Amp range). Arcs find applicability in welding of metals.

Conditions for sustaining continuous plasma operation: Following gas breakdown, there 
must be continuous application of external power to sustain a plasma. Other criteria include 
an electrode distance d that must be > > λD and that neλ3

D must be > > 1 (this is easy to satisfy 

Figure 7. Ideal plasma formed in a gas-tight and pressure-controlled enclosure. The plasma is formed between two 
conducting plates or electrodes positioned at a distance (or gap) d from each other. For dc operation, pertinent literature 
should be consulted [124].
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for the plasmas of interest to this work), where λD is the Debye length [133–137]. These will be 
briefly discussed later in this section.

For microplasmas formed inside fluidic microchannels, in addition to gas breakdown 
and to continuous application of power, a microplasma must be formed in a constrained 
microchannel.

3.2. Scaling of lab-size, ambient-pressure plasmas to microplasmas

Arbitrarily defined, microplasmas are those with one critical dimension in the micro-meter (μm) 
or in the sub-milli-meter regime [138, 139]. The words “critical dimension” (i.e., one dimension  
such as channel depth or width or radius) are important here: an atmospheric pressure micro-
plasma in a microfluidic channel can range in length from μm to a 10’s of mm, as long as its 
critical dimension fits the definition above. But as the critical dimension is reduced to sub-
mm and depending on operating conditions, atmospheric pressure plasmas transition from 
thermal and 10,000°C hot (e.g., lab-scale ICP [132]) to non-thermal and cold [133–139] (e.g., 
microplasmas). They also transition from equilibrium to non-equilibrium (to an approxima-
tion, to those with gas temperature Tg << Te (electron T). There are scientific implications due 
to these transitions (e.g., for nanomaterials synthesis) and for excitation mechanisms (e.g., for 
chemical analysis). In terms of technology-implications, cold plasmas enable use of inexpen-
sive polymeric substrates that do not melt because microplasmas are cold and they do not 
require cooling; and they allow use of inexpensive 3D printing technology for fabrication.

Why miniaturize atmospheric-pressure plasmas? Operation at (or near) atmospheric-pressure is 
preferred because it obviates the need for heavy-weight and power-consuming vacuum pumps. 
By reducing weight and power consumption, atmospheric-pressure operation enables micro-
plasma portability for chemical analysis on-site (i.e., in the field). By bringing a microplasma-based 
instrument to the field, microplasmas are expected to cause a paradigm shift in classical chemical 
analysis in which samples are collected in the field and are brought to a lab for analysis [140–148].

Due to plasma miniaturization, a number of questions arise. For example, how small can 
microplasmas be made? And, how small analytical microplasmas should be made? From a 
technology perspective, what is the minimum voltage required to ignite and sustain a micro-
plasma? Would substrates tolerate the required high voltage? And, what is the preferred fab-
rication technology?

3.3. How small atmospheric-pressure microplasmas can be made?

A plasma (Figure 7, regardless of its size) consists of two plasma sheaths (located in the vicin-
ity of two electrodes bathed in a gas-of-interest in a gas-tight container) and a bulk plasma 
[133–137]. Shielding (or damping or screening) of the electric field arises from the presence 
of charged species in the plasma and from the unequal mobility of ions and electrons in the 
vicinity of the electrodes. Inside the plasma sheath, macroscopic electrical neutrality is likely 
not maintained. But outside of it (labeled bulk plasma in Figure 7), macroscopic neutrality is 
maintained and (time-averaged) electron and ion fluxes are roughly equal. Thus (on a time-
average and per unit-volume), ne≈ni (for singly charged species). The distance (or thickness) a 
sheath screens electric fields is called the Debye length (λD), given by Eq. 1.
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for the plasmas of interest to this work), where λD is the Debye length [133–137]. These will be 
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where k is the Boltzmann constant, T is the electron temperature, ε0 is the permeability in 
vacuum, ne is the electron number density and e is the charge of an electron.

To generalize, a key assumption is that sheath thickness is about the same magnitude as the 
Debye length. A few, what-if type thought-experiments will be used to obtain an indication 
on how λD changes as T and ne vary. For example, for an atmospheric pressure plasma when 
T = 10,000 K (with 1 eV = 11,600 K) and ne = 1016 m−3, then   λ  

D
   =  110 μm. But when T = 5000 K and 

assuming that there is no thermal ionization (thus the degree of ionization is constant and the 
same as in the example above) with ne = 1016 m−3, then   λ  

D
   =  80 μm. For less than atmospheric 

pressure operation and assuming that ne = 5 x 1014 m−3 and (for simplicity, assuming that the 
degree of ionization is unchanged) and that T = 5000 K, then   λ  

D
   =  350 μm. Because plasmas 

cannot be made smaller than their boundary layers (per conditions outlined in Section 3.1), 
plasma sheaths (and Debye length) set a fundamental limit as to how small the inter-electrode 
distance d (Figure 7) can become, in other words, how small a microplasma can be made.

Since inter-electrode distance d must be >> λD, and for the example with λD = 110 μm and for 
a two-electrode operation, then the microplasma must be larger (or much larger) than 2 times 
λD or (for this example) it must be >> 220 μm). As d becomes ~2 times the length of the sheath, 
the sheath-bulk plasma structure must disappear and thus the plasma must become devoid of 
a bulk plasma (Figure 7), that is to become a sheath-only plasma. But in a strict interpretation 
of the definition of a plasma, can such an ionized gas still be called a “plasma” [134]? There are 
published reports of microplasmas formed in constrained cavities that are smaller than 10 μm 
by 10 μm [133–137]. This has been explained by considering that sheath-thickness scales as 
inter-electrode distance decreases. Several open-ended questions in this research area still 
remain unanswered for instance, would microplasmas the size of 10’s of μm be useful for 
chemical analysis? To obtain insights, perhaps this question must be re-phrased to read “how 
small analytical, atmospheric pressure microplasmas should be made”?

3.4. How small analytical, ambient-pressure plasmas should be made?

There are two answers to this question. One is that microchannels can be 10’s of mm long 
([48–51] and cited literature). Since there does not seem to be a fundamental reason why 
microplasmas should be constrained in μm-size cavities, microplasmas can occupy part of 
mm-long microchannels (Figure 8). Therefore, such microplasmas are not limited by Debye 
length or by plasma sheaths.

The other answer involves residence time of an analyte in a microplasma (analyte = the 
chemical species of interest in a sample to be used for chemical analysis). Residence time 
(important in elemental chemical analysis) is defined as the time an analyte resides in, or is in 
contact with or it interacts with a microplasma. In general, as microplasma length (dictated 
by the inter-electrode distance or gap) decreases, so does residence time. But as residence 
time decreases, so does signal intensity from an analyte introduced into a microplasma. This 
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is mainly due to a reduced interaction-time between an analyte and a microplasma. Thus, 
from an elemental analysis viewpoint, decreasing the length of a microplasma (e.g., by fab-
ricating microplasmas in μm cavities) may not necessarily be beneficial in terms of signal 
intensity. This is significant because as signal intensity worsens, signal-to-noise ratio (SNR) 
degrades, thus degrading the detection limit (defined as the minimum amount or concen-
tration that can be detected with a stated statistical confidence). The detection limit is a key 
figure of merit in chemical analysis. From the foregoing it can be concluded that mm-long 
microplasmas formed inside microfluidic channels (e.g., Figure 8) will likely be beneficial for 
elemental chemical analysis.

3.5. Igniting and sustaining a microplasma at atmospheric pressure

Conceptually, there are two steps involved in forming and sustaining a continuously- 
operated atmospheric-pressure microplasma. For instance, a microplasma must be first 
initiated (or “ignited”) and then it must be sustained. The minimum “ignition” (or spark-
ing) voltage (Vb) for which the entire discharge gap is fully formed (often called “bridged”) 
when a uniform electric field is applied between two flat electrodes at a distance or gap 
(d) immersed in a gas of interest under pressure (p) can be determined using Paschen’s 
law (Eq. 2).

   V  b   =   
Bpd
 _____________ 

In [  
Apd

 ___________ In  (1 / γ)   ] 
    (2)

A and B are constants that depend on the properties of the gas in which the electrodes are 
immersed in (not accounting for any ionization due to background radiation). The values of 
A and B are either determined experimentally or they are calculated from literature values 
[139]. The coefficient γ (also known as Townsend’s coefficient) incorporates properties of the 

Figure 8. (a) Simplified diagram of a microplasma and (b) microplasma formed at the end of a needle electrode (OD: 
470 μm, ID: 130 μm) inside a microfluidic channel on a microfluidic chip. A Canadian 1 cent coin (about the same 
diameter as that of a US one-cent coin, or UK’s one-pence, or a one-cent euro) has been included for size.
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electrode material (e.g., work function) and it assumes that gas breakdown is predominantly 
a function of electron emission from the electrodes. In short, the two key variables in this 
equation are pressure (p) and inter-electrode distance (d). The product of p times d is often 
called “pd scaling.” An example of a Paschen curve is shown in Figure 9.

Paschen’s law applies to electrical discharges formed at low-pressures. In high-vacuum or 
at high pressures (e.g., atmospheric), Paschen’s law fails ([139] and references herein). There 
are also deviations from the behavior predicted by Eq. 2 when kHz or MHz ac voltages 
are used or when μm inter-electrode distances (or gaps d) are employed [139]. Undeniably, 
there are limits to applicability of Paschen’s law. Despite of these limitations, Paschen’s law 
(presumably, the only choice) can be used to obtain rough estimates of the magnitude of the 
voltage required to ignite (or initiate) an atmospheric pressure plasma. Thus it can be used 
as an aid in the design of appropriate power supplies. For instance, when the electrodes are 
made from Iron (Fe) and the inter-electrode distance d is 2.8 mm, and the discharge gas is 
Argon (Ar) at (or near) atmospheric pressure, the minimum voltage (Vb) required for gas 
breakdown (or for microplasma ignition) is about 6000 V. As the inter-electrode distance d 
decreases from 2.8 to 1 mm (and by keeping all else constant), Vb drops to about 2400 V, and 
when d further decreases to 0.5 mm, Vb drops to about 1400 V. It should be emphasized that 
gas breakdown at the minimum voltage Vb is not always necessary and that (once ignited), to 
sustain a microplasma lower voltages are typically required. An example is the ballast used 
in fluorescent lights.

4. Microplasma formation inside fluidic channels

The key idea behind microplasma miniaturization [138] is to obtain analytical performance 
about equal to that of lab-scale ICP-optical emission spectrometry (ICP-OES) systems [132] 
but by using self-igniting, low-power, low-cost, small-size, light-weight, continuous-flow and 
low gas-consumption (e.g., 250 mL/min) atmospheric-pressure microplasmas. The expecta-
tion is that such microplasmas can be used for “taking part of the lab to the sample” types of 
applications [140–142].

Figure 9. Paschen curve for argon gas and for a 2.8 mm inter-electrode gap (d) as a function of pd.
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Based on these ideas, we fabricated and tested a variety of battery-operated, atmospheric 
pressure, self-igniting, mm-length microplasmas in fluidic channels [143–156]. Due to their 
mm-length, plasma sheath and Debye length are not of a concern. In addition to being “cold”, 
their high surface area-to-volume ratio further facilitates heat dissipation, thus facilitating use 
of polymeric substrates and 3D-printing fabrication methods. Example microplasmas fabri-
cated in a variety of substrates will be discussed next.

4.1. Microplasmas in fluidic channels on amorphous substrates

For microplasmas formed inside a microfluidic channel on a chip, a dual substrate approach 
was used (Figure 10). Briefly, cleanroom-technologies (Figure 2) were employed to define  
and to sputter-deposit Au electrodes E1 and E2 (Figure 10a). Holes were drilled for the inlet and 
the outlet. On the bottom wafer, a chemically etched microchannel was formed. The top and 
bottom wafers (Figure 10a and b) were aligned so that the central part of the etched channel 
matched the protruding part of electrodes E1 and E2. Then the wafers were bonded together 
(Figure 10c) [143] and glass-tubes were affixed to the inlet and outlet holes (Figure 10d).  
The inlet was connected to a gas-supply (Ar-3%H2) that was used as the microplasma gas and as 
the sample-introduction carrier-gas. Upon application of electrical power, the microplasma self-
ignited, it was formed between electrodes E1 and E2 and was sustained by continuous applica-
tion of electrical power (~10 W). To avoid electrode breakage, a high-voltage ac [143] was used.

Figure 10. (a) Top chip showing electrodes E1 and E2, (b) bottom chip showing the etched microchannel, (c) the top and 
bottom chips bonded together (the microplasma was formed between electrodes E1 and E2, and (d) an “angle” view of 
the two bonded chips.
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4.2. Postage stamp-sized microplasmas on polymeric substrates

To reduce ownership, operation and fabrication costs, we developed and evaluated a vari-
ety of microplasmas on polymeric substrates (e.g., Figures 11 and 12) [144–146]. Although 
a critical microplasma dimension was in μm-meter regime (Figure 11), these microplasmas 
were formed inside millifluidic channels (e.g., ~2 mm wide). This was done for rapid pro-
totyping [109] and to avoid accidental contact of the microplasma with the channel-walls  

Figure 11. (a) Postage stamp-sized polymeric 3D-chips and (b) microplasma formed between electrodes E1 and E2. 
Depending on operating conditions, microplasmas with diameters of (b) ~750 μm, (c) ~400 μm and (d) ~200 μm were 
formed. A 1 cent coin was included for size, the microplasma fit inside the letter a of the coin.

Figure 12. 3D printed microplasma on a hybrid 3D-chip formed between electrodes E1 and E2 (coin has been included 
for size, the microplasma fit inside the letter a of the 1 cent coin).
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(important during testing). Once prototypes were produced, channel width was never revis-
ited. Although polymeric substrates have high dielectric strength, to address poor transmis-
sion of polymers in the UV, the channels were fitted with a quartz plate (Figure 11b).

4.3. Millifluidic channels in 3D-printed chips for microplasmas

3D-printing [109–122] was accomplished using a 3D-printer (~$1000) to rapidly prototype 
3D-chips in a few hours (or less), thus obviating the need for cleanrooms and lithography. 
We used 3D-printing to fabricate hybrid chips (fitted with a quartz plate and needle elec-
trodes) for microplasma formation in millifluidic channels [146, 147, 149]. An example is 
shown in Figure 12.

5. Nanofluidics

The nanoscale [157–194] is a natural extension of the microscale (Figure 1) and it is defined 
as the science, technology and application of transport phenomena and of fluid-flow in chan-
nels ≤100 nm or around nano-size objects [158, 170]. This is not universally accepted, many 
consider nano-size as anything with one critical dimension ≤1 μm. The range between 100 nm 
and 1 μm is sometimes referred to as “extended nanofluidics” [181]. Nanofluidics is not new, 
although the name is [159, 160].

5.1. The science of nanofluidics

In nanofluidics, size (or scale) is important, likely more so than in microfluidics. For instance, 
at the nano-scale many dimensions of molecules are of similar size as the nano-fluidic chan-
nels that constrain them (Figure 1). A few scientific questions that being addressed include: 
How do properties of individual atoms, ions or molecules, manifest themselves as they are 
confined in spaces (roughly) of their own size? Would quantum effects become important 
[173]? Since pressure is not used to force fluids through nanochannels, should electrokinetic 
flow be preferred? And, as surface-to-volume ratio increases significantly (over microchan-
nels), what is the effect of surface-charge on ions or molecules confined in nanochannels? 
What is the effect of surface roughness on fluid-flow? And, how do surfaces interact with ions 
or molecules so close to them? What are the best surface modification approaches? What is 
the effect of van der Waals forces and of the electric double layer (EDL) at the nm-scale? Some 
questions arising from technology include: how would one introduce very small volumes of 
analytical samples into nanofluidic channels? To facilitate discussion, assume a cylindrical 
nanochannel with 100 nm diameter and 1 μm length. In this case, the volume is 100 atto Liter 
(aL). How would one introduce an aL volume sample into a nanochannel without evapora-
tion of some of the analyte or of the solvent? Due to the infinitesimal volumes used, would 
single atom, ion or molecule measurement techniques be essential? In support of this, it has 
been estimated that in a liquid the volume of a cube with dimensions 100 nm by 100 nm by 
100 nm, there are only ~6 analytes when the concentration of the analyte is 1 μm [160]. Would 
sample separation, pre-concentration and use of highly-sensitive detection techniques (e.g., 
laser induced fluorescence or LIF) become essential?
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Figure 11. (a) Postage stamp-sized polymeric 3D-chips and (b) microplasma formed between electrodes E1 and E2. 
Depending on operating conditions, microplasmas with diameters of (b) ~750 μm, (c) ~400 μm and (d) ~200 μm were 
formed. A 1 cent coin was included for size, the microplasma fit inside the letter a of the coin.

Figure 12. 3D printed microplasma on a hybrid 3D-chip formed between electrodes E1 and E2 (coin has been included 
for size, the microplasma fit inside the letter a of the 1 cent coin).
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(important during testing). Once prototypes were produced, channel width was never revis-
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5.2. Technology for fabrication of nanofluidic channels

According to the National Science Foundation (NSF) in the US and its National Nanotech-
nology Initiative (NNI), nanotechnology involves “the application of scientific knowledge to 
manipulate and control matter in the nanoscale” [158, 170], more or less arbitrarily defined at 
≤100 nm [158, 170]. Nanofluidics often falls under nano electro mechanical systems (NEMS) 
[164, 177–179, 184] typically fabricated using complementary metal oxide semiconductor 
(CMOS) technology [177, 178].

For nanofabrication, many technologies have been described [159–162, 165, 166, 169, 171, 172, 180]. 
Some of them are nano-specific [159, 169] for example, scanning probe lithography (SPL) [161], 
etching using a focused ion beam (FIB) [171] and nanoimprinting [159]. In many cases use of a 
cross-sectional area of a nanochannel is preferred (e.g., 10 nm by 10 nm) rather than aspect ratio. 
Nanofluidic channels can be nanofabricated using either top-down or bottom-up approaches.

Top down methods of fabrication of nanochannels: By analogy to micromachining, these 
fabrication methods include bulk nanomachining; surface nanomachining; and, imprinting 
(as is typical of soft-lithography) [159, 161–165, 169]. A top plate is typically used to cover 
nanochannels but due the nanosize of the channels and unless precautions are taken, chan-
nels may plug-up during bonding.

Bottom up methods of nanostructure formation: in some cases molecules can be “convinced” 
to self-assemble into nanostructures by controlling chemical conditions [160, 162].

Associated nanofabrication technologies include scanning probe lithography (SPL) [161], 
electron beam lithography (EBL) [159] and dip-pen nanolithography [185]. Such approaches 
are typically used to bypass the diffraction-limit of photolithography or to provide new 
capabilities.

5.3. Applications of nanofluidics

In addition to enabling fundamental studies of fluid-flow and of transport phenomena (with 
many studies aimed at the study of naturally occurring processes in biological nanochan-
nels), many applications are aimed at bio-sciences, bio-nano-technology and bio-analytical 
chemistry where applications exist in abundance [166–169]. Applications outside of classical 
nano-fluidics include nano-pores (e.g., for bio-applications and DNA sequencing) [186–192] 
and even for the study of fluid-flow in nano-porous media [193, 194]. For chemical analy-
sis, NEMS have been developed for single protein mass spectrometry [174] and for airborne 
nanoparticle detection [176]. From this short list it can be concluded that nanofluidics has the 
potential to become a disruptive technology worthy of further investigation.

6. Conclusions

Microfluidics continues to receive attention in science and technology due to its many appli-
cations. And as shown, it has the potential to find applicability in constraining atmospheric-
pressure microplasmas in 2D-microfluidic channels (Figures 8 and 10) or in 3D-millifluidic 
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chips (Figures 11 and 12). Future developments include coupling of standard CMOS fabri-
cation technology [179, 183, 184, 195–197] with microfluidics or millifluidics, thus allowing 
integration of fluidics with electronics. Microinstruments are those with at least one critical 
(or essential) component operating in the micro-regime. For nanofluidics as may be applied to 
chemical analysis, it appears that it will be best if nanofluidic channels was packaged along-
side microfluidic channels.

It is envisioned that future fluidics (Figure 1) will be embedded within portable micro- or 
nano-instruments for measurements on-site (i.e., in the field). Such instruments will have 
(some) energy autonomy [198–200], will incorporate some “smarts” [201] (e.g., based on 
Artificial Intelligence and Deep Learning) and will have wireless capability [202] so that 
they can become a part of the Internet of Things (IoT) [200–203]. Clearly, fluidics (e.g., milli-, 
micro- or nano-) have the potential to become critical components of mobile (or even wear-
able) instruments that are “cheap, smart and under wireless control” [139].
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Abstract

Mounting temperature impedes the conversion efficiency of photovoltaic systems. 
Studies have shown drastic efficiency escalation of PV modules, if cooled by nanofluids. 
Ability of nanofluids to supplement the efficiency improvement of PV cells has sought 
attention of researchers. This chapter presents the magnitude of improved efficiency 
found by different researchers due to the cooling via nanofluids. The effect of factors 
(such as, nanoparticle size, nanofluid concentration, flowrate of nanofluid and geom-
etry of channel containing nanofluid) influencing the efficiency of PV systems has been 
discussed. Collective results of different researchers indicate that the efficiency of the 
PV/T systems (using nanofluids as coolant) increases with increasing flowrate. Efficiency 
of these systems increases with increasing concentration of nanofluid up to a certain 
amount, but as the concentration gets above this certain value, the efficiency tends to 
decline due to agglomeration/clustering of nanoparticles. Pertaining to the most recent 
studies, stability of nanoparticles is still the major unresolved issue, hindering the com-
mercial scale application of nanofluids for the cooling of PV panels. Eventually, the envi-
ronmental and economic advantages of these systems are presented.
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1. Introduction

Exceeding energy demands and swiftly eliminating conventional energy resources have com-
pelled the researchers to find the alternative means of power generation. To date, only 14% 
of the world’s power demands are being met via renewable energy means. Sun is the most 
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vital source of energy, almost  1.8x  10   11  MW  energy from the sun intercepts the earth’s surface 
[1]. According to the estimate of International Energy Agency (IEA), quarter of world’s power 
demands could be fulfilled by solar energy by 2050 [2]. Silicon-based photovoltaic cells are 
used to convert the solar radiations into electricity. But the issue with these PV solar cells 
is that almost 85% of the solar energy reaching the surface of the PV unit is either reflected 
or absorbed as heat energy [3]. Al-shamani et al. [4] reviewed that only 5–20% of the solar 
radiation reaching to the PV cell surface is converted into electrical energy. Whereas, rest of 
the radiations are either reflected back or absorbed by the cell in the form of heat. Absorbed 
heat can increase its temperature up to   70   °  C . Oruc et al. [5] found that the electrical efficiency 
of PV module drops by 0.5% with every unit degree increment in the temperature of the 
module above 25      °  C  due to the contraction of the band gap and increased number of carriers. 
Increased number of carriers cause the saturation current to increase whereas the open circuit 
voltage to decrease thus lowering the electrical power output. Cooling of PV units depicts 
electrical efficiency enhancement as per the experimental results obtained by the researchers. 
Underdeveloped countries like Pakistan, with hot and sunny days throughout the year, are 
well suitable for power production via solar energy. According to research, during summer, 
temperature of the module can elevate in a devastating way (about   20   °  C  higher), in turns 
destructing the conversion efficiency of PV modules [6, 7]. Bashir et al. [8] reported that cool-
ing of PV modules via water minimized heat losses and module’s temperature elevation, 
thus, improving the efficiency by 13% and 6.2% for monocrystalline and polycrystalline PV 
modules respectively. Ali et al. [9] experimentally showed that cooling of PV modules by 
using micro-channels increased the efficiency of PV modules by 3%.

There are several methods of PV cooling such as, air cooling (natural air circulation and 
forced air circulation), water cooling, heat pipe cooling, cooling with Phase Change Materials 
(PCMs) and cooling via nanofluids [10, 11]. A PV/T system consists of PV module coupled 
with a heat absorbing unit in which a liquid (water or nanofluid) is circulated to absorb the 
heat of PV unit to improve the efficiency. The researches show that a PV/T system performs 
way better than conventional PV systems [12, 13]. Lelea et al. [14] investigated the effect of 
cooling via   Al  2    O  3    on the performance of concentrated PV/T system. The results showed a 
decrement in the temperature of module, when cooled by nanofluid and water.

Mixture of solid particles (metallic oxides, metals or carbon nanotubes) of less than 100 nm 
size at least in one dimension (nanoparticles) disseminated in the liquid fluids like water and 
polyethylene glycol etcetera (base fluid), is known as nanofluid. Nanofluids can be employed 
as a coolant as well as optical filters within PV/T systems [15]. PV/T system using nanofluid 
as coolant can produce far better results than the water cooled system. Al-Waeli et al. [16] con-
ducted an experimental study and they found that cooling of PV module via SiC increased the 
electrical efficiency by 24.1%, thermal efficiency by 100.19% and overall efficiency by 88.9% 
as compared to the water-cooled PV/T system. Xu and Kleinstreuer [17] suggested nanofluid 
based silicon PV/T systems as a useful option for domestic applications as its overall efficiency 
reached up to 70% (11% electrical efficiency and 59% thermal efficiency).

This chapter reviews the efficiency of PV systems being cooled by various nanofluids. The 
common ways of cooling PV system via nanofluids are stated in detail along with the param-
eters influencing the efficiency of the PV/T systems such as irradiance, concentration and 
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flow rate of nanofluid, size of nanoparticles and geometry of micro-channels. Impact of other 
factors such as the type of nanoparticles and base fluid on the system efficiency are discussed. 
Eventually, economic and environmental advantages are described.

2. Methods of cooling of PV systems via nanofluids

There are several methods of extracting heat from the PV units via nanofluids. The most com-
mon ways are, employing heat collector at the rear end of the panel and using nanofluid as 
a liquid in spectral splitting filter joined on the front surface of PV module. Sometimes, both 
methods are used simultaneously in order to increase the efficiency.

2.1. Rear end cooling

In rear-end cooling a thermal collector is coupled at the back end of the PV module to extract 
the heat. Nanofluid is set to flow through the collector thus taking up the heat of the cells 
and increasing its own temperature. Nanofluid gets warmed and its heat is further employed 
for useful purposes. Nanofluid is able to extract major part of the heat energy because of 
its improved thermophysical properties. The most important thermophysical property is the 
thermal conductivity. A schematic display of such an arrangement is depicted in the Figure 1.

Energy balance of such PV/T systems is evaluated by the following equation by [19].

    E   ̇   in   =   E   ̇   el   +   E   ̇   th   +   E   ̇   loss    (1)

Here,       "     E   ̇   
in
     "   is the incident irradiation,       "     E   ̇   

el
     "   is output electrical power,       "     E   ̇   

th
 "   is useful thermal 

energy obtained by the collector and       "     E   ̇   
loss

     "   presents the energy losses from the control volume. 
Overall efficiency of the system is found by the following formula.

     η  pvt   ≅   
  E ˙    el   +   E ˙    th   ______   E ˙    th  

   ⇒  η  pvt   =  η  pvt   =  η  th   + r ×  η  el    (2)

Figure 1. Schematic setup of rear end cooling of PV panel via Nanofluid. (a) [18], (b) [16].
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Here,”r” is the packing factor.

  r =   
 A  pv   ___  A  c  

    (3)

Here,       "    A  
c
     "   is the collector area and  "   A  

pv
     "   is area of PV cells.

Area of PV to produce a certain amount of electrical power is calculated by the following 
formula.

   A  p   =   
R  E  out,max   _______  E  out,1 m   2   

    (4)

Here,       "    E  
out,1 m   2 

     "   is output electrical power per unit area and       "  R   E  
out,max

     "   is the required output power.

Thermal output energy is found by the following equation.

    E   ̇   th   =  m  f   ×  C  pf   ×  ( T  fo   −  T  in  )   (5)

Here,       "    m  
f
     "   is the mass flowrate of the fluid through the collector,       "    C  

pf
     "   is the fluid’s specific heat 

and       "    T  
in
     "   and       "    T  

o
     "   depicts the fluid’s inlet and outlet temperature respectively. The formulas to 

determine       "    C  
pf
     "   are given in Ref [20].

Electrical efficiency is found by the following formula.

   η  el   =   
  E   ̇   el   ___ 
  E   ̇   in  

   =   
 V  oc   ×  I  sc   × FF 

 _______________  G  eff  
    (6)

Here,       "    V  
oc
     "   is the open circuit voltage,       "    I  

sc
     "   is the short circuit current, and       "    G  eff     "   is the effective 

absorbed solar irradiation by the PV module. “FF” represents the fill factor and it is defined 
as the maximum power conversion efficiency.

  FF = f ×  (  
 V  oc   ___ T  )   (7)

Using the aforementioned formulas, the efficiency of a PV/T system is determined.

Radwan et al. [20] examined the cooling effect of   Al  
2
    O  

3
   , SiC nanoparticles and water on the per-

formance of concentrated PV system. Pertaining to the results, SiC-water nanofluid produced 
better impact as compared to   Al  

2
    O  

3
    and water. It was observed that at higher concentration 

ratio (area of aperture/area of cell) and smaller Re, higher electrical efficiency was found. 
Using the pure water at CR = 40, the cell temperature reached a maximum of   68   °  C . Were as, 
for 4vol% SiC, the maximum temperature of the cell was found to be   60   °  C .

2.2. Optical filter cooling

Extensive work has been carried out on efficiency improvement by using nanofluid flow-
ing through optical filters [21, 22]. Silicon-based Photovoltaic cells can generate electricity by 
absorbing the part of solar radiation with 400 nm to 1200 nm wavelength. Rest of the solar 
radiation’s part is either reflected back or absorbed by the PV cells as heat. In optical filter 
cooling, an optical filter containing nanofluid is held above the front surface of cells to split 
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the spectrum of radiation. Nanofluid-based optical filters separate the part of solar radiation 
for the PV cells from the radiation part that is more useful for heat generation. There are two 
kinds of proposed configurations of these systems.

1. Single Pipe System

2. Two Pipe System

In single pipe system, there are two sections of pipe; primary section and secondary sec-
tion. Primary section is set underneath the rear surface of the Photovoltaic module having 
aluminum sheet in between. Primary section further elongates above the upper surface of PV 
module. Nanofluid enters from the inlet of primary section, thus, absorbing heat of the mod-
ule. Heated nanofluid further passes over the PV’s upper surface, in turns filtering the solar 
radiation. Part of radiation having wavelength equal to silicon bandgap is filtered and rest of 
the section is absorbed by the nanofluid flowing in the secondary channel which gets out of 
the secondary pipe at secondary outlet. Air exists between upper surface of PV module and 
secondary channel section. As the air gets hot, it flows in upward direction and the cool air 
still remains in contact with PV surface. It is assumed that no convection current is produced 
in the air. The results indicated, 83% and 80% overall and 76.5% and 74% thermal efficiency 
for Ag/water and Cu/water nanofluid respectively for above configuration [23]. Schematic 
diagram of such system is shown in the following Figure 2.

Wei An et al. [24] designed a spectral splitting Polypyrrole nanofluid based PV/T system in 
order to impede thermal losses and escalate the system’s efficiency. Nanofluid used in spectral 
splitting filter is capable to absorb the part of solar radiations that cannot be utilized by PV 
cell and converts it into medium temperature thermal energy. The efficiency of PV/T system 
was found to be 25.2% for nanofluid based spectral splitting filter whereas, its value was 13.3% 
when there was no filter employed. Hjerrild et al. [25] worked on the cooling of PV system 
by the help of optical filters, they used Silver as nanoparticle (50 nm diameter) with coating 
of Silica. The results showed that, base fluid absorbed the ultraviolet part of solar radiation 
thus decreasing the heat losses whereas, nanoparticles absorbed visible portion of radiation, in 
turns increasing the overall efficiency of the system. Water showed highest electrical efficiency 
(85% higher than unfiltered PV) whereas highly diluted nanofluid ( Ag −  SiO  

2
   ) showed highest 

Figure 2. Schematic diagram of Nanofluid based spectral splitting filter PV/T system (reproduced) [23].
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overall efficiency as well as greatest merit function. Hassani et al. [26] numerically investigated 
the effect of cooling on PV performance. The results revealed that PV system with optical 
filter (containing Ag-Water nanofluid) held above the PV surface along with thermal receiver 
(containing CNTs) at the rear end of PV, performed best in terms of high-grade energy as com-
pared to conventional PV, PV being cooled by water only, PV being cooled by CNTs and PV 
being cooled by CNTs at rear end and optical filter containing water held at upper surface of 
the panel. Optical filter containing nanofluid was able to absorb both UV and IR spectrum and 
it only allowed the radiation in range of PV absorptivity spectrum (400-1200 nm). Whereas, 
optical filter containing water could only absorb IR spectrum. Saroha et al. [27] tested the 
effect of silver and gold based nanofluid working as optical filters in PV/T system. The results 
revealed that unwanted wavelengths were more absorbed by silver as compared to gold based 
nanofluid. Silver/water nanofluid based PV/T system approached 9.6% electrical, 67.8% ther-
mal and 78.4% overall efficiency. Whereas, gold/water nanofluid based PV/T system achieved 
9% electrical, 67.6% thermal and 76.6% overall efficiency. Jin et al. [28] investigated the effect 
of liquid optical filter based on magnetic electrolyte nanofluid for PV/T system. Electrolyte 
nanofluid is prepared by dispersing Fe3O4 nanoparticle in 50% water and 50% EG solutions 
containing methylene blue or copper sulfate, in this way they obtained two stable ENF filters. 
By adjusting the volume fraction of nanoparticles and molar fraction, more optimized ENF is 
produced. This ENF presents more better results compared to the simple liquid filters. Merit 
function of this newly developed ENF is found to be much more than the conventional liquid 
optical filter.

An arrangement in which nanofluids flows in separated channels outperforms the single 
channel through which the nanofluid is set to flow. In this arrangement a channel is placed 
underneath the rear surface of PV panel whereas, a separate channel is held above the front 
surface of the module. Upper channel nanofluid is made to achieve high liquid filter perfor-
mance whereas the nanofluid flowing beneath the surface achieves higher thermal perfor-
mance (working as a coolant). This technique achieved 8.5% higher electrical efficiency as 
compared to the double pass channel in which fluid flows in a single channel [29].

3. Efficiency improvement using nanofluid

Integrating the heat receivers with the conventional PV system is found to elevate both electrical 
and thermal efficiencies. Several fluids such as water or nanofluids can be used in these receiv-
ers to remove heat so as to improve the efficiency of the system. Studies have proved that nano-
fluid based PV/T system outperforms conventional PV system and water-based PV/T system. 
Soltani et al. [30] used five different methods for PV cooling (natural cooling, forced air cooling, 
water cooling,   SiO  

2
   -water nanofluid cooling and   Fe  

3
    O  

4
   -water nanofluid cooling) to improve the 

performance. They found that   SiO  
2
   -water nanofluid cooling increased the efficiency by 3.35% 

and   Fe  
3
    O  

4
   -water nanofluid cooling increased the efficiency by 3.13% as compared to the natural 

cooling. Hussien et al. [31, 32] found enhancement in the thermal and electrical efficiency of 
PV/T system by application of  A  l  

2
    O  

3
   / water  nanofluid as a coolant. Experimentation was carried 

out at constant flow rate of 0.2L/s and nanoparticles concentration of 0.3%. Results showed 
the increase in thermal and electrical efficiency when temperature was decreased from 79.1 to 
42°C. Thermal and electrical efficiency of system enhanced up to 34.4% and 12.1% respectively 
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using nanofluid. Ebaid et al. [33] used   TiO  
2
    water-polyethylene glycol nanofluid and   Al  

2
    O  

3
    water 

cetyltrimethylammonium bromide nanofluid (with 0.01, 0.05, and 0.1 wt% concentration at a 
flowrate of 500–5000 ml/min) to test the efficiency enhancement of PV module via the cooling 
process. Pertaining to the results,   Al  

2
    O  

3
    nanofluid decreased the cell temperature by 13.83% and   

TiO  
2
    reduced the temperature by 11.2% at 5000 ml/min relative to water cooling. The best perfor-

mance was witnessed in case of   TiO  
2
    nanofluid cooling, it produced 50% more average efficiency 

compared to the water cooling (0.82% for   TiO  
2
    and 0.48% for water cooling compared with no 

cooling). Karami and Rahimi [34] performed experiments to investigate the enhancement in 
the efficiency of PV module being cooled by the Boehmite (AlOOOH-x  H  

2
   O ) based nanofluid 

flowing inside microchannel at the rear end of the PV module. The results showed that the 
maximum increase in the electrical efficiency due to cooling as compared to the without cooling 
power output was found to be 27.12% at a concentration ratio of 0.01 wt.% and 300 ml/min flow-
rate. Similarly, Sardarabadi et al. [64] observed as much as 9.75% electrical efficiency increment 
for silica/water nanofluid based PV/T system as compared to uncooled system. Figures 3 and 4 
depict the maximum efficiencies of PV/T systems obtained by different researchers.

Figure 3. Maximum efficiency for obtained by researchers with Nanofluid cooling.

Figure 4. Maximum efficiency improvement by Nanofluid cooling compared to conventional PV.
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Gangadevi et al. [35] experimentally examined that the electrical, thermal and overall efficiency 
of PV module being cooled by Al2O3/water nanofluid got increased by 13%, 45% and 58% respec-
tively as compared to water based and 1 wt% Al2O3 nanofluid based cooling. Mustafa et al. [36] 
numerically tested the effect of mass flowrate and concentration of nanofluid (TiO2/water) on the 
efficiency of PV/T system. As per the results, electrical and thermal efficiency of this system is lin-
early proportional to mass flowrate. Best results are obtained at low concentration of nanofluid.

Electrical, thermal and overall efficiencies of the various PV/T systems working with different 
nanofluids is expressed in the Table 1.

Efficiency enhancement of PVT systems being cooled by the nanofluids is due to the enhanced 
thermal conductivity of the nanofluids. Increase in thermal conductivity is dependent on con-
centration, size and type of the nanoparticle [4].

4. Factors affecting efficiency of nanofluid-based PV/T systems

Various factors such as the concentration of nanofluid, flowrate of nanofluid, size of the nanopar-
ticle, geometry of microchannel, type of base fluid and irradiance influence the efficiency of 
nanofluid-based PV/T system. Effects of these factors are discussed in the subsequent sections.

4.1. Irradiance

Increase in irradiance cause the module temperature to escalate as more heat reaches the sur-
face. Khanjari et al. [2] investigated environmental parameters that affect the efficiency of a 
PV/T system cooled by nanofluids (  A  l  

2
    O  

3
   / water )     via CFD simulation. As the absorbed solar radia-

tion increased from 200  W /  m   2  k  to 800  W /  m   2  k  the electrical efficiency of system decreased from 
11.41% to 10.12% for pure water and 11.4% to 10.23% for alumina nanofluid whereas, thermal 
efficiency increased from 65–79% for pure water and 76–91% for alumina nanofluid. As the 
absorber plate temperature increased from 291 K to 324 K the electrical efficiency decreased 
from 11.1% to 9.4% for water and 11.2% to 9.5% for alumina nanofluid whereas, the thermal 
efficiency did not change with increasing inlet temperature of fluid after reaching a primary 
value. Similarly, the system efficiency was found to escalate with decreasing irradiation i.e. the 
maximum overall efficiency of the system was found to increase from 78.60% to 80.58% and 
73.58% to 75.93% for 1 wt% and 3 wt% respectively, when the irradiation value decreased from  
1100  W ⁄ m   2      to  600  W ⁄ m   2     [37]. Effect of irradiance found by Al-Waeli et al. [38] has been presented in 
Table 2.

4.2. Concentration

Researchers have found contradictory results when it comes to concentration enhancement of 
nanofluids. Manikandan and Rajan [39] harnessed sand for the cooling of PV/T system in order 
to enhance the efficiency. They tested 0.5, 1 and 2 vol% concentration and the collection effi-
ciency ratio for these concentrations was found to be 3.6%, 11.2% and 26.9% whereas the solar 
collection efficiency increased by 9% and 16.5% for 0.5% and 2% respectively. Sardarabadi and 
Fard [40] also examined that increasing the mass fraction of nanoparticles from 0.05 to 10 wt%, 
the thermal performance of the system increased by four times. Wei An. [24] examined the 
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effect of nanofluid concentration in spectral splitting filter based PV/T system. They observed 
that increasing the concentration of the nanofluid increased the nanofluid temperature and 
system’s electrical efficiency, but the thermal efficiency gets decreased in this way.

The maximum overall efficiency of the system was found to be 75.93% and 80.58% when 
the ferrofluid concentration was increased from 1 wt% to 3 wt% respectively [37]. Khanjari 
et al. [41] observed that increasing volumetric concentration of the nanoparticle (from 1–5%) 
increased the heat transfer coefficient and thus the overall efficiency (from 1.33% to 11.54% for 
silver and 0.72% to 4.26% for alumina). Radwan et al. [20] observed efficiency escalation with 
increasing concentration. But some researchers witnessed contradictory results. Karami and 
Rahimi [34] examined that increasing concentration of nanoparticles reduces the efficiency 
because of agglomeration or clustering of the suspended particles. Abd-Allah, [42] found best 
results at 0.1 wt% amongst (0.01, 0.1, 0.5 wt%).

Cieslinski et al. [43] found no impact of nanoparticle concentration on the performance of the 
PV/T system. They observed that 1 wt% of  A  l  

2
    O  

3
   / water  rather decreased the thermal efficiency 

compared to the distilled water and 3 wt% and 3 wt% did not change the thermal efficiency 
as compared to the distilled water thermal efficiency. Whereas, the overall efficiency of the 
system reached up to 80%.

In order to obtain best results, there is always a need to determine the optimum concentration 
of nanoparticles in base fluid instead of using high volume fraction of nanofluid [43, 44]. 
However, instead of increasing the concentration of the same kind of nanoparticle, blending 
a different kind of nanoparticles can help improve the efficiency of PV module in a more 
efficient way [45].

4.3. Flowrate

Sathieshkumar et al. [46] concluded that both electrical and thermal efficiency of the PV/T 
system increases with increasing flow rate but after a certain flowrate magnitude the efficien-
cies of the system start to decline. Overall energy efficiency is found to be higher in turbulent 
regime whereas overall exergy efficiency is higher in laminar regime [47]. Mustafa et al. [36] 
numerically tested the effect of mass flowrate and concentration of nanofluid (TiO2/water) on 
the efficiency of PV/T system. As per the results, the electrical and thermal efficiency of this 
system was found to be linearly proportional to mass flowrate.

Hasan et al. [48] observed that increasing the mass flowrate increased the cell efficiency lin-
early. As the mass flowrate increased from 0 to 1.666 kg/s the electrical efficiency of the cell 
increased from 8% to 16.5% at  500 W /  m   2   solar irradiance in case of SiC-water nanofluid. Mean 
photovoltaic temperature decreased from   87   °  C  to   41   °  C  as the mass flowrate changed from 0 
to 1.666 kg/s at 1000  W /  m   2   solar irradiance in case of SiC. Karami and Rahimi. [34] observed 
that temperature of the module decreased from 62      °  C  to 32.5      °  C  when the flow rate increased 
from zero to 300 ml/min. Khanjari et al. [41] observed that increase in inlet fluid velocity (from 
0.05 m/s to 0.23 m/s) increase the first law (energy) efficiency but decreases the second law 
(exergy) efficiency (from 15.40% to 12.50% for silver). Lelea et al. [14] observed lower maxi-
mum module temperature for nanofluid based cooling as compared to water cooling at lower 
Re number. Whereas, at higher Re (Re > 1000) the maximum module temperature overlaps for 
nanofluid based cooling and water-based cooling of PV module.
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Gangadevi et al. [35] experimentally examined that the electrical, thermal and overall efficiency 
of PV module being cooled by Al2O3/water nanofluid got increased by 13%, 45% and 58% respec-
tively as compared to water based and 1 wt% Al2O3 nanofluid based cooling. Mustafa et al. [36] 
numerically tested the effect of mass flowrate and concentration of nanofluid (TiO2/water) on the 
efficiency of PV/T system. As per the results, electrical and thermal efficiency of this system is lin-
early proportional to mass flowrate. Best results are obtained at low concentration of nanofluid.

Electrical, thermal and overall efficiencies of the various PV/T systems working with different 
nanofluids is expressed in the Table 1.

Efficiency enhancement of PVT systems being cooled by the nanofluids is due to the enhanced 
thermal conductivity of the nanofluids. Increase in thermal conductivity is dependent on con-
centration, size and type of the nanoparticle [4].

4. Factors affecting efficiency of nanofluid-based PV/T systems

Various factors such as the concentration of nanofluid, flowrate of nanofluid, size of the nanopar-
ticle, geometry of microchannel, type of base fluid and irradiance influence the efficiency of 
nanofluid-based PV/T system. Effects of these factors are discussed in the subsequent sections.

4.1. Irradiance

Increase in irradiance cause the module temperature to escalate as more heat reaches the sur-
face. Khanjari et al. [2] investigated environmental parameters that affect the efficiency of a 
PV/T system cooled by nanofluids (  A  l  

2
    O  

3
   / water )     via CFD simulation. As the absorbed solar radia-

tion increased from 200  W /  m   2  k  to 800  W /  m   2  k  the electrical efficiency of system decreased from 
11.41% to 10.12% for pure water and 11.4% to 10.23% for alumina nanofluid whereas, thermal 
efficiency increased from 65–79% for pure water and 76–91% for alumina nanofluid. As the 
absorber plate temperature increased from 291 K to 324 K the electrical efficiency decreased 
from 11.1% to 9.4% for water and 11.2% to 9.5% for alumina nanofluid whereas, the thermal 
efficiency did not change with increasing inlet temperature of fluid after reaching a primary 
value. Similarly, the system efficiency was found to escalate with decreasing irradiation i.e. the 
maximum overall efficiency of the system was found to increase from 78.60% to 80.58% and 
73.58% to 75.93% for 1 wt% and 3 wt% respectively, when the irradiation value decreased from  
1100  W ⁄ m   2      to  600  W ⁄ m   2     [37]. Effect of irradiance found by Al-Waeli et al. [38] has been presented in 
Table 2.

4.2. Concentration

Researchers have found contradictory results when it comes to concentration enhancement of 
nanofluids. Manikandan and Rajan [39] harnessed sand for the cooling of PV/T system in order 
to enhance the efficiency. They tested 0.5, 1 and 2 vol% concentration and the collection effi-
ciency ratio for these concentrations was found to be 3.6%, 11.2% and 26.9% whereas the solar 
collection efficiency increased by 9% and 16.5% for 0.5% and 2% respectively. Sardarabadi and 
Fard [40] also examined that increasing the mass fraction of nanoparticles from 0.05 to 10 wt%, 
the thermal performance of the system increased by four times. Wei An. [24] examined the 
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effect of nanofluid concentration in spectral splitting filter based PV/T system. They observed 
that increasing the concentration of the nanofluid increased the nanofluid temperature and 
system’s electrical efficiency, but the thermal efficiency gets decreased in this way.

The maximum overall efficiency of the system was found to be 75.93% and 80.58% when 
the ferrofluid concentration was increased from 1 wt% to 3 wt% respectively [37]. Khanjari 
et al. [41] observed that increasing volumetric concentration of the nanoparticle (from 1–5%) 
increased the heat transfer coefficient and thus the overall efficiency (from 1.33% to 11.54% for 
silver and 0.72% to 4.26% for alumina). Radwan et al. [20] observed efficiency escalation with 
increasing concentration. But some researchers witnessed contradictory results. Karami and 
Rahimi [34] examined that increasing concentration of nanoparticles reduces the efficiency 
because of agglomeration or clustering of the suspended particles. Abd-Allah, [42] found best 
results at 0.1 wt% amongst (0.01, 0.1, 0.5 wt%).

Cieslinski et al. [43] found no impact of nanoparticle concentration on the performance of the 
PV/T system. They observed that 1 wt% of  A  l  

2
    O  

3
   / water  rather decreased the thermal efficiency 

compared to the distilled water and 3 wt% and 3 wt% did not change the thermal efficiency 
as compared to the distilled water thermal efficiency. Whereas, the overall efficiency of the 
system reached up to 80%.

In order to obtain best results, there is always a need to determine the optimum concentration 
of nanoparticles in base fluid instead of using high volume fraction of nanofluid [43, 44]. 
However, instead of increasing the concentration of the same kind of nanoparticle, blending 
a different kind of nanoparticles can help improve the efficiency of PV module in a more 
efficient way [45].

4.3. Flowrate

Sathieshkumar et al. [46] concluded that both electrical and thermal efficiency of the PV/T 
system increases with increasing flow rate but after a certain flowrate magnitude the efficien-
cies of the system start to decline. Overall energy efficiency is found to be higher in turbulent 
regime whereas overall exergy efficiency is higher in laminar regime [47]. Mustafa et al. [36] 
numerically tested the effect of mass flowrate and concentration of nanofluid (TiO2/water) on 
the efficiency of PV/T system. As per the results, the electrical and thermal efficiency of this 
system was found to be linearly proportional to mass flowrate.

Hasan et al. [48] observed that increasing the mass flowrate increased the cell efficiency lin-
early. As the mass flowrate increased from 0 to 1.666 kg/s the electrical efficiency of the cell 
increased from 8% to 16.5% at  500 W /  m   2   solar irradiance in case of SiC-water nanofluid. Mean 
photovoltaic temperature decreased from   87   °  C  to   41   °  C  as the mass flowrate changed from 0 
to 1.666 kg/s at 1000  W /  m   2   solar irradiance in case of SiC. Karami and Rahimi. [34] observed 
that temperature of the module decreased from 62      °  C  to 32.5      °  C  when the flow rate increased 
from zero to 300 ml/min. Khanjari et al. [41] observed that increase in inlet fluid velocity (from 
0.05 m/s to 0.23 m/s) increase the first law (energy) efficiency but decreases the second law 
(exergy) efficiency (from 15.40% to 12.50% for silver). Lelea et al. [14] observed lower maxi-
mum module temperature for nanofluid based cooling as compared to water cooling at lower 
Re number. Whereas, at higher Re (Re > 1000) the maximum module temperature overlaps for 
nanofluid based cooling and water-based cooling of PV module.
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PV/T system in laminar regime outperforms turbulent regime. More PV efficiency can be 
achieved in turbulent regime but it requires higher pumping power thus making the overall 
system efficiency lesser [15]. Although heat transfer in case of higher Reynolds numbers is 
seemed to increase because of greater Brownian motion of particles but too high a Reynolds 
number requires higher pumping power which eventually reduces the overall performance of 
the microchannels containing nanofluids [49]. Xu and Kleinstreur [50] concluded that increased 
concentration elevates the system efficiency when cooled by Al2 O3/water nanofluid. Higher inlet 
Reynolds number yields higher cell efficiency but too high a Reynolds number is not favorable. 
Low inlet temperature of nanofluid is capable to produce pronounced cooling effect. Height of 
channel containing nanofluid is also of much consideration, slight variation in channel height 
varies the required pumping power and significant change in entropy generation rate.

4.4. Nanoparticle size

Due to the smaller size, nanoparticles have large surface area which is attributed to higher 
heat transfer rates. Nanoparticles have high thermal conductivity, but heat capacity is low. 
Nanoparticles are stable in the base fluid at high temperatures and they do not agglomerate in 
the water as well [51]. Energy and exergy efficiency of the system can be increased by increas-
ing the size of the nanoparticle in the turbulent regime but in laminar regime the case is oppo-
site. Yazdanifard et al. [15] interestingly found no effect of particle size on the efficiency. They 
used Titanium dioxide nanofluid and Aluminum oxide nanofluid for the cooling purpose but 
no significant efficiency alteration was observed. Whereas, Al-Shamani et al. [4] observed that 
heat transfer of the nanofluid decreased with a decrease in size of the nanoparticle. Therefore, 
there is still a need for further experimentation to conclusively narrate the effects of nanopar-
ticle size on the efficiency of the solar systems.

4.5. Base fluid

Not only the type of nanoparticle affects the performance of the PV/T system but the type of 
base fluid is also of same significance while predicting the performance of the system. Using 
base fluids such as ethylene-glycol, polyethylene glycol, cetyltrimethylammonium bromide 
water mixtures instead of water can considerably elevate the cell efficiency [15]. Addition of 
surfactant and selection of suitable pH of nanofluid can display pronounced effects [44]. Rajeb 
et al. [52] examined both numerically and experimentally the effect of variation in concentra-
tion (0.1, 0.2 and 0.4 wt%), type of nanoparticle (Al2O3 and Cu) and type of base fluid (water and 
ethylene glycol) on the efficiency of PV/T system being cooled by nanofluid. They observed 
that increasing the concentration of nanofluid increased the efficiency of the system. The sys-
tem best performed when water was used as base fluid as compared to ethylene glycol base 
fluid. According to the drawn results, maximum electrical and thermal efficiency was found 
to be 13.55% and 77% respectively for Cu/water nanofluid based PV/T system, at 0.4 wt%. 
Whereas, they found 13.54% electrical and 60% thermal efficiency for Cu/ethylene glycol 
based PV/T system, at 0.4 wt%. Conclusively, Cu/water nanofluid based system outperformed 
Al2O3/water based system in terms of electrical and thermal efficiency. Hosseinzadeh et al. [53] 
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found that a PV system being cooled by water only, performed better than the systems cooled 
by either ethylene glycol only and water-ethylene glycol (50% water and 50% ethylene glycol).

4.6. Nanoparticle type

Maadi et al. [54] stated that for metalloids the viscosity of the nanofluids gets increased and 
the specific heat capacity is decreased, which is not favorable. This is because, at a given mass 
fraction the volume of the metalloid nanofluids is increased due to high density. Hasan et al. 
[48] observed that cooling the PVT by impinging SiC, TiO2, SiO2 nanofluids and pure water 
improved the maximum power output by 62.5%, 57%, 55% and 50% as compared to the con-
ventional PV module. Al-Shamani et al. [55] tested SiO2, TiO2 and SiC based nanofluid for the 
cooling purpose to analyze the efficiency betterment. Following the experimental results, SiC/
water nanofluid outperformed rest of the nanofluids. At 1000 W/m2 irradiance and 0.170 kg/s 
mass flowrate, SiC/water nanofluid based PV/T system showed 13.529% electrical efficiency 
whereas, TiO2/water and SiO2/water nanofluid based PV/T systems depicted 10.978% and 
10.302% electrical efficiency respectively. PV/T system utilizing water solely for cooling, 
approached 9.608% electrical efficiency.

Kolahan et al. [56] examined the entropy generation in PV/T system due to the addition of 
nanoparticles both numerically and experimentally. They used   Al  

2
    O  

3
   / water,  TiO  

2
   / water  and ZnO/

water by 0.2 wt% and SiO2/water by 1 wt% and 3 wt% nanofluids (along with acetic acid 
as a surfactant). Following the results, ZnO/water produced least frictional entropy,   SiO  

2
   / water  

produced maximum pressure drop and frictional entropy generation and   Al  
2
    O  

3
   / water   produced 

least thermal and total entropy generation. Thermal entropy generation was found to be 
maximum at inlet, turning points and outlet, due to high temperature differences. For metallic 
nanofluids, increase of mass fraction caused density and viscosity elevation. Increased mass 
fraction reduced the velocity which in turns reduced the frictional entropy generation. For met-
alloid nanofluids, reverse is the case. For ZnO the frictional entropy was decreased by 10.87% 
at 10 wt%, whereas, for   SiO  

2
   / water  the frictional entropy was increased by 0.94% compared to 

pure water. Addition of nanoparticles causes more prominent reduction in thermal entropy 
generation compared to the frictional entropy generation. Considering the entropy generation 
view point, metallic nanofluids produce better results than the metalloid nanofluids.

Extensive experimentation has been conducted to examine the effect of magnetic on the 
performance of nanofluids [66–70]. If the Ferro-nanoparticle is used in the system, employ-
ing alternating magnetic field around the channels can improve the efficiency of the system. 
Experimental results also depicted that the alternating magnetic field improved the system 
performance whereas, the constant field did not produce significant efficiency enhancement 
when compared with the no field condition. The system efficiency was found to be 71.91% 
when there was no field applied, whereas, the efficiency went up to 73.58% in the presence of 
alternating magnetic field (50 Hz) in case of 1 wt% and  1100  W ⁄ m   2     [37]. Shape of nanoparticle and 
type of magnetic field can influence the performance of nanofluid. Sheikholeslami et al. [66, 
67] numerically analyzed the effect of non-uniform magnetic field on Fe3O4 -H2O nanofluid 
flowing in a porous cavity. Following the results, platelet shape of nanoparticles depicted 
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PV/T system in laminar regime outperforms turbulent regime. More PV efficiency can be 
achieved in turbulent regime but it requires higher pumping power thus making the overall 
system efficiency lesser [15]. Although heat transfer in case of higher Reynolds numbers is 
seemed to increase because of greater Brownian motion of particles but too high a Reynolds 
number requires higher pumping power which eventually reduces the overall performance of 
the microchannels containing nanofluids [49]. Xu and Kleinstreur [50] concluded that increased 
concentration elevates the system efficiency when cooled by Al2 O3/water nanofluid. Higher inlet 
Reynolds number yields higher cell efficiency but too high a Reynolds number is not favorable. 
Low inlet temperature of nanofluid is capable to produce pronounced cooling effect. Height of 
channel containing nanofluid is also of much consideration, slight variation in channel height 
varies the required pumping power and significant change in entropy generation rate.

4.4. Nanoparticle size

Due to the smaller size, nanoparticles have large surface area which is attributed to higher 
heat transfer rates. Nanoparticles have high thermal conductivity, but heat capacity is low. 
Nanoparticles are stable in the base fluid at high temperatures and they do not agglomerate in 
the water as well [51]. Energy and exergy efficiency of the system can be increased by increas-
ing the size of the nanoparticle in the turbulent regime but in laminar regime the case is oppo-
site. Yazdanifard et al. [15] interestingly found no effect of particle size on the efficiency. They 
used Titanium dioxide nanofluid and Aluminum oxide nanofluid for the cooling purpose but 
no significant efficiency alteration was observed. Whereas, Al-Shamani et al. [4] observed that 
heat transfer of the nanofluid decreased with a decrease in size of the nanoparticle. Therefore, 
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4.5. Base fluid

Not only the type of nanoparticle affects the performance of the PV/T system but the type of 
base fluid is also of same significance while predicting the performance of the system. Using 
base fluids such as ethylene-glycol, polyethylene glycol, cetyltrimethylammonium bromide 
water mixtures instead of water can considerably elevate the cell efficiency [15]. Addition of 
surfactant and selection of suitable pH of nanofluid can display pronounced effects [44]. Rajeb 
et al. [52] examined both numerically and experimentally the effect of variation in concentra-
tion (0.1, 0.2 and 0.4 wt%), type of nanoparticle (Al2O3 and Cu) and type of base fluid (water and 
ethylene glycol) on the efficiency of PV/T system being cooled by nanofluid. They observed 
that increasing the concentration of nanofluid increased the efficiency of the system. The sys-
tem best performed when water was used as base fluid as compared to ethylene glycol base 
fluid. According to the drawn results, maximum electrical and thermal efficiency was found 
to be 13.55% and 77% respectively for Cu/water nanofluid based PV/T system, at 0.4 wt%. 
Whereas, they found 13.54% electrical and 60% thermal efficiency for Cu/ethylene glycol 
based PV/T system, at 0.4 wt%. Conclusively, Cu/water nanofluid based system outperformed 
Al2O3/water based system in terms of electrical and thermal efficiency. Hosseinzadeh et al. [53] 
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found that a PV system being cooled by water only, performed better than the systems cooled 
by either ethylene glycol only and water-ethylene glycol (50% water and 50% ethylene glycol).

4.6. Nanoparticle type

Maadi et al. [54] stated that for metalloids the viscosity of the nanofluids gets increased and 
the specific heat capacity is decreased, which is not favorable. This is because, at a given mass 
fraction the volume of the metalloid nanofluids is increased due to high density. Hasan et al. 
[48] observed that cooling the PVT by impinging SiC, TiO2, SiO2 nanofluids and pure water 
improved the maximum power output by 62.5%, 57%, 55% and 50% as compared to the con-
ventional PV module. Al-Shamani et al. [55] tested SiO2, TiO2 and SiC based nanofluid for the 
cooling purpose to analyze the efficiency betterment. Following the experimental results, SiC/
water nanofluid outperformed rest of the nanofluids. At 1000 W/m2 irradiance and 0.170 kg/s 
mass flowrate, SiC/water nanofluid based PV/T system showed 13.529% electrical efficiency 
whereas, TiO2/water and SiO2/water nanofluid based PV/T systems depicted 10.978% and 
10.302% electrical efficiency respectively. PV/T system utilizing water solely for cooling, 
approached 9.608% electrical efficiency.

Kolahan et al. [56] examined the entropy generation in PV/T system due to the addition of 
nanoparticles both numerically and experimentally. They used   Al  

2
    O  

3
   / water,  TiO  

2
   / water  and ZnO/

water by 0.2 wt% and SiO2/water by 1 wt% and 3 wt% nanofluids (along with acetic acid 
as a surfactant). Following the results, ZnO/water produced least frictional entropy,   SiO  

2
   / water  

produced maximum pressure drop and frictional entropy generation and   Al  
2
    O  

3
   / water   produced 

least thermal and total entropy generation. Thermal entropy generation was found to be 
maximum at inlet, turning points and outlet, due to high temperature differences. For metallic 
nanofluids, increase of mass fraction caused density and viscosity elevation. Increased mass 
fraction reduced the velocity which in turns reduced the frictional entropy generation. For met-
alloid nanofluids, reverse is the case. For ZnO the frictional entropy was decreased by 10.87% 
at 10 wt%, whereas, for   SiO  

2
   / water  the frictional entropy was increased by 0.94% compared to 

pure water. Addition of nanoparticles causes more prominent reduction in thermal entropy 
generation compared to the frictional entropy generation. Considering the entropy generation 
view point, metallic nanofluids produce better results than the metalloid nanofluids.

Extensive experimentation has been conducted to examine the effect of magnetic on the 
performance of nanofluids [66–70]. If the Ferro-nanoparticle is used in the system, employ-
ing alternating magnetic field around the channels can improve the efficiency of the system. 
Experimental results also depicted that the alternating magnetic field improved the system 
performance whereas, the constant field did not produce significant efficiency enhancement 
when compared with the no field condition. The system efficiency was found to be 71.91% 
when there was no field applied, whereas, the efficiency went up to 73.58% in the presence of 
alternating magnetic field (50 Hz) in case of 1 wt% and  1100  W ⁄ m   2     [37]. Shape of nanoparticle and 
type of magnetic field can influence the performance of nanofluid. Sheikholeslami et al. [66, 
67] numerically analyzed the effect of non-uniform magnetic field on Fe3O4 -H2O nanofluid 
flowing in a porous cavity. Following the results, platelet shape of nanoparticles depicted 
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highest Nusselt number (i.e. optimum heat transfer) under the influence of non-uniform mag-
netic field. In the presence of magnetic field, addition of nanoparticles can improve the heat 
transfer properties of nanofluids [68].

4.7. Channel geometry

Narrow channels offer higher enhancement in the heat transfer coefficient whereas the wide 
channels depict instabilities in lateral heat transfer. Roughness in the pipes also affects the mag-
nitude of heat transfer. Pipes with greater roughness magnitude offer greater heat transfer due 
to the increased contact surface. In order to achieve higher performance, the temperature distri-
bution inside the channel should be held uniform, the temperature should be kept low and the 
pressure drop should also be as minimum as possible [49]. Considering the Table 3, helical chan-
nel performs best because of greater surface contact of nanofluid with the rear surface of PV unit.

Intensity Cooling Fluid Electrical Efficiency Thermal Efficiency

200 SiC-Water 16.90% 8%

1000 SiC-Water 10.90% 48%

200 CuO-Water 16% 6%

1000 CuO-Water 10% 41%

200 Al2O3-Water 13.50% 6%

1000 Al2O3-Water 9.80% 41%

200 Water 11.90% 4%

1000 Water 8.40% 31%

Table 2. Effect of irradiance on efficiency [38].

Researcher Nanoparticle Base 
fluid

Concen- 
tration

Flowrate Channel 
Geometry

Effect on 
Temperature

Effect on Electrical 
Efficiency

Karami and 
Rahimi [34]

Boehmite Water 0.01 wt% 300 ml/min Straight Decreased from 
62°C to 32.5°C 
for flowrate 
0–300 ml/min

27.12% increase 
compared to 
Conventional PV 
System

Karami and 
Rahimi, [57]

Boehmite Water 0.1 wt% 200 ml/min Straight 18.33°C 
Temperature 
Reduction

20.57% increase 
compared to 
conventional PV 
System

Boehmite Water 0.1 wt% 200 ml/min Helical 24.22°C 
Temperature 
Reduction

37.67% increase 
compared to 
Conventional PV 
System

Table 3. Effect of channel geometry on efficiency.

Microfluidics and Nanofluidics52

4.8. Circulation method

When cooling the PV module via nanofluid, the circulation method is also of much impor-
tance. If the circulation is done via passive method, the increasing intensity of light would 
cause a reduction in electrical efficiency and enhancement in thermal efficiency because natu-
ral convection is not that efficient. Thus, active convection cooling should be employed to 
obtain optimum results. Whereas, the elevation in thermal efficiency is due to the availability 
of enough time for the cooling fluid to exchange heat. However, the overall efficiency of the 
system gets increased if the cooling is employed. Pumping of nanofluid can further improve 
the efficiency compared to the passive cooling [38].

5. Advantages of nanofluid-based cooling

5.1. Environmental benefits

Fossil fuel based power plants emit tons of noxious gases that detriment the environment. 
Since the solar power plants are emission free, production of electricity via this method can 
eliminate the emission of 16,974,57 tons of CO2 [58]. Hassani et al. [26] evaluated that nano-
fluid based PV/T systems can omit the emission of 448 kg   CO  

2
      m   −2   yr   −1  .

5.2. Economic benefits

PV/T system can provide an economical solution for industrial and domestic power demands. 
Studies indicate a significant reduction in energy consumption produced from conventional 
resources due to the use of such system [23, 59]. Taylor et al. [60] also narrated that a solar 
thermal based power plant of 100 MW capacity can save about $3.5 million per annum if 
the nanofluid receiver is incorporated with it. Nanofluids need a smaller area for heat trans-
fer thus making the PV system compact and reducing the costs [51]. The economic analysis 
depicted that the cost of energy produced by nanofluid based PV/T system is 82% less than 
the current prices in Saudi Arabia [33]. Nanofluid system is predicted to takes only 2 years for 
pay-back [26]. Sardarabadi et al. [61] evaluated that size reduction by 21, 32,33 and 34 from 
energy viewpoint and 5,6,7 and 6 from exergy viewpoint for PVT/water, PVT/TiO2, PVT/ZnO 
and PVT/Al2O3 respectively. By size reduction we mean the amount of material saved for the 
same required energy and exergy outputs at the same conditions.

6. Conclusion

Cooling of PV module by nanofluids significantly enhances electrical efficiency and thermal 
energy. Cooling causes the heat removal which in turns halts the development of thermal 
stresses, making the PV modules to last long and operate more efficiently. Employing nano-
fluids impedes entropy generation as well. Efficiency of this system escalates with increasing 
concentration of nanofluid up to a certain limit but as the concentration exceeds this optimum 
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nitude of heat transfer. Pipes with greater roughness magnitude offer greater heat transfer due 
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20.57% increase 
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4.8. Circulation method

When cooling the PV module via nanofluid, the circulation method is also of much impor-
tance. If the circulation is done via passive method, the increasing intensity of light would 
cause a reduction in electrical efficiency and enhancement in thermal efficiency because natu-
ral convection is not that efficient. Thus, active convection cooling should be employed to 
obtain optimum results. Whereas, the elevation in thermal efficiency is due to the availability 
of enough time for the cooling fluid to exchange heat. However, the overall efficiency of the 
system gets increased if the cooling is employed. Pumping of nanofluid can further improve 
the efficiency compared to the passive cooling [38].

5. Advantages of nanofluid-based cooling

5.1. Environmental benefits

Fossil fuel based power plants emit tons of noxious gases that detriment the environment. 
Since the solar power plants are emission free, production of electricity via this method can 
eliminate the emission of 16,974,57 tons of CO2 [58]. Hassani et al. [26] evaluated that nano-
fluid based PV/T systems can omit the emission of 448 kg   CO  

2
      m   −2   yr   −1  .

5.2. Economic benefits

PV/T system can provide an economical solution for industrial and domestic power demands. 
Studies indicate a significant reduction in energy consumption produced from conventional 
resources due to the use of such system [23, 59]. Taylor et al. [60] also narrated that a solar 
thermal based power plant of 100 MW capacity can save about $3.5 million per annum if 
the nanofluid receiver is incorporated with it. Nanofluids need a smaller area for heat trans-
fer thus making the PV system compact and reducing the costs [51]. The economic analysis 
depicted that the cost of energy produced by nanofluid based PV/T system is 82% less than 
the current prices in Saudi Arabia [33]. Nanofluid system is predicted to takes only 2 years for 
pay-back [26]. Sardarabadi et al. [61] evaluated that size reduction by 21, 32,33 and 34 from 
energy viewpoint and 5,6,7 and 6 from exergy viewpoint for PVT/water, PVT/TiO2, PVT/ZnO 
and PVT/Al2O3 respectively. By size reduction we mean the amount of material saved for the 
same required energy and exergy outputs at the same conditions.

6. Conclusion

Cooling of PV module by nanofluids significantly enhances electrical efficiency and thermal 
energy. Cooling causes the heat removal which in turns halts the development of thermal 
stresses, making the PV modules to last long and operate more efficiently. Employing nano-
fluids impedes entropy generation as well. Efficiency of this system escalates with increasing 
concentration of nanofluid up to a certain limit but as the concentration exceeds this optimum 
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limit, efficiency tends to decline because of the clustering and agglomeration of nanoparticles. 
Increasing flowrate of nanofluid increases the efficiency but as the flow gets into turbulent 
regime the instability issues arise and this also requires higher pumping power, in turns reduc-
ing overall system’s efficiency. Using helical microchannel can increase the heat transfer and 
thus overall efficiency gets elevated. Using surfactant in the nanofluid can also surge the system’s 
performance. Some of the measures that can refine the performance of these systems include,

1. Glazing can drastically improve the nanofluid based PV/T system’s performance [46, 47].

2. Simultaneously using optical filters over the surface and thermal collector at the rear end 
can also elevate performance.

3. Applying alternating magnetic field around the flow channel can supplement the perfor-
mance of system if the Ferro-nanoparticles are being used.

The unresolved challenges being faced by the researchers while using nanofluids include instabil-
ity, agglomeration, high pumping power, and erosions. Stability improvement is the most impor-
tant need of the hour in order to further proceed towards commercial use of nanofluids, as no 
perfect method of preparation and processing of stable nanofluid has been determined up-to-date.
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Abstract

Grinding is an indispensable form of machining, in which, a large amount of heat is
transferred into workpiece surface, causing surface burn of the workpiece. Flood grinding
is easy to cause pollution to the environment while dry grinding and minimum quantity
lubrication (MQL) is insufficient of cooling and lubrication effect. The appearance of
nanofluid minimum quantity lubrication cooling (NMQLC) technique can effectively
solve the problem of heat transfer in grinding zone and also enhance the lubrication
characteristics. In this chapter, NMQLC technique, including nanofluid preparation and
atomization is summarized first; then a review on the mechanism of grinding thermody-
namics under NMQLC condition is presented based on published literatures. Most of the
studies, including investigation of grinding forces and temperatures, indicate that
NMQLC has realized a lubrication-cooling effect close to that of flood lubrication.
According to existing investigations, theoretical models of temperature field are con-
cluded, heat source distribution model, thermal distribution coefficient model, and heat
transfer coefficient model under NMQLC condition are developed, and temperature field
control equation are determined. This chapter reviews and amasses the current state of the
mechanism of grinding thermodynamics and also recommends ways to precision control
the grinding temperature field.
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1. Introduction

The most significant features of grinding process are high grinding wheel speed and high
energy consumption. As abrasive grains on grinding wheel surface in grinding process are
usually cut at negative rake, the energy consumed for grinding process to remove unit volume
of materials is far greater than other machining forms and most of the energy will be converted
into heat quantity [1, 2]. And more than 90% of the heat quantity will be transferred inside
grinding wheel and workpiece, reducing the life of the grinding wheel and surface quality of
the workpiece [3–5].

Cooling and lubrication grinding processing method applied to industrial production at the
earliest is flood grinding, namely, injecting a large quantity of grinding fluid in grinding zone
in the form of continuous fluid supply. However, the application of a large amount of grinding
fluids results in high cost, and moreover, “air barrier” phenomenon generated surrounding
the grinding wheel, preventing grinding fluids from entering the wedge-shaped zone between
grinding wheel and workpiece [6–8].

As a kind of green and environmentally friendly processing technology appearing at the
earliest, dry processing technology has abolished the application of cutting fluids on the
precondition that machining precision and tool service life are guaranteed. However, it is
difficult for heat quantity generated during the dry grinding process to be taken away by
debris and the main heat quantity will still be transferred into grinding wheel and workpiece.

Minimum quantity lubrication (MQL) grinding processing technology is another green
machining technology [9–11]. It refers to a grinding processing technology in which minimum
quantity lubricant is mixed and atomized with gases under a certain pressure and then
sprayed into grinding zone so as to exert cooling and lubricating effects. However, study
shows that heat quantity generated by the grinding process and brought away by high-
pressure gases are quite limited [12–14].

In view of flood grinding and cooling properties of MQL, researchers have been anxious to seek
for a new cooling and lubricating form to apply to the grinding process. Relevant theories about
heat transfer enhancement show that the heat transfer capability of solid is greater than that of
liquid and gas [15–17]. On this basis, researchers have put forward nanofluid minimum quantity
lubrication cooling (NMQLC) technique which adds a certain amount of nanoscale solid particles
into degradable minimum quantity lubricant to generate nanofluids, and then nanofluids will be
atomized through high-pressure gas and transferred into grinding zone in way of jet flow [18–
22]. Sheikholeslami [23, 24] simulated the natural convection of water-based CuO nanofluid
considering Brownian motion. Results showed that the Nusselt number decreases with the
increase of Hartmann number and increases with the increase of volume fraction and Rayleigh
number of nanofluids. NMQLC grinding process has integrated all advantages of MQL grinding
process, solved heat transfer problems of MQL grinding, significantly improved workpiece
surface quality and burning phenomenon, lengthened service life of grinding wheel and
improved working environment. Therefore, it is a green and environmentally friendly, high-
efficiency, and low-energy-consumption grinding processing technology [25, 26].
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In this chapter, nanofluid preparation and atomization technique are concluded. A review on
the mechanism of grinding thermodynamics under NMQLC condition is presented based on
published literatures. According to existing investigations, theoretical models of temperature
field precision control are obtained. This chapter reviews the current state of the mechanism of
grinding thermodynamics and recommends ways to precision control the grinding tempera-
ture field.

2. Nanofluid minimum quantity lubrication cooling technique

2.1. Preparation of nanofluids

Preparation of nanofluids is the precondition for NMQLC grinding and high-quality
nanofluids can obtain favorable cooling and lubricating effects. Nowadays, preparation
method of nanofluids can be divided into two types: single-step method and two-step method.
Single-step nanofluid preparation method is to disperse nanoparticles in base fluid while
preparing them, which then saves the problems like nanoparticle collection and storage and
can effectively avoid the oxidizing reaction of metal nanoparticles in atmosphere. This method
is of high cost and small preparation quantity, and it is not suitable for actual batch application
in production [6].

Two-step nanofluid preparation method is to add a certain proportion of nanoparticles in base
fluid and select corresponding surface dispersant together with supersonic vibration according
to physical and chemical properties so that nanoparticles can be distributed uniformly and
stably in base fluid and nanofluid with suspension stability will be formed [27]. The two-step
nanofluid preparation method is of simple operation and extensive application and it is nearly
applicable to the preparation of all kinds of nanofluids.

2.2. Atomization of nanofluids

When nanofluids are applied to NMQLC grinding, studies on their atomization modes are
mainly divided into three types: pneumatic atomization, electrostatic atomization, and ultra-
sonic atomization.

Pneumatic atomization is a process in which the liquid is sprayed in the machining region after
small liquid drops are formed through high-pressure gas atomization and it is the most
commonly used method for the atomization of nanofluids. Influenced by external forces like
aerodynamic force, the liquid will be split while surface tension of the liquid will make the
liquid form spherical liquid drops which are also influenced by viscosity. When external force
born by the liquid is greater than liquid surface tension and viscous resistance, force balance of
the liquid will be broken and the liquid will be split into fine liquid drops which will form
nanofluid drop shapes when they are small enough [28].

Besides high-pressure gases are used for atomization of nanofluids, researchers have also put
forward electrostatic atomization and ultrasonic atomization. The formers refer to atomizing
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the liquid drops under electric charge through high-voltage electrostatic field after nanofluids
are sprayed out from the nozzle so as to form electrically charged liquid drop flocks, which
will be controllably and orderly transported onto workpiece surface under the effect of electric
field force. For ultrasonic atomization, micro shock waves are generated during ultrasonic
cavitation and bubble closing process in the liquid to damage the interaction between liquid
molecules and then liquid particles are dragged out from liquid surface to form liquid drops [29].

3. A review on the law of grinding thermodynamics

3.1. A review on grinding forces under NMQLC condition

More research has been done on the lubrication effect of the NMQLC technique based on
published literatures. A good lubrication in the grinding zone can reduce the grinding wheel/
workpiece friction, thereby reducing grinding force and heat generation [30–32]. Manojkumar
and Ghosh [33] found that nanofluid could substantially outperform soluble oil in terms of
grinding force and G ratio (representing wheel life) under NMQLC. Setti et al. [34] showed
that NMQLC could reduce normal force (Fn) on an average of 12 and 28% and reduce Ft on an
average of 15 and 27% compared to flood and MQL. Sinha et al. [35] reported that grinding
forces, coefficient of friction (μ) can be reduced to the maximum by nanofluids. Kalita et al. [36]
measured a decline of 45–50% in force-ratio against grinding with flood cooling and MQL.
Shen et al. [37] showed that lubricants with MoS2 nanoparticles significantly reduce the Ft and
the overall grinding performance. Jia et al. [38] found that soybean/castor mixed oil obtained
the optimal results and lubricating effect compared to castor oil and other mixed base oils.
Zhang et al. [39] reported that the energy ratio coefficient of flood lubrication, MQL, and
NMQLC was 36.8, 52.1, and 41.4%, respectively, indicating that NMQLC realized a lubrication
cooling effect close to that of flood lubrication. Zhang et al. [40, 41] found that NMQLC
grinding using mixed nanoparticles obtain lower grinding force ratios and surface roughness
(Ra) values, showing that mixed nanoparticles is superior to pure nanoparticles. Lee et al. [42,
43] carried out micro scale grinding experiments under different lubrication conditions and
experimental results demonstrated that NMQLC could significantly reduce the grinding forces
and enhance the surface quality. Yang et al. [44] investigated the critical maximum
undeformed equivalent chip thickness for ductile-brittle transition (DBhmax-e) of zirconia
ceramics under different lubrication conditions and found that lubrication condition affects
the normal force and ultimately influences the resultant force on workpiece, making DBhmax-e

decreases with increasing friction coefficient.

Figure 1(a) and (b) show the specific tangential grinding force and μ under dry, flood, MQL,
and NMQLC conditions in the investigation of Jia et al. [6]. The maximum specific tangential
grinding force and μ were obtained in dry grinding. Compared with dry grinding, the specific
Ft under MQL, NMQLC, and flood conditions decreased successively by 45.88, 62.34, and
69.33%, respectively. Therefore, flood grinding realized the optimal lubrication effect, followed
by NMQLC. It can also be seen from Figure 1 that the specific tangential grinding force and μ,
which NMQLC realized a lubrication cooling effect close to that of flood lubrication.
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Table 1 summarizes the details of investigations on nanofluid parameters for the application of
NMQLC technique in improving lubrication.

3.2. A review on grinding temperature under NMQLC condition

NMQLC technique was first proposed to solve the problem of inadequate cooling of MQL in
grinding [45–48]. Grinding temperature is usually measured by thermocouples. The thermo-
couples can be placed on the workpiece or on the surface of the grinding wheel. As shown in
Figure 2 [49], a thermocouple forms a junction when the grinding wheel passes over the
exposed single pole. The pole is smeared onto the workpiece, thereby forming a junction with
the ground surface.

Mao et al. [50] analyzed the effect of nanofluid parameters on grinding performance. It is
found that the cooling performance in the grinding zone is improved with the increase of the
nanoparticle concentration and nanoparticle diameter. Yang et al. [51] studied the effect of
different nanoparticles and concentrations on the temperature field of micro grinding. It was
found that different thermal physical properties of nanoparticles have different effects on the
temperature field. Yang et al. [52] investigated the dynamic heat flux in micro grinding using
different sizes of Al2O3 nanoparticles. Results showed that temperatures under NMQLC using
nanofluids (30, 50, 70, and 90 nm) are 21.4, 17.6, 16.1, and 8.3% lower, respectively. Li et al. [53]
studied the grinding temperature using six types of nanoparticles (MoS2, ZrO2,CNT, polycrys-
talline diamond, Al2O3, and SiO2), and found that CNT nanofluid results in the lowest grind-
ing temperature of 110.7�C with the associated energy proportionality coefficient of 40.1% and
the highest heat transfer coefficient of 1.3 � 104 W/(m K).

Figure 1. Specific tangential grinding force and frictional coefficient under different lubricating conditions [6]. (a) Specific
tangential grinding force. (b) Frictional coefficient.
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Li et al. [54] analyzed grinding temperature based on the thermal conductivity, viscosity, and
contact angle of the nanofluids, and found a lower particle concentration can get a smaller
contact angle, thus achieving the optimal heat transfer performance. Lee et al. [55] analyzed

Authors Nanoparticle Particle size (nm) Base fluid Concentration

Manojkumar
and Ghosh [33]

MWCNT Not mentioned Deionized water, soluble oil 0.6, 1 vol.%

Setti et al. [34] Al2O3 40 Water 1 vol.%

Sinha et al. [35] Ag, ZnO 10 (Ag), 25 (ZnO) Deionized water 10~30 vol.% (Ag),
0.01~0.5 vol.%
(ZnO)

Kalita et al. [36] MoS2 70 nm along major axis and
40 nm along minor axis

Paraffin oil 2, 8 wt.%

Shen et al. [37] MoS2 70 nm along major axis and
40 nm along minor axis

Paraffin oil, CANMIST oil,
soybean oil

5, 20 wt.%

Jia et al. [38] MoS2 50 Castor, palm, soybean, peanut,
rapeseed, sunflower, maize oil

2, 4, 6, 8, 10 wt.%

Zhang et al. [39] MoS2, CNT,
ZrO2

50 Soybean oil 1, 2, 3 vol.%

Zhang et al. [40] Al2O3/SiC 50 Synthetic lipids 6 wt.%

Zhang et al. [41] MoS2 50 Palm oil 2 vol.%

Lee et al. [42, 43] Nanodiamond,
Al2O3

30, 150 Paraffin oil 2, 4 vol.%

Yang et al. [44] MoS2 50 Palm oil 2 vol.%

Jia et al. [6] MoS2 50 Soybean oil 6 wt.%

Table 1. Details of investigations on nanofluid parameters for the application of NMQLC in improving lubrication.

Figure 2. Schematic of single pole configuration thermocouple: where 1-workpiece, 2-workpiece base, 3-thermocouple, 4-
mica, 5-varnish layer, 6-grinding wheel [49].
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the thermal and flow model for the micro-scale grinding process with experiments. Results
showed that the grinding temperatures grinding heat flux into the workpiece and grinding
energy partition under NMQLC were much lower than those in the cases of compressed air
lubrication and pure MQL. Mao et al. [56] investigated the grinding characteristic under
different cooling conditions and the results show that NMQLC grinding can significantly
reduce the grinding temperature in comparison to pure water MQL grinding as shown in
Figure 3.

Table 2 summarizes the details of investigations of nanofluid parameters for the application of
NMQLC technique in enhanced heat transfer in grinding zone.

Figure 3. Grinding temperatures under different cooling conditions [56].

Authors Nanoparticle Particle size (nm) Base fluid Concentration

Mao et al. [50] Al2O3 40, 70, 80 Deionized
water, canola
oil

1, 3, 5 vol.%,

Yang et al. [51] Hydroxyapatite, SiO2, Fe2O3,
CNTs

Mean particle size is 50 nm, mean
length of CNTs is 10–30 μm

Normal saline 2, 4, 6, 8,
10 wt.%,

Yang et al. [52] Al2O3 30, 50, 70, 90 Normal saline 2 vol.%

Li et al. [53] MoS2, ZrO2,CNT,
polycrystalline diamond,
Al2O3, SiO2

Mean particle size is 50 nm, mean
length of CNTs is 10 ~ 30 μm

Palm oil 6 wt.%

Li et al. [54] CNT Mean particle size is 50 nm, mean
length of CNTs is 10–30 μm

Palm oil 0.5~4 vol.%

Lee et al. [55] Nanodiamond 30 Paraffin oil 4% vol.%

Mao et al. [56] Al2O3 40 Water 1.2 wt.%

Table 2. Details of investigations for application of NMQLC in enhanced heat transfer in grinding zone.
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Li et al. [54] analyzed grinding temperature based on the thermal conductivity, viscosity, and
contact angle of the nanofluids, and found a lower particle concentration can get a smaller
contact angle, thus achieving the optimal heat transfer performance. Lee et al. [55] analyzed

Authors Nanoparticle Particle size (nm) Base fluid Concentration

Manojkumar
and Ghosh [33]

MWCNT Not mentioned Deionized water, soluble oil 0.6, 1 vol.%

Setti et al. [34] Al2O3 40 Water 1 vol.%

Sinha et al. [35] Ag, ZnO 10 (Ag), 25 (ZnO) Deionized water 10~30 vol.% (Ag),
0.01~0.5 vol.%
(ZnO)

Kalita et al. [36] MoS2 70 nm along major axis and
40 nm along minor axis

Paraffin oil 2, 8 wt.%

Shen et al. [37] MoS2 70 nm along major axis and
40 nm along minor axis

Paraffin oil, CANMIST oil,
soybean oil

5, 20 wt.%

Jia et al. [38] MoS2 50 Castor, palm, soybean, peanut,
rapeseed, sunflower, maize oil

2, 4, 6, 8, 10 wt.%

Zhang et al. [39] MoS2, CNT,
ZrO2

50 Soybean oil 1, 2, 3 vol.%

Zhang et al. [40] Al2O3/SiC 50 Synthetic lipids 6 wt.%

Zhang et al. [41] MoS2 50 Palm oil 2 vol.%

Lee et al. [42, 43] Nanodiamond,
Al2O3

30, 150 Paraffin oil 2, 4 vol.%

Yang et al. [44] MoS2 50 Palm oil 2 vol.%

Jia et al. [6] MoS2 50 Soybean oil 6 wt.%

Table 1. Details of investigations on nanofluid parameters for the application of NMQLC in improving lubrication.

Figure 2. Schematic of single pole configuration thermocouple: where 1-workpiece, 2-workpiece base, 3-thermocouple, 4-
mica, 5-varnish layer, 6-grinding wheel [49].
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the thermal and flow model for the micro-scale grinding process with experiments. Results
showed that the grinding temperatures grinding heat flux into the workpiece and grinding
energy partition under NMQLC were much lower than those in the cases of compressed air
lubrication and pure MQL. Mao et al. [56] investigated the grinding characteristic under
different cooling conditions and the results show that NMQLC grinding can significantly
reduce the grinding temperature in comparison to pure water MQL grinding as shown in
Figure 3.

Table 2 summarizes the details of investigations of nanofluid parameters for the application of
NMQLC technique in enhanced heat transfer in grinding zone.

Figure 3. Grinding temperatures under different cooling conditions [56].

Authors Nanoparticle Particle size (nm) Base fluid Concentration

Mao et al. [50] Al2O3 40, 70, 80 Deionized
water, canola
oil

1, 3, 5 vol.%,

Yang et al. [51] Hydroxyapatite, SiO2, Fe2O3,
CNTs

Mean particle size is 50 nm, mean
length of CNTs is 10–30 μm

Normal saline 2, 4, 6, 8,
10 wt.%,

Yang et al. [52] Al2O3 30, 50, 70, 90 Normal saline 2 vol.%

Li et al. [53] MoS2, ZrO2,CNT,
polycrystalline diamond,
Al2O3, SiO2

Mean particle size is 50 nm, mean
length of CNTs is 10 ~ 30 μm

Palm oil 6 wt.%

Li et al. [54] CNT Mean particle size is 50 nm, mean
length of CNTs is 10–30 μm

Palm oil 0.5~4 vol.%

Lee et al. [55] Nanodiamond 30 Paraffin oil 4% vol.%

Mao et al. [56] Al2O3 40 Water 1.2 wt.%

Table 2. Details of investigations for application of NMQLC in enhanced heat transfer in grinding zone.
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4. Precise control of temperature field

4.1. Heat source distribution model

In the analysis of temperature fields on workpiece surface, a banding heat source model with
continuous equivalent distribution is usually used for heat source in grinding zone to replace
the effect of disperse point heat sources to simplify the model [57].

During grinding process, there are three states—scratching, plowing and cutting—between the
abrasive grains and workpiece. As shown in Figure 4 [58], grinding heat sources are under
rectangular distribution (heat flux is ξqw) due to scratching and plowing effects of abrasive
grains and triangular distribution (peak heat flux is uqw) due to cutting effect of abrasive
grains, where qw is the average heat flux transferred into workpiece, and ξ and u are, respec-
tively, heat flux coefficients under rectangular heat source distribution and triangular heat
source distribution. Abrasive grains exert scratching and plowing effects in OA segment to
generate rectangular heat source distribution, and length is a; they exert cutting effect in AL
segment to generate triangular heat source distribution [59]; OL is grinding contact length and
its value is l. Point B is the position where peak heat flux of triangular heat sources is located,
and OB length is b. On this basis, Zhang and Mahdi [59] established a shape functional
equation of triangular heat source distribution:

s xð Þ ¼

0 x∈ �∞; 0ð Þ
ξ x∈ 0; að Þ
ξ b� xð Þ þ u x� að Þ

b� a
x∈ a; bð Þ

u x� lð Þ
b� l

x∈ b; lð Þ
0 x∈ l;þ∞ð Þ

8>>>>>>>>>>><
>>>>>>>>>>>:

(1)

If abrasive grains are quite pure, there are many abrasive grains exerting scratching and plowing
effects under dry grinding state or lubricating performance of grinding fluids is poor, and then
comprehensive heat source distribution model is approximate to rectangular heat source

Figure 4. Distribution of heat source [58].
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distribution model as shown in Figure 5(a). If grinding wheel is dressed very sharp and the
lubricating performance of grinding fluids is very good, then abrasive grains mainly exert cutting
effect, lengths of scratching and plowing effects are small, and heat source intensity is quite low
due to few cutting materials in front end of contact zone. In rear end of contact zone, cutting
depth is large, there are many cutting materials and heat source intensity is great, it can be
approximate to a = 0, b = l and ξ = 0, u = 2. Comprehensive heat source model can be approxi-
mated to right triangular heat source distribution model as shown in Figure 5(b). When a = 0,
b = l/2 and ξ = 0, u = 2, namely, abrasive grains have strong cutting effect in the middle part of
contact zone, generated heat source intensity is great, and comprehensive heat source model can
be approximated to isosceles triangular heat source distribution model as shown in Figure 5(c).

4.2. Thermal distribution coefficient

For grinding energies consumed during grinding process, except that a small part of them are
consumed on newly generated surface to form needed surface energy, strain energy left on
grinding surface layer and kinetic energy for grinding debris to fly out, most part of them are
converted into heat energy within contact zone, and these heat energies can be transferred into
workpiece, grinding wheel, debris, and grinding fluids in ways of heat conductivity and heat
convection. Eqs. (2)–(4) represent the amount of energy transferred into the workpiece (Ew),
grinding wheel (Eg), and grinding fluid (Ef), respectively [39]:

Ew ¼ 1
2
θmb0 2 krcð Þwvwlg

� �1
2 (2)

Eg ¼ 1
2
θmb0 2 krcð Þg

Ar

A

� �

s
vslg

� �1
2

(3)

Ef ¼ 1
2
θmb0 2 krcð Þf vslg

h i1
2 ¼ 1

2
θmb0 2 φ krcð Þn þ 1� φð Þ krcð Þf

h i
vslg

n o1
2

(4)

where θm is the maximum temperature rise; k, r, c stand for thermal conductivity, density, and
specific heat, respectively; the subscript g, w, n, f stand for the properties of grain, workpiece,

Figure 5. Heat source distribution models in grinding. (a) Rectangular heat source, (b) Right triangular heat source, (c)
Isosceles triangular heat source.
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distribution model as shown in Figure 5(a). If grinding wheel is dressed very sharp and the
lubricating performance of grinding fluids is very good, then abrasive grains mainly exert cutting
effect, lengths of scratching and plowing effects are small, and heat source intensity is quite low
due to few cutting materials in front end of contact zone. In rear end of contact zone, cutting
depth is large, there are many cutting materials and heat source intensity is great, it can be
approximate to a = 0, b = l and ξ = 0, u = 2. Comprehensive heat source model can be approxi-
mated to right triangular heat source distribution model as shown in Figure 5(b). When a = 0,
b = l/2 and ξ = 0, u = 2, namely, abrasive grains have strong cutting effect in the middle part of
contact zone, generated heat source intensity is great, and comprehensive heat source model can
be approximated to isosceles triangular heat source distribution model as shown in Figure 5(c).
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For grinding energies consumed during grinding process, except that a small part of them are
consumed on newly generated surface to form needed surface energy, strain energy left on
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nanoparticles, and base fluid, respectively; Ar
A is the ratio between the actual and nominal

contact areas of grinding wheel and workpiece; vs is the peripheral speed of grinding wheel;
φ is the volume fraction of nanoparticles; b0 is the width of grinding wheel; and lg is the
geometric contact arc length.

During grinding, the temperature of the workpiece surface is an important factor to be consid-
ered, which is reflected in the thermal distribution coefficient (R) attributed to the workpiece.
According to the single abrasive grain model, the amount of heat eliminated by abrasive debris
and diffused in convection are too limited to be neglected. During grinding, R can be
expressed as follows:

R ¼ Ew

Ew þ Eg þ Ef
¼ 1

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
krcð Þgvs
krcð Þwvw

Ar
A

� �r
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
φ krcð Þnþ 1�φð Þ krcð Þf

krcð Þw
vs
vw

r (5)

4.3. Heat transfer coefficient

As NMQLC method can be both heat transfer of normal-temperature gas and boiling heat
transfer of nanofluid drop, so this method is the sum of two heat convection methods.
According to heat transfer state of single nanofluid drop [60, 61], heat transfer coefficient
under NMQLC condition can be solved in three stages: natural convection, nucleate boiling,
transition boiling, and film boiling as shown in Figure 6 [62].

4.3.1. Natural-convection heat transfer stage (I)

When workpiece surface temperature is Tn1 (lower than boiling point of nanofluid), heat
transfer surface will not generate boiling heat transfer and heat transfer enhancement is
realized mainly through convective heat transfer of normal-temperature air and convection of
nanofluids, mainly being the convective heat transfer of nanofluids [63]. According to Yang’s
study [28], the nonboiling heat transfer coefficient:

hn1 ¼
Nlcnf rnf Vl

πrsurf 2 � t þ h0a (6)

where Nl is the total number of droplets; cnf is the liquid drop specific heat capacity; rnf is the
density of nanofluids; Vl is the volume of a single droplet; rsurf is the spreading radius of a
single liquid drop; t is the total time of grinding process; and h0a is the convective heat transfer
coefficient of air at normal temperature.

4.3.2. Nucleate boiling heat transfer and transition boiling heat transfer stages (II and III)

At the end point of nucleate boiling heat transfer and starting point of transition boiling heat
transfer, namely, at critical heat flux point, heat transfer coefficient reaches the maximum value
hn2. At the end of transition boiling heat transfer stage and in the initial stage of film boiling
heat transfer, heat transfer coefficient reaches the minimum value hn3 and computational
formula of heat transfer coefficient is as follow:
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Heat transfer coefficient of critical heat flux density point hn2 [64]:

hn2 ¼
hfa þ cl Ts � Tnf

� �� �
Q0rl

πrsurf 2 Tn2 � Tnf
� � þ h0a (7)

where Ts is the saturation temperature; q0a is the normal-temperature atmospheric-convection
heat transfer quantity; hfa is the latent heat of vaporization; Tnf is temperature of nanofluid; cl is
the drop specific heat capacity; and Q0 is the nanofluid supply during grinding time.

4.3.3. Transition boiling heat transfer and film boiling heat transfer stages (III and IV)

Computational process of heat transfer coefficient hn3 at the end point in transition boiling
stage, namely, at starting point in film boiling stage is as follows [65]:

hn3 ¼
NlQ0rl hfa þ cl Ts � Tlð Þ� � � 0:027e

0:08
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln We=35þ1ð Þ

p
B1:5 þ 0:21kdBe

�90
Weþ1

� �

b0 � l � Tn3 � Tlð Þ þ h0a (8)

Therefore, the heat transfer coefficient hn can be obtained by the interpolation calculation when
the surface temperature of the workpiece is Tn.

4.4. Temperature field control equation and boundary condition

As shown in Figure 7, temperature field model in grinding zone is established and the
grinding temperature field can be simplified into 2D heat transfer analysis. Field variable T in
transient temperature field meets the equilibrium differential equation of heat conduction [66]:

Figure 6. Heat transfer coefficient of grinding surface.
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where αw is the thermal diffusivity.

Difference in the equation of various nodes in internal grids can be obtained based on (9):

TtþΔt i; jð Þ ¼ 1� 2Δt kx þ kzð Þ
rwcwΔl

2

" #
Tt i; jð Þ �Δt kx � T i; jþ 1ð Þ þ T i; j� 1ð Þ½ � þ kz � T iþ 1; jð Þ þ T i� 1; jð Þ½ �f g

rwcwΔl
2 (10)

As for boundary conditions analysis in grinding zone, coordinate node (i, j) on the workpiece
surface is taken as an example. According to energy conservation law [67, 68], the temperature
at the node (i, j) after Δt:

TtþΔt i; jð Þ ¼ Δt

rwCwΔl2
k � T i� 1; jð Þ þ T iþ 1; jð Þ þ T iþ 1; jð Þ-3T i; jð Þ½ � þ q� h Tt � Tað Þ½ � �Δlf g þ T i; jð Þ (11)

4.5. Precise control of temperature field

The temperature field at different times during the steady process can be obtained by solving the
difference Eq. (11). Figure 8 shows the temperature isoline under NMQLC at different times and
the corresponding time-space distribution of surface temperature. It can be seen that the grind-
ing process can be divided into three stages, namely, cut-in, steady state, and cut-out [66]:

Cut-in: when abrasive grains start to contact and cut the workpiece, the undeformed chip
thickness increases gradually and the heat generated on the grinding interface begins to be
transmitted into the workpiece surface.

Steady state: the undeformed chip thickness kept at the mean value and workpiece surface
temperature stops increasing. The temperature field reaches the steady state.

Cut-out: the undeformed chip thickness decreases gradually in the cut-out region. According to
the theory of heat transfer, the heat conduction in the cut-out region is reduced considering the

Figure 7. Two-dimensional heat conduction model with nodal network [66].
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fixed heat generated on the grinding surface [66]. As the thermal conductivity of the air is very
low, more heat is concentrated in the grinding zone, thus increasing the grinding temperature.

5. Conclusions

This chapter has presented a review of published researches in the application of NMQLC
during grinding. The following conclusions may be drawn from the present literature review:

1. The amount of nanofluids using NMQLC is very small (7.5–350 mL/h based on published
literatures) compared with flood lubrication (usually 60 L/h), so this technique is an
environmentally friendly lubrication-cooling method.

2. NMQLC can improve the lubrication condition in grinding area and reduce the friction
coefficient effectively, thus reducing the grinding force and specific grinding energy,
reducing workpiece surface roughness, and improving the life of grinding wheel.

3. NMQLC can strengthen the heat transfer in the grinding zone that NMQLC could realize a
lubrication-cooling effect close to that of flood lubrication.

4. Based on published literatures, nanoparticles that have effective lubrication properties are
TiO2, SiO2, Al2O3, MoS2, ZnO, and nanodiamond; nanoparticles that have effective cooling
properties are CuO, NiO, CNTs, and SiC. A mixed use of nanoparticles with good lubri-
cated properties and nanoparticles with good cooling properties can obtain lower grinding
force, grinding temperature, and better surface quality.

Figure 8. Distributions of the grinding temperature and temperature curves in different states [68].
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fixed heat generated on the grinding surface [66]. As the thermal conductivity of the air is very
low, more heat is concentrated in the grinding zone, thus increasing the grinding temperature.

5. Conclusions

This chapter has presented a review of published researches in the application of NMQLC
during grinding. The following conclusions may be drawn from the present literature review:

1. The amount of nanofluids using NMQLC is very small (7.5–350 mL/h based on published
literatures) compared with flood lubrication (usually 60 L/h), so this technique is an
environmentally friendly lubrication-cooling method.

2. NMQLC can improve the lubrication condition in grinding area and reduce the friction
coefficient effectively, thus reducing the grinding force and specific grinding energy,
reducing workpiece surface roughness, and improving the life of grinding wheel.

3. NMQLC can strengthen the heat transfer in the grinding zone that NMQLC could realize a
lubrication-cooling effect close to that of flood lubrication.

4. Based on published literatures, nanoparticles that have effective lubrication properties are
TiO2, SiO2, Al2O3, MoS2, ZnO, and nanodiamond; nanoparticles that have effective cooling
properties are CuO, NiO, CNTs, and SiC. A mixed use of nanoparticles with good lubri-
cated properties and nanoparticles with good cooling properties can obtain lower grinding
force, grinding temperature, and better surface quality.

Figure 8. Distributions of the grinding temperature and temperature curves in different states [68].

Thermodynamic Mechanism of Nanofluid Minimum Quantity Lubrication Cooling Grinding and Temperature Field…
http://dx.doi.org/10.5772/intechopen.74969

73



5. The lubricating performance of oil-based nanofluid is better than that of water-based
nanofluid and the cooling effect is just reverse.

6. Recommendations for future research

The NMQLC technique has been applied by a large number of researchers and can obtain
good lubrication and cooling effect. However, there are three points of misgivings based on the
summary of available literatures. In order to achieve precision control of the grinding temper-
ature field, more attention is needed to study these misgivings:

1. Most researchers prepare nanofluid using oil or water as base fluid and all can obtain good
lubrication or cooling effect close to that of flood lubrication; however, for the addition of
nanoparticles into ester, Sridharan and Malkin [69] did not get the ideal result. It is found
that when using plain ester oil as base medium, workpiece thermal distortion for NMQLC
grinding was reduced by about the same relative amount as the specific energy compared
with pure ester oil, which suggests that the addition of nanoparicles to ester oil maybe had
no significant effect on workpiece cooling.

2. Li et al. [68] investigated NMQLC grinding temperature using different workpiece mate-
rials: 45 steel, Ni based alloy, and cast iron. Experimental results on specific grinding force
and grinding temperature revealed that the grinding condition is inapplicable to grinding
45 steel, indicating that the NMQLC method is not applicable to all workpiece materials.

3. Only a few researchers have studied the effect of nanofluid parameters, including the
nanoparticle concentration and size, on grinding performance. Some researchers have
proved that a higher nanoparticle concentration is more effective for reducing grinding
forces [43, 70]. But for the effect of particle size, there is no unified conclusion. The
conclusion of Lee [43] and Yang [52] is that the smaller size of nanoparticles is more
effective for reducing grinding forces and temperature; Mao [50] found that, when the
diameter of nanoparticle increases, tangential grinding force and temperature decreases
slightly while the surface finish is deteriorated.
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Abstract

Exploration of active manipulation of bioparticles has been impacted by the development 
of micro-/nanofluidic technologies, enabling evident observation of particle responses by 
means of applied tunable external force field, namely, dielectrophoresis (DEP), magne-
tophoresis (MAG), acoustophoresis (ACT), thermophoresis (THM), and optical tweezing 
or trapping (OPT). In this chapter, each mechanism is presented in brief yet concise, for 
broad range of readers, as strong foundation for amateur as well as brainstorming source 
for experts. The discussion covers the fundamental mechanism that underlying the phe-
nomenon, presenting the theoretical and schematic description; how the response being 
tuned; and utmost practical, the understanding by specific implementation into bioparti-
cles manipulation engaging from micron-sized material down to molecular level particles.

Keywords: microfluidics, nanofluidics, dielectrophoresis, magnetophoresis, 
acoustophoresis, thermophoresis, optical tweezing, optical trapping

1. Introduction

Progress in biomedical technologies has emerged into miniaturization of biomedical devices. 
The main features in miniaturized biomedical devices are establishment of controlled microen-
vironment that promotes predictive micro-/nanoparticle behaviors and reduction in required 
sample volume for characterization of scarce materials, e.g., patient-derived samples, which help 
to reduce the cost and time for diagnosis and therapy [1]. Miniaturization of these biomedical 
devices demands for implementation of particular procedures in precise approach, which has 
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been extensively studied in micro-/nanofluidic system integrated with active manipulation mech-
anisms [2–4].

Micro-/nanofluidic system facilitates researchers in creating well-controlled micro-/nanoscale 
environment and at the same time enables the analysis of micro-/nanoparticles including 
biological particle (bioparticle) behaviors and responses toward active manipulation mecha-
nisms, in addition to particle-particle reactions and external stimuli [5]. Active manipulation 
mechanisms make possible the control of bioparticle displacement and motional trajectories 
in a highly predictable and consistent fashion [2], by introducing tunable external force sys-
tems such as dielectrophoresis (DEP) [6, 7], magnetophoresis (MAG) [8], acoustophoresis 
(ACT) [9], thermophoresis (THM) [10], and/or optical tweezing/trapping (OPT) [11, 12].

In this chapter, description of the fundamental mechanism underlying the phenomenon is 
presented, covering the theoretical and schematic description, as well as specific implementa-
tion into bioparticle manipulation covering from micron-sized material down to molecular-
level particles. Conclusion and future perspectives of this multidisciplinary field are provided 
at the end of this chapter.

2. Bioparticles in biomedical studies

Manipulation of bioparticles has been a major concern in recent development of micro−/nano-
fluidic studies due to their potential in biomedical application. Those particles, according to 
their biological structure and physical properties, can be categorized as (1) model organisms; 
(2) body cells, which include blood cells, tumor and cancer cells, and stem or progenitor cells; 
(3) bacteria; (4) viruses; (5) nucleic acids; and (6) proteins.

Model organisms, either unicellular (e.g., yeast) or multicellular (e.g., Danio rerio zebrafish, 
Caenorhabditis elegans nematode, etc.), are being used for cellular process studies (cell cycle, cell 
division, metabolism, etc.), genetic and pharmacological studies, as well as pathogenesis and 
therapy studies. Blood which composed by two components, i.e., (1) blood plasma and (2) the 
formed elements, including red blood cells (RBCs), white blood cells (WBCs), and platelets, is 
of high interest as they are being used in various health check and clinical tests, such as blood 
test to determine whether our organs (e.g., kidneys, liver, thyroid, heart, etc.) are working 
properly and to diagnose any disease such as HIV/AIDS, cancer, anemia, diabetes, and coro-
nary heart disease. Tumor cells (benign) and cancer cells (malignant) are cells that undergo 
uncontrolled proliferation, causing tumor development either at the skin, colon, rectum, pros-
tate, breasts, or lungs. They are grouped either as (1) carcinomas (develop in epithelial cells), 
(2) leukemia and lymphomas (develop at the blood and lymphatic system), or (3) sarcomas 
(develop at the connective tissue). These cells attempt to develop secondary tumor (metasta-
sis tumor) by spreading through vascular or blood vessel network in the form of circulating 
tumor cells (CTCs). Stem cells, either adult stem cells or pluripotent stem cells, are cells that 
can self-renew, generating perfect copies of themselves by division and differentiation, where 
the produced cells are specific for certain function in the body. These cells are important in 
research, drug screening test, and cell transplantation therapy. Bacteria, which are unicellular 
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prokaryotic microorganisms, grow and reproduce rapidly through binary fission. They are 
important in biomedical studies in the development of disease diagnostic tools and in under-
standing of biological responses under certain stimuli, according to their actions, either as 
predators, mutualists, or pathogens, in which pathogenic bacteria demonstrate a parasitic 
association with other organisms to cause infections. Viruses, which are genes enclosed by a 
protective coat, are infective agents due to lack of metabolic machinery, hence depending on 
the host for gene expression. They are important in the study of virus detection as well as the 
study of virus influence to cells. Nucleic acids, which are biomolecules made from nucleotides 
as monomers, function in encoding, transmitting, and expressing genetic information. There 
are two types of nucleic acids in living cells, which are deoxyribonucleic acid (DNA) and 
ribonucleic acid (RNA). They are highly essential in the research of replication, repair, storage 
and modification of DNA, disease biomarkers, and gene delivery. Proteins are biomolecules 
constructing a single or a number of long chains of amino acid residues. The discovery of 
their role within living organisms includes catalyzing metabolic reactions, DNA replication, 
responding to stimuli and transporting molecules from one location to another, and getting 
remarkable attention in the biomedical research and application these days.

3. Dielectrophoresis

Dielectrophoresis (DEP) is the motion of polarizable particles under a spatially nonuniform 
electric field that cause momentary polarization of the particle by dipole establishment within, 
with an unequal Columbic forces at both ends of the particles, causing the particles to move 
[2, 6, 7].

3.1. Fundamentals of DEP

Dielectrophoretic force, FDEP, for a stationary alternative current (AC) field is given by

   F  DEP   = 2π  a   3   ε  m   Re [ f  CM  ] ∇    | E |     
2
   (1)

where E is the electric field, εm is the permittivity of the suspending medium, a is the particle 
radius, fCM is the Clausius-Mossotti factor which describes relationship between dielectric con-
stants of two different media, and the Re[fCM] is the real part of the factor [7].

For a spherical particle, fCM is governed by

   f  CM   =   
 ε  p  ∗  −  ε  m  ∗  

 ______  ε  p  ∗  + 2  ε  m  ∗      (2)

where ε* is the complex permittivity, which is determined by

   ε  p,m  ∗   =  ε  0    ε  p,m   − j   
 σ  p,m  

 ____ ω    (3)
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where ε0 is the vacuum permittivity (8.854 × 10−12 F/m, j is the unit imaginary number, i.e., 
√(−1), σ is the conductivity, and ω is the angular frequency of electric signal supplied. The 
subscripts “p” and “m” stand for the particle and the medium, respectively.

The dielectrophoretic force direction is determined by the sign of the fCM, as presented in 
Figure 1a. For fCM with positive sign (fCM > 0), the force pulls particles to the region with high 
electric field gradients, and the situation is termed as positive DEP (pDEP). While for fCM with 
negative sign (fCM < 0), the force pushes particles away from those regions, and this is termed 
as negative DEP (nDEP). Hence, the dielectrophoretic force is proportional to particle volume 
and is highly dependent on the electrical properties of the particle, the medium, and the fre-
quency of the AC field [15].

Moreover, for an AC field with spatial variation, the dielectrophoretic force is given by

   F  DEP   = 2π  ε  m   Re [ f  CM  ]   a   3  ∇    | E |     
2
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where Re[fCM] and Im[fCM] are the Clausius-Mossotti real part and imaginary part, respec-
tively; ϕ is the AC field phase, and subscript “i” represents each element of the field as well 
as the phase [15]. AC field with spatial variation is being employed in (1) traveling wave DEP 
and (2) electrorotation.

In general, the traveling wave DEP is created by application of 90° phase-shifted electric sig-
nal, i.e., 0, 90, 180, and 270°, on an array of planar parallel electrodes, causing generation of a 
traveling wave of electrostatic potential which can vertically suspend a lossy dielectric sphere 
while at the same time propels it along the array. The Re[fCM] determines whether the biopar-
ticles are levitated (nDEP) or attracted to the electrodes (pDEP), while Im[fCM] determines the 

Figure 1. (a) Dielectrophoresis. At a certain frequency, particle A (purple) experiences higher polarizability than the 
suspending medium (fCMA > 0), attracting it to the region with higher electric field gradient, while at the same time 
particle B (yellow) experiences less polarizability than the suspending medium (fCMB < 0), pushing it away to the 
region with lower electric field gradient (FpDEP, positive dielectrophoretic force; FnDEP, negative dielectrophoretic force) 
(Reprinted with permission from Md Ali et al. [13]. Copyright 2016 Royal Society of Chemistry). (b) Manipulation of 
bacteria by dielectrophoresis. Blood specimen mixed with a permeabilizing agent sample is injected into the microfluidic 
device for desalination process by membraneless dialysis before subsequent enrichment of target bacteria, E. coli, at 
dielectrophoretic electrodes (Adapted with permission from D’Amico et al. [14]. Copyright 2017 Royal Society of 
Chemistry).
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translational movement in direction of electrode array. The electrorotation employs quadrupole 
electrodes with 90° phase-shifted electric signal. The electrodes generate a rotating electric field 
when excited with this multiphase AC field. Electrorotation is achieved by nDEP (Re[fCM] < 0) for 
bioparticle levitation during the rotational motion which is determined by Im[fCM] [16].

As bioparticles are typically multilayered with the presence of multilayer membranes, 
Clausius-Mossotti factor calculation needs to consider total permittivity of the bioparticle 
comprising of the permittivity of all layers. Total permittivity, εp, for a spherical multilayered 
particle is given by

   ε  p   =  ε   p  n  
   [  (  

 a  n   ___  a  n−1    )    
3

  + 2 (  
 ε   p  n−1  

   −  ε   p  n  
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   + 2  ε   p  n  
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where  εpn  is the permittivity that includes the outermost layer of the bioparticle, while  εpn-1  is per-
mittivity that excludes the outermost layer. an is the outermost layer (e.g., cell wall) radius, and 
an−1 is the second outermost layer (e.g., membrane) radius. The denotation n = 0, 1, 2, 3… is the 
corresponding layer calculation number that starts from the innermost layer (n = 0). The total per-
mittivity, εp, is the final layer calculated permittivity,  εpn , in which n is the final layer number [16].

Transition between the pDEP and nDEP responses of bioparticle happens across the point when 
the polarization of the particle and the suspending medium are equal, which occurs at a par-
ticular frequency known as crossover frequency, fxo. For a spherical structure, fxo is governed by

   f  xo   =   
 √ 

__
 2    σ  m  
 ______ 2𝜋𝜋a  C  m      (6)

where σm is the conductivity of the surrounding medium, a is the particle radius, and Cm is the 
capacitance of the bioparticle plasma membrane [17].

3.2. Dielectrophoretic manipulation of bioparticles

Manipulation of model organism has been demonstrated by Chen et al. [18], who perform 
detection and trapping of Shewanella oneidensis, a model organism for electrochemical activity 
bacteria, using DEP microfluidic chip, which equipped with real-time imaging for trapping 
process observation. The trapping is enhanced by providing hole arrays on top of the elec-
trode, in which the hole size-bacteria count relation is also studied. Sang et al. [19] demon-
strate blood manipulation using DEP. A portable microsystem for separation of living/dead 
RBCs by DEP which integrated with subsequent evaluation using surface stress sensor for 
living/dead RBC detection has been developed. This multifunctional portable microsystem is 
of potential application into diagnostic of hemolytic anemia disease, i.e., the situation where 
RBCs are damaged and removed from the bloodstream before their normal lifespan is over. 
Chiu et al. [20] use optically induced DEP (ODEP) to enhance conventional microfluidic iso-
lation and purification of CTCs from whole blood sample. In this system, light image is pro-
jected on photoconductive materials which coated on indium tin oxide (ITO) glass substrate  
to generate dielectrophoretic force field. Hollow circular images are used for targeted CTC 
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translational movement in direction of electrode array. The electrorotation employs quadrupole 
electrodes with 90° phase-shifted electric signal. The electrodes generate a rotating electric field 
when excited with this multiphase AC field. Electrorotation is achieved by nDEP (Re[fCM] < 0) for 
bioparticle levitation during the rotational motion which is determined by Im[fCM] [16].
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where  εpn  is the permittivity that includes the outermost layer of the bioparticle, while  εpn-1  is per-
mittivity that excludes the outermost layer. an is the outermost layer (e.g., cell wall) radius, and 
an−1 is the second outermost layer (e.g., membrane) radius. The denotation n = 0, 1, 2, 3… is the 
corresponding layer calculation number that starts from the innermost layer (n = 0). The total per-
mittivity, εp, is the final layer calculated permittivity,  εpn , in which n is the final layer number [16].

Transition between the pDEP and nDEP responses of bioparticle happens across the point when 
the polarization of the particle and the suspending medium are equal, which occurs at a par-
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where σm is the conductivity of the surrounding medium, a is the particle radius, and Cm is the 
capacitance of the bioparticle plasma membrane [17].

3.2. Dielectrophoretic manipulation of bioparticles

Manipulation of model organism has been demonstrated by Chen et al. [18], who perform 
detection and trapping of Shewanella oneidensis, a model organism for electrochemical activity 
bacteria, using DEP microfluidic chip, which equipped with real-time imaging for trapping 
process observation. The trapping is enhanced by providing hole arrays on top of the elec-
trode, in which the hole size-bacteria count relation is also studied. Sang et al. [19] demon-
strate blood manipulation using DEP. A portable microsystem for separation of living/dead 
RBCs by DEP which integrated with subsequent evaluation using surface stress sensor for 
living/dead RBC detection has been developed. This multifunctional portable microsystem is 
of potential application into diagnostic of hemolytic anemia disease, i.e., the situation where 
RBCs are damaged and removed from the bloodstream before their normal lifespan is over. 
Chiu et al. [20] use optically induced DEP (ODEP) to enhance conventional microfluidic iso-
lation and purification of CTCs from whole blood sample. In this system, light image is pro-
jected on photoconductive materials which coated on indium tin oxide (ITO) glass substrate  
to generate dielectrophoretic force field. Hollow circular images are used for targeted CTC 
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trapping, while long rectangular light bar is used to attract other untargeted cells. Adams et al. 
[21] perform sorting of neural stem and progenitor cells using microfluidic DEP device. The 
sorting is based on the cell membrane capacitance variation, which specifically determines the 
future forming cells, either neuron or astrocyte. Bacteria manipulation using DEP microfluidic 
device is shown by D’Amico et al. [14], in which they isolate and enrich Escherichia coli (E. coli) 
which spiked into whole blood sample. The device integrates membraneless dialysis process 
and dielectrophoretic trapping, presented in Figure 1b. Ding et al. [22] demonstrate the cap-
ture and enrich of Sindbis virus in a gradient insulator-based DEP microfluidic device, i.e., 
electric signal source is applied across both microchannel ends while insulating polydimeth-
ylsiloxane (PDMS) used to distort electric field, hence forming a nonuniform electric field. By 
tuning the voltage of applied signal, they can capture or release the virus from the saw-shaped 
electrode tip. Nucleic acid manipulation has been conducted by Jones et al. [23], in which they 
perform size-based sorting of a wide range of nucleic acid analytes, i.e., 1.0, 10.2, 19.5, and 48.5 
kbp double-stranded DNA (dsDNA) analytes, including both plasmid and genomic DNA in a 
continuous flow microfluidic platform, by using an insulator-based DEP to tune the deflection 
of the nucleic acids. Viefhues et al. [24] perform dielectrophoretic mobility shift assay of DNA 
complexes as well as pure DNA in a nanofluidic DEP system to demonstrate new technique 
in detection of different DNA variants, including protein-DNA complexes. Manipulation of 
proteins has been achieved by Mohamad et al. [25]. They use DEP to capture and character-
ize the electrical properties of colloidal protein molecule, i.e., bovine serum albumin (BSA), 
based on the molecule dispersion impedance exhibited at particular frequencies, which are 
influenced by the electrical double layer surrounding the molecule. Liao et al. [26] developed 
a DEP nanofluidic device to perform selective pre-concentration of functional proteins within 
bio-fluid medium, which in general is a high ionic strength medium. The device is advanta-
geous in the enhancement of DEP trapping forces against electrothermal flow which is chal-
lenging in nanoscale device design.

4. Magnetophoresis

Magnetophoresis (MAG) is the motion of particles under the influence of a nonuniform mag-
netic field, as the particles being magnetized cause them to be attracted toward the regions 
of high magnetic flux density or repelled away [8]. Magnetic field is generated by either a 
permanent magnet or an electromagnetic coil.

4.1. Fundamentals of MAG

Magnetophoretic force experienced by a particle is governed by

   F  MAG   =   
 ( χ  p   −  χ  m  )   V  p   ________  μ  0     (B ∙ ∇) B  (7)

where FMAG is the effective magnetic force upon the particle; χp and χm are the magnetic sus-
ceptibility of the particle and the medium, respectively; Vp is the particle volume, B is the 
magnetic flux density, and μ0 is the free space permeability [8].
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The motional direction is controlled by the difference of magnetic susceptibility between the  
particle and the medium, i.e., χp-χm. For a positive magnetic susceptibility difference  
(χp-χm > 0), the suspended particles are pushed to region with maximum magnetic field flux 
gradient, and this situation is known as positive MAG (pMAG). In contrast, under negative 
magnetic susceptibility difference (χp-χm < 0) situation, the particles are pushed to regions 
with minimum magnetic field flux gradient, and this is called as negative MAG (nMAG). The 
conceptual mechanism is shown in Figure 2a.

Common practices in magnetophoretic manipulation of bioparticle employ either (1) immu-
nomagnetic manipulation [28] or (2) diamagnetic manipulation [29], in which paramagnetic 
bounded to bioparticle is exploited in the former, while in the latter, paramagnetic- or ferro-
fluid-suspending medium is utilized. In immunomagnetic bioparticle manipulation, para-
magnetic micro-/nanoparticles, e.g., iron oxide microparticles and streptavidin paramagnetic 
particles, which have higher susceptibility compared to suspending medium are used. Target 
bioparticles are bounded to paramagnetic micro-/nanoparticles through antibodies, benefiting 
from binding affinity with bioparticles. Under influence of magnetic field, the microparticle-
bioparticle complexes can be manipulated. While in diamagnetic bioparticle manipulation, 
a suspending medium with higher magnetic susceptibility compared to target bioparticle is 
utilized. In this method, the magnetic field manipulates the suspending medium rather than 
the bioparticles themselves.

4.2. Magnetophoretic manipulation of bioparticles

Lee et al. [27] magnetically functionalize living yeast cells, Saccharomyces cerevisiae (S.  cerevisiae), 
as micro-magnets, by performing coating of several groups of them with different thicknesses 
of magnetic silica film (single layer up to seven layers), to control the magnetization degree of 
the cells as shown in Figure 2b. By doing so, multiple subgroups are being formed which can 
be manipulated independently in the pool of heterogeneous cell mixtures. Magnetophoretic 
separation of erythrocytes, i.e., maturing RBCs from the mixture with reticulocytes and 
immature RBCs, in hematopoietic stem cell (HSC) culture, has been performed by Jin 

Figure 2. (a) Magnetophoresis. Bioparticles A (purple) are pushed toward the region with maximum magnetic flux 
density (pMAG) due to positive magnetic susceptibility difference between the bioparticles and the suspending medium 
(χpA-χm > 0), while bioparticles B (yellow) experience the opposite (χpB-χm < 0), thus being repelled away from the region 
(FpMAG, positive magnetophoretic force; FnMAG, negative magnetophoretic force) (Reprinted with permission from Md 
Ali et al. [13]. Copyright 2016 Royal Society of Chemistry). (b) Manipulation of model organism by magnetophoresis. 
Multilayered magnetic silica film-coated yeast is manipulated in microfluidic device equipped with external permanent 
magnet (Reprinted with permission from Lee et al. [27]. Copyright 2016 Springer Nature).
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trapping, while long rectangular light bar is used to attract other untargeted cells. Adams et al. 
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future forming cells, either neuron or astrocyte. Bacteria manipulation using DEP microfluidic 
device is shown by D’Amico et al. [14], in which they isolate and enrich Escherichia coli (E. coli) 
which spiked into whole blood sample. The device integrates membraneless dialysis process 
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density (pMAG) due to positive magnetic susceptibility difference between the bioparticles and the suspending medium 
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et al. [30]. They exploit the paramagnetic property of deoxygenated hemoglobin of matur-
ing erythrocytes compared to reticulocyte which is diamagnetic for the MAG-based separa-
tion. Jack et al. [31] demonstrate immunomagnetic isolation of diverse groups of magnetic 
bead-labeled tumor cells (with different levels of labeling), based on the surface protein 
expressions. The sample is introduced to multiple levels of magnetic sorter according to the 
adjustment of external permanent magnet distance to flowing magnetic-labeled cells, result-
ing in separation of the cells according to their epithelial cell adhesion molecule (EpCAM) 
levels into low, moderate, and high expression. Bacteria manipulation using MAG has been 
achieved by Wang et al. [32], who demonstrate the trapping of Bacillus megaterium, which are 
nonmagnetic bioparticles in a ferrofluid suspension while experiencing uniform external 
magnetic field. The sample continuously flows in a microfluidic channel with nonmagnetic 
island located in the middle of the channel. Due to the magnetic susceptibility difference 
between the island and the surrounding ferrofluid, the nonmagnetic bacteria experience 
magnetophoretic force and, thus attract the bacteria to the island, while the ferrimagnetic 
particle which comprises the ferrofluid is also attracted to the island; however, the bacteria 
and the magnetic particles are accumulated at different regions. Wang et al. [33] perform 
magnetophoretic concentration of avian influenza virus (H5N1) in continuous flow micro-
fluidic system. The H5N1 magnetic nanoparticle complexes are formed using aptamer-
biotin-streptavidin binding and injected to three-dimensionally printed magnetophoretic 
platform which experiences magnetic field from external neodymium magnets, to migrate 
the complexes from the original sample flow to phosphate-buffered saline carrier flow. Shim 
et al. [34] demonstrate the magnetophoretic capture of DNA-conjugated magnetic particles 
in microfluidic device by short-range magnetic field gradient exerted by micro-patterned 
nickel array on the bottom surface of the separation channel, as well as enhancement with 
oppositely oriented array of external permanent magnet for a long-range magnetic field 
gradient at the interfaces between magnets. The DNA is then collected by performing 
detachment from the captured DNA magnetic particle conjugates by enzymatic reaction 
with uracil-specific excision reagent enzyme. Magnetophoretic manipulation of protein has 
been achieved by Lim et al. [35] in which manipulation of Atto-520 biotin-streptavidin-mag-
netic particle conjugates is demonstrated. The magnetic force is applied by external rotat-
ing magnetic field, while soft permalloy (Ni80Fe20) magnetic tracks composed of radii and 
spiral tracks, known as spider web network, are patterned underneath the manipulation 
plane. The structure facilitates the directional transportation of magnetic particles, which is 
of potential application as biomolecule cargo, to the desired path, either converging to the 
spider web center or dispersing away, according to the external rotating magnetic field, i.e., 
clockwise or counterclockwise.

5. Acoustophoresis

Acoustophoresis (ACT) is the motion of particles when experiencing a surface acoustic wave 
(SAW) radiation pressure, either by standing surface acoustic wave or traveling surface acous-
tic wave [36, 37].
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5.1. Fundamentals of ACT

Acoustophoretic force, FACT, experienced by a particle is determined by.

     F  ACT   = 4π  a   3   E  ACT   ksin (2kx) ϕ  (8)

where FACT is the acoustic radiation force, EACT is the acoustic energy density, a is the particle 
radius, x is the distance from pressure antinode in the wave propagation axis, k is the wave 
number (2πflc0), and ϕ is the acoustic contrast factor [9].

The direction of the particle motion, either toward the pressure node or the antinode, is gov-
erned by the sign of the acoustic contrast factor, ϕ, given by

  ϕ =   
 ρ  p   +   2 __ 3   ( ρ  p   −  ρ  m  ) 

 __________ 2  ρ  p   +  ρ  m     −   1 __ 3     
 ρ  m    c  m  2  

 ____  ρ  p    c  p  2 
    (9)

where ρp and ρm are the density of the particle and medium, respectively, while cp and c0 are 
the speed of sound within the particle and medium, respectively. As shown in Figure 3a, for 
a condition with positive acoustic contrast factor (ϕ>0), the particles are pushed toward the 
pressure node, and the phenomenon is known as positive ACT (pACT). In contrast, for a 
negative acoustic contrast factor condition (ϕ<0), the particles are pushed toward the pressure 
antinode, and it is called as negative ACT (nACT).

Figure 3. (a) Acoustophoresis. (Left) Bioparticles are randomly dispersed in the suspending medium without the 
presence of acoustic radiation pressure. (Right) Bioparticles experience acoustic radiation pressure when SAW 
transducer is turned on. Bioparticles A (purple) are pushed toward the pressure node due to positive acoustic pressure 
contrast (φA > 0). Bioparticles B (yellow) which experience the opposite (φB < 0) are pushed toward the pressure antinodes 
(Reprinted with permission from Md Ali et al. [13]. Copyright 2016 Royal Society of Chemistry). (b) Manipulation 
of bacteria in blood by acoustophoresis. Separation of bacteria from RBCs is performed by acoustic separation chip. 
Bacteria enrichment from blood plasma is performed subsequently at acoustic trapping capillary before the release for 
detection and identification by dry-reagent PCR chips (Reprinted with permission from Ohlsson et al. [38]. Copyright 
2016 American Chemical Society).
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et al. [30]. They exploit the paramagnetic property of deoxygenated hemoglobin of matur-
ing erythrocytes compared to reticulocyte which is diamagnetic for the MAG-based separa-
tion. Jack et al. [31] demonstrate immunomagnetic isolation of diverse groups of magnetic 
bead-labeled tumor cells (with different levels of labeling), based on the surface protein 
expressions. The sample is introduced to multiple levels of magnetic sorter according to the 
adjustment of external permanent magnet distance to flowing magnetic-labeled cells, result-
ing in separation of the cells according to their epithelial cell adhesion molecule (EpCAM) 
levels into low, moderate, and high expression. Bacteria manipulation using MAG has been 
achieved by Wang et al. [32], who demonstrate the trapping of Bacillus megaterium, which are 
nonmagnetic bioparticles in a ferrofluid suspension while experiencing uniform external 
magnetic field. The sample continuously flows in a microfluidic channel with nonmagnetic 
island located in the middle of the channel. Due to the magnetic susceptibility difference 
between the island and the surrounding ferrofluid, the nonmagnetic bacteria experience 
magnetophoretic force and, thus attract the bacteria to the island, while the ferrimagnetic 
particle which comprises the ferrofluid is also attracted to the island; however, the bacteria 
and the magnetic particles are accumulated at different regions. Wang et al. [33] perform 
magnetophoretic concentration of avian influenza virus (H5N1) in continuous flow micro-
fluidic system. The H5N1 magnetic nanoparticle complexes are formed using aptamer-
biotin-streptavidin binding and injected to three-dimensionally printed magnetophoretic 
platform which experiences magnetic field from external neodymium magnets, to migrate 
the complexes from the original sample flow to phosphate-buffered saline carrier flow. Shim 
et al. [34] demonstrate the magnetophoretic capture of DNA-conjugated magnetic particles 
in microfluidic device by short-range magnetic field gradient exerted by micro-patterned 
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been achieved by Lim et al. [35] in which manipulation of Atto-520 biotin-streptavidin-mag-
netic particle conjugates is demonstrated. The magnetic force is applied by external rotat-
ing magnetic field, while soft permalloy (Ni80Fe20) magnetic tracks composed of radii and 
spiral tracks, known as spider web network, are patterned underneath the manipulation 
plane. The structure facilitates the directional transportation of magnetic particles, which is 
of potential application as biomolecule cargo, to the desired path, either converging to the 
spider web center or dispersing away, according to the external rotating magnetic field, i.e., 
clockwise or counterclockwise.

5. Acoustophoresis

Acoustophoresis (ACT) is the motion of particles when experiencing a surface acoustic wave 
(SAW) radiation pressure, either by standing surface acoustic wave or traveling surface acous-
tic wave [36, 37].
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5.1. Fundamentals of ACT

Acoustophoretic force, FACT, experienced by a particle is determined by.

     F  ACT   = 4π  a   3   E  ACT   ksin (2kx) ϕ  (8)

where FACT is the acoustic radiation force, EACT is the acoustic energy density, a is the particle 
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 ρ  p   +   2 __ 3   ( ρ  p   −  ρ  m  ) 
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 ____  ρ  p    c  p  2 
    (9)

where ρp and ρm are the density of the particle and medium, respectively, while cp and c0 are 
the speed of sound within the particle and medium, respectively. As shown in Figure 3a, for 
a condition with positive acoustic contrast factor (ϕ>0), the particles are pushed toward the 
pressure node, and the phenomenon is known as positive ACT (pACT). In contrast, for a 
negative acoustic contrast factor condition (ϕ<0), the particles are pushed toward the pressure 
antinode, and it is called as negative ACT (nACT).

Figure 3. (a) Acoustophoresis. (Left) Bioparticles are randomly dispersed in the suspending medium without the 
presence of acoustic radiation pressure. (Right) Bioparticles experience acoustic radiation pressure when SAW 
transducer is turned on. Bioparticles A (purple) are pushed toward the pressure node due to positive acoustic pressure 
contrast (φA > 0). Bioparticles B (yellow) which experience the opposite (φB < 0) are pushed toward the pressure antinodes 
(Reprinted with permission from Md Ali et al. [13]. Copyright 2016 Royal Society of Chemistry). (b) Manipulation 
of bacteria in blood by acoustophoresis. Separation of bacteria from RBCs is performed by acoustic separation chip. 
Bacteria enrichment from blood plasma is performed subsequently at acoustic trapping capillary before the release for 
detection and identification by dry-reagent PCR chips (Reprinted with permission from Ohlsson et al. [38]. Copyright 
2016 American Chemical Society).
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Mainstream applications of ACT in particle manipulation employ either (1) traveling surface 
acoustic wave (TSAW) [37] or standing surface acoustic wave (SSAW) [36]. A TSAW is a condi-
tion when a surface acoustic wave (SAW) is propagating from interdigitated transducer (IDT) 
electrodes, while SSAW occurs when two TSAWs constructively interfere and form a standing 
or stationary SAW. TSAW can be generated by a single IDT electrode, while the SSAW can be 
generated either by a pair of IDT electrodes or a combination of a single IDT and wave reflec-
tors. In TSAW acoustophoresis, bioparticles move together with the wave propagation, while 
in SSAW acoustophoresis, they are pushed toward the SAW pressure node or the antinode. 
Pressure node is the region of constant pressure, while pressure antinodes are regions alter-
nating between maximum and minimum pressure values.

5.2. Acoustophoretic manipulation of bioparticles

Acoustophoretic manipulation of model organism has been demonstrated by Sundvik et al. 
[39]. They study levitation of zebrafish embryos using acoustic radiation force in a noncontact 
wall-less platform for a period of less than 2000 s, while the embryos still in development at 
2–14 hours postfertilization, and they found that the levitation does not interfere the develop-
ment, though it might influence mortality rate. Urbansky et al. [40] perform the manipulation 
of peripheral blood progenitor cells (PBPCs) with the focus on sorting out CD8 lymphocytes 
(target cells) from the mixture that contains CD4, CD19, CD34, and CD56 lymphocytes as well. 
They label the CD8 with affinity beads, forming bead-cell complex, to modify the acoustic mobil-
ity of the target cells. Furthermore, they modify the medium properties of central buffer, using 
Ficoll wash buffer, to adjust the acoustic force on different particles, so that bead-CD8 complexes 
are pushed into central buffer under acoustophoretic force exerted by piezoceramic transducer, 
while other unbounded cells remain flowing at the side due to lower acoustic mobility. Urbansky 
et al. [41] further perform separation of mononuclear cells (MNCs) from diluted whole blood 
using acoustophoretic microfluidic device. They managed to overcome the behavior similarity 
of MNCs and RBCs in acoustic standing wave by optimizing the buffer conditions to modify the 
acoustophoretic mobility of the cells. Antfolk et al. [42] accomplish separation of spiked pros-
tate cancer cells (DU145) from whole blood using ACT-DEP-integrated platform consisting of 
acoustophoretic pre-alignment, separation, and concentration of targeted DU145 cells, prior to 
single-cell array trapping using DEP microwell. Bacteria manipulation has been accomplished 
by Ohlsson et al. [38], who developed a microsystem for bacteria separation, enrichment, and 
detection from blood, as demonstrated in Figure 3b. The system is integrated with acoustic sepa-
ration to remove RBCs from blood sample, with subsequent enrichment of bacteria from plasma 
by acoustic trapping to polystyrene seed particles, and polymerase chain reaction (PCR) for 
detection and identification of the bacteria at the final stage. They demonstrate the system using 
whole blood samples, which, respectively, spiked with Pseudomonas putida and E. coli. While for 
virus manipulation, Ness et al. [43] demonstrate extraction and enrichment of MS2 virus from 
human nasopharyngeal samples by integration of acoustic force to remove host cells, debris, 
and pollen from the sample and later with electric field force to attract the virus, which is a 
negatively charged species, and to migrate from sample to co-flowing buffer. Further, Park et al. 
[44] perform washing and screening of prostate-specific antigen (PSA)-binding aptamer, a sin-
gle-stranded DNA (ssDNA), using an acoustophoretic separation. The ssDNA pool comprising  
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of ssDNA library is incubated with microbeads which modified with target molecule, before it is 
introduced to acoustophoretic separation device, where the microbeads with target-bound DNA 
fragments are focused on central buffer due to acoustophoretic force, while unbound protein 
and ssDNA are remained in the original buffer at the side flow. The target-bound DNA on the 
microbeads is collected and amplified by PCR for subsequent round of washing and screening. 
Recently, Kennedy et al. [45] communicate the process of purifying target biomolecules utiliz-
ing acoustic standing wave in a fluidic chamber to partition and maintain solid-phase bead in 
an acoustically fluidized bed format, for capturing, washing, and elution of target biomolecules, 
including monoclonal antibody by protein A beads from a crude cell culture system and recom-
binant green fluorescent protein (GFP) by anion exchange of a crude cell lysate.

6. Thermophoresis

Thermophoresis (THM) is the motion of particles driven by thermal gradients in the suspend-
ing medium. Thermal gradients are commonly generated by local absorption of infrared (IR) 
laser. The thermal gradients induce diffusional motion of the particles, either toward higher 
or lower temperature regions [10].

6.1. Fundamentals of THM

Thermophilic particles diffused to the region with higher temperature, while thermophobic 
particles move to the opposite direction, as shown in Figure 4a.

Liquid flow density, J, driven by thermophoretic field, is governed by

  J = D [∇ C +  S  T   C (1 − C) ∇ T]   (10)

where D is the diffusion coefficient, C is the concentration, T is the temperature, and ST is the 
Soret coefficient, defined as the ratio of thermal diffusion coefficient, DT, over diffusion coef-
ficient, D, which is given by

   S  T   =   
 D  T  

 ___ D    (11)

Steady-state concentration changes for a given spatial temperature difference, ΔT, which is 
given by

    
 C  hot   ____  C  cold  

   = exp  (−  S  T   ΔT)   (12)

where Chot is the molecule concentration in the hot area, while Ccold is in the cold area.

Studies prove that a temperature difference between 2 and 8 K in the beam center with a 
1/e2 diameter of 25 μm managed to induce thermophoretic motion, while the “1/e2 diameter” 
(e = 2.71828) indicates the beam diameter where intensity drops to 13.5% of the maximum 
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tors. In TSAW acoustophoresis, bioparticles move together with the wave propagation, while 
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Pressure node is the region of constant pressure, while pressure antinodes are regions alter-
nating between maximum and minimum pressure values.

5.2. Acoustophoretic manipulation of bioparticles

Acoustophoretic manipulation of model organism has been demonstrated by Sundvik et al. 
[39]. They study levitation of zebrafish embryos using acoustic radiation force in a noncontact 
wall-less platform for a period of less than 2000 s, while the embryos still in development at 
2–14 hours postfertilization, and they found that the levitation does not interfere the develop-
ment, though it might influence mortality rate. Urbansky et al. [40] perform the manipulation 
of peripheral blood progenitor cells (PBPCs) with the focus on sorting out CD8 lymphocytes 
(target cells) from the mixture that contains CD4, CD19, CD34, and CD56 lymphocytes as well. 
They label the CD8 with affinity beads, forming bead-cell complex, to modify the acoustic mobil-
ity of the target cells. Furthermore, they modify the medium properties of central buffer, using 
Ficoll wash buffer, to adjust the acoustic force on different particles, so that bead-CD8 complexes 
are pushed into central buffer under acoustophoretic force exerted by piezoceramic transducer, 
while other unbounded cells remain flowing at the side due to lower acoustic mobility. Urbansky 
et al. [41] further perform separation of mononuclear cells (MNCs) from diluted whole blood 
using acoustophoretic microfluidic device. They managed to overcome the behavior similarity 
of MNCs and RBCs in acoustic standing wave by optimizing the buffer conditions to modify the 
acoustophoretic mobility of the cells. Antfolk et al. [42] accomplish separation of spiked pros-
tate cancer cells (DU145) from whole blood using ACT-DEP-integrated platform consisting of 
acoustophoretic pre-alignment, separation, and concentration of targeted DU145 cells, prior to 
single-cell array trapping using DEP microwell. Bacteria manipulation has been accomplished 
by Ohlsson et al. [38], who developed a microsystem for bacteria separation, enrichment, and 
detection from blood, as demonstrated in Figure 3b. The system is integrated with acoustic sepa-
ration to remove RBCs from blood sample, with subsequent enrichment of bacteria from plasma 
by acoustic trapping to polystyrene seed particles, and polymerase chain reaction (PCR) for 
detection and identification of the bacteria at the final stage. They demonstrate the system using 
whole blood samples, which, respectively, spiked with Pseudomonas putida and E. coli. While for 
virus manipulation, Ness et al. [43] demonstrate extraction and enrichment of MS2 virus from 
human nasopharyngeal samples by integration of acoustic force to remove host cells, debris, 
and pollen from the sample and later with electric field force to attract the virus, which is a 
negatively charged species, and to migrate from sample to co-flowing buffer. Further, Park et al. 
[44] perform washing and screening of prostate-specific antigen (PSA)-binding aptamer, a sin-
gle-stranded DNA (ssDNA), using an acoustophoretic separation. The ssDNA pool comprising  
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of ssDNA library is incubated with microbeads which modified with target molecule, before it is 
introduced to acoustophoretic separation device, where the microbeads with target-bound DNA 
fragments are focused on central buffer due to acoustophoretic force, while unbound protein 
and ssDNA are remained in the original buffer at the side flow. The target-bound DNA on the 
microbeads is collected and amplified by PCR for subsequent round of washing and screening. 
Recently, Kennedy et al. [45] communicate the process of purifying target biomolecules utiliz-
ing acoustic standing wave in a fluidic chamber to partition and maintain solid-phase bead in 
an acoustically fluidized bed format, for capturing, washing, and elution of target biomolecules, 
including monoclonal antibody by protein A beads from a crude cell culture system and recom-
binant green fluorescent protein (GFP) by anion exchange of a crude cell lysate.

6. Thermophoresis

Thermophoresis (THM) is the motion of particles driven by thermal gradients in the suspend-
ing medium. Thermal gradients are commonly generated by local absorption of infrared (IR) 
laser. The thermal gradients induce diffusional motion of the particles, either toward higher 
or lower temperature regions [10].

6.1. Fundamentals of THM

Thermophilic particles diffused to the region with higher temperature, while thermophobic 
particles move to the opposite direction, as shown in Figure 4a.

Liquid flow density, J, driven by thermophoretic field, is governed by

  J = D [∇ C +  S  T   C (1 − C) ∇ T]   (10)

where D is the diffusion coefficient, C is the concentration, T is the temperature, and ST is the 
Soret coefficient, defined as the ratio of thermal diffusion coefficient, DT, over diffusion coef-
ficient, D, which is given by

   S  T   =   
 D  T  
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Steady-state concentration changes for a given spatial temperature difference, ΔT, which is 
given by
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   = exp  (−  S  T   ΔT)   (12)

where Chot is the molecule concentration in the hot area, while Ccold is in the cold area.

Studies prove that a temperature difference between 2 and 8 K in the beam center with a 
1/e2 diameter of 25 μm managed to induce thermophoretic motion, while the “1/e2 diameter” 
(e = 2.71828) indicates the beam diameter where intensity drops to 13.5% of the maximum 
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value. The temperature rise of the suspending medium must be kept low to avoid bioparticle 
damage, such as in the case of DNA, which is from 23 to 31°C [47].

6.2. Thermophoretic manipulation of bioparticles

Thermophoretic manipulation of yeast cells has been demonstrated by Lin et al. [46] using 
low-power and flexible all-optical manipulation method, which presented in Figure 4b. They 
generate light-controlled temperature gradient field thus to trap the suspended cells due to 
permittivity gradient in the electric double layer of the cell membrane-charged surface. In fact, 
they manage to realize arbitrary spatial arrangement, as well as precise rotation of single-cell 
assemblies, with resolution down to 100 nm. J. Chen et al. [48] demonstrate thermophoretic 
manipulation of E. coli by inducing thermal gradient by microscale electric thermal heater. 
The electric thermal heater is fabricated by gold thin film by means of direct writing with 
a femtosecond laser. A thin SiO2 is coated over the gold thin film to electrically isolate the 
sample as well as to ensure that the trapping is entirely due to thermal effect. Osterman et al. 
[49] use microscale thermophoresis to study all potential intraviral protein-protein interactions 
of hepatitis E virus in order to understand the viral replication cycle. The thermal gradient 
is generated using 100 V-powered red LED for 25 s radiation. Remarkable thermophoretic 
manipulation of nucleic acids has been demonstrated by He et al. [50], in which translocation 
of DNA through nanopore utilizing cross-pore thermal gradient has been achieved. Heating 
of cis chamber is performed by exterior heater to maintain the environment at the melting 
temperature of the double-strand DNA to transform into single-strand DNA. Extensive tem-
perature drop across the pore is caused by thermal-insulating membrane that separate the cis 
and trans chambers, resulting in the thermophoretic translocation of the DNA from cis to trans 
chamber. Wolff et al. [51] perform microscale thermophoresis upon different forms of the pro-
tein α-synuclein, which is associated with Parkinson’s disease, to quantitatively characterize 

Figure 4. (a) Thermophoresis. Thermophilic bioparticles A (purple) diffuse to regions with higher temperature, while 
thermophobic bioparticles B (yellow) diffuse to lower temperature regions (Reprinted with permission from Md Ali 
et al. [13]. Copyright 2016 Royal Society of Chemistry). (b) Manipulation of model organisms by thermophoresis. 
Optothermal thermophoretic tweezer manipulation is performed by the following: (1) Laser is directed to the digital 
micromirror device (DMD). (2) Resultant image is focused on gold nanoparticle (AuNP) substrate for surface plasmon 
excitation. (3) Plasmon-enhanced optothermal potentials defined by the DMD-controlled optical images are exploited 
to trap and arbitrarily manipulate colloidal particles or biological cells (Adapted with permission from Lin et al. [47]. 
Copyright 2017 American Chemical Society).
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the thermophoretic behavior of the monomeric, oligomeric, and fibrillary forms of the protein. 
An infrared laser is focused inside a capillary borosilicate where homogenous protein suspen-
sion is placed, to generate localized heating, resulting in the motion of the molecules along the 
temperature gradient until the steady state is established.

7. Optical tweezing/trapping

Optical tweezing or trapping (OPT) indicates the manipulation of particles using optical 
forces, referring to the exploitation of light radiation pressure to displace and demobilize 
target particles [11, 12].

7.1. Fundamentals of OPT

Emission of light by a light source induces scattering and gradient forces, which affect par-
ticle in the light propagation axis. Scattering force, Fscat, affects in the direction of propagation, 
pushing the particle away from the light source. Gradient force, Fgrad, on the other hand, affects 
the direction of the optical field gradient, attracting the particle to the region with peak spatial 
light intensity [11] as shown in Figure 5a.

Optical tweezing or trapping depends on the dimension range of the particle under manipula-
tion, which is governed by two physical principles, i.e., (1) Mie scattering and (2) Rayleigh scat-
tering [12]. Mie regime condition governs for the condition where the particle dimension range 
is greater than the wavelength of light (d >> λ) which can be explained by ray optics. Cell-type 
bioparticle (micron-sized) manipulation lies on this regime. Rays of light carry momentum and 

Figure 5. (a) Optical tweezing or trapping. (Left) Scattering force, Fscat, pushes bioparticle away from the light source 
following the direction of light propagation. Gradient force, Fgrad, attracts bioparticle to the spatial light intensity peak 
according to the direction of the optical field gradient. (Right) Bioparticle is trapped at the highest intensity region, 
i.e., light focus, as emission of light through a high numerical aperture number lens generates Fgrad > Fscat condition 
(Reprinted with permission from Md Ali et al. [13]. Copyright 2016 Royal Society of Chemistry). (b) Manipulation 
of protein by optical tweezing or trapping: (1) Double-nanohole optical tweezer setup. (2) Details of manipulation of 
microfluidic device construct. Proteins are trapped at the focus of optical trap at the vicinity of the gold nanohole surface 
while at the same time unfolding between the double nanoholes. (3) SEM image of the double nanohole (ODF, optical 
density filter; HWP, half-wave plate; BE, beam expander; MR, mirror; MO, microscope objective; OI MO, oil immersion 
microscope objective; APD, avalanche photodiode) (Reprinted with permission from Pang and Gordon [52]. Copyright 
2011 American Chemical Society).
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value. The temperature rise of the suspending medium must be kept low to avoid bioparticle 
damage, such as in the case of DNA, which is from 23 to 31°C [47].

6.2. Thermophoretic manipulation of bioparticles

Thermophoretic manipulation of yeast cells has been demonstrated by Lin et al. [46] using 
low-power and flexible all-optical manipulation method, which presented in Figure 4b. They 
generate light-controlled temperature gradient field thus to trap the suspended cells due to 
permittivity gradient in the electric double layer of the cell membrane-charged surface. In fact, 
they manage to realize arbitrary spatial arrangement, as well as precise rotation of single-cell 
assemblies, with resolution down to 100 nm. J. Chen et al. [48] demonstrate thermophoretic 
manipulation of E. coli by inducing thermal gradient by microscale electric thermal heater. 
The electric thermal heater is fabricated by gold thin film by means of direct writing with 
a femtosecond laser. A thin SiO2 is coated over the gold thin film to electrically isolate the 
sample as well as to ensure that the trapping is entirely due to thermal effect. Osterman et al. 
[49] use microscale thermophoresis to study all potential intraviral protein-protein interactions 
of hepatitis E virus in order to understand the viral replication cycle. The thermal gradient 
is generated using 100 V-powered red LED for 25 s radiation. Remarkable thermophoretic 
manipulation of nucleic acids has been demonstrated by He et al. [50], in which translocation 
of DNA through nanopore utilizing cross-pore thermal gradient has been achieved. Heating 
of cis chamber is performed by exterior heater to maintain the environment at the melting 
temperature of the double-strand DNA to transform into single-strand DNA. Extensive tem-
perature drop across the pore is caused by thermal-insulating membrane that separate the cis 
and trans chambers, resulting in the thermophoretic translocation of the DNA from cis to trans 
chamber. Wolff et al. [51] perform microscale thermophoresis upon different forms of the pro-
tein α-synuclein, which is associated with Parkinson’s disease, to quantitatively characterize 

Figure 4. (a) Thermophoresis. Thermophilic bioparticles A (purple) diffuse to regions with higher temperature, while 
thermophobic bioparticles B (yellow) diffuse to lower temperature regions (Reprinted with permission from Md Ali 
et al. [13]. Copyright 2016 Royal Society of Chemistry). (b) Manipulation of model organisms by thermophoresis. 
Optothermal thermophoretic tweezer manipulation is performed by the following: (1) Laser is directed to the digital 
micromirror device (DMD). (2) Resultant image is focused on gold nanoparticle (AuNP) substrate for surface plasmon 
excitation. (3) Plasmon-enhanced optothermal potentials defined by the DMD-controlled optical images are exploited 
to trap and arbitrarily manipulate colloidal particles or biological cells (Adapted with permission from Lin et al. [47]. 
Copyright 2017 American Chemical Society).
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the thermophoretic behavior of the monomeric, oligomeric, and fibrillary forms of the protein. 
An infrared laser is focused inside a capillary borosilicate where homogenous protein suspen-
sion is placed, to generate localized heating, resulting in the motion of the molecules along the 
temperature gradient until the steady state is established.

7. Optical tweezing/trapping

Optical tweezing or trapping (OPT) indicates the manipulation of particles using optical 
forces, referring to the exploitation of light radiation pressure to displace and demobilize 
target particles [11, 12].

7.1. Fundamentals of OPT

Emission of light by a light source induces scattering and gradient forces, which affect par-
ticle in the light propagation axis. Scattering force, Fscat, affects in the direction of propagation, 
pushing the particle away from the light source. Gradient force, Fgrad, on the other hand, affects 
the direction of the optical field gradient, attracting the particle to the region with peak spatial 
light intensity [11] as shown in Figure 5a.

Optical tweezing or trapping depends on the dimension range of the particle under manipula-
tion, which is governed by two physical principles, i.e., (1) Mie scattering and (2) Rayleigh scat-
tering [12]. Mie regime condition governs for the condition where the particle dimension range 
is greater than the wavelength of light (d >> λ) which can be explained by ray optics. Cell-type 
bioparticle (micron-sized) manipulation lies on this regime. Rays of light carry momentum and 

Figure 5. (a) Optical tweezing or trapping. (Left) Scattering force, Fscat, pushes bioparticle away from the light source 
following the direction of light propagation. Gradient force, Fgrad, attracts bioparticle to the spatial light intensity peak 
according to the direction of the optical field gradient. (Right) Bioparticle is trapped at the highest intensity region, 
i.e., light focus, as emission of light through a high numerical aperture number lens generates Fgrad > Fscat condition 
(Reprinted with permission from Md Ali et al. [13]. Copyright 2016 Royal Society of Chemistry). (b) Manipulation 
of protein by optical tweezing or trapping: (1) Double-nanohole optical tweezer setup. (2) Details of manipulation of 
microfluidic device construct. Proteins are trapped at the focus of optical trap at the vicinity of the gold nanohole surface 
while at the same time unfolding between the double nanoholes. (3) SEM image of the double nanohole (ODF, optical 
density filter; HWP, half-wave plate; BE, beam expander; MR, mirror; MO, microscope objective; OI MO, oil immersion 
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is refracted when passing through a particle with a refractive index, n2, which is greater than 
the surrounding medium, n1. The rate of the momentum change in the detected rays develops 
an equal and opposite rate of momentum change of the particle, producing a force by Newton’s 
second law due to conservation of momentum. When a particle is placed in a light gradient, the 
sum of all rays passing through it creates an imbalance in force, pushing the particle toward 
the region with higher intensity of light. A focus constructs a trap as the strong light gradient 
points to the center. Rayleigh regime governs for bioparticles with dimension far less than the 
wavelength (d << λ), such as protein and nucleic acids. In this regime, the particles are treated 
as extremely small point dipoles polarized by a uniform electric field, which then interacts with 
light field. The dipole moment, pdipole, induced by a uniform electric field E, is given by
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where n1m and n2p are refractive indices of the suspending medium and the particle, respec-
tively, a is the particle radius, ε0 is the vacuum permittivity, and m is the contrast ratio of the 
indices, i.e., m = np/nm. The magnitudes of scattering force, Fscat, and gradient force, Fgrad, based 
on point dipole interaction with light field method are given by
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where Fscat is the scattering force, Fgrad is the gradient force, I is the light intensity, c is the speed 
of light, k is the wave number (k = 2π/λ), and λ is the wavelength. Trapping is achieved at the 
highest intensity axis when Fgrad > Fscat.

OPT can be created by light emission through a high numerical aperture number (NA) of 
microscope objective (MO), which focuses light tightly and results in a force along the highest 
intensity axis, but in the backward direction, which causes the bioparticle to be demobilized, 
as presented in Figure 5a.

7.2. Optical tweezing or trapping of bioparticles

Favre-Bulle et al. [53] use optical trapping in vivo to manipulate otoliths in larval zebrafish to 
stimulate the vestibular system. Lateral and medial forces upon the otolith cause complementary 
corrective tail motion, while lateral force on either otolith causes a rolling correction in both eyes. 
Fascinating manipulation of blood has been demonstrated by Zhong et al. [54], who perform 
manipulation of RBCs in vivo, i.e., within subdermal capillaries in living mice, using infrared 
optical tweezers. They demonstrate the optical trapping and three-dimensional manipulation 
of single RBC in the capillary, as well as multiple RBC trapping, forming capillary blockage and 
clearance, by turning on and off the optical tweezer. Pradhan et al. [55] use optical trapping to 
bring a single cell of neural tumor cell lines into close proximity of another and measure the time 
required for cell-cell adhesion to form, as this method can be used to assess the differentiation 
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status of cancerous cells. They perform the measurement for human neuroblastoma SK-N-SH 
and rat C6 glioma cells. Stem cell manipulation has been performed by Kirkham et al. [56]. They 
develop remarkable holographic optical tweezer and demonstrate the micromanipulation of 
several stem cells, including mouse embryonic stem cells, mouse mesenchymal stem cells, and 
mouse primary calvarea cells, as well as microstructures, such as poly(DL-lactic-co-glycolic acid) 
microparticles and electrospun fiber fragments. They succeeded in accurately construct three-
dimensional architecture with varying geometries from cocultured cells and microstructure and 
then stabilized them using hydrogels and cell-cell adhesion methods. Zakrisson et al. [57] per-
form the optical trapping of nonpiliated strain of E. coli bacteria, as well as transformed strain 
HB101/pHMG93 (expressed as P pili) and the HB101/pAZZ50 strain (expressed as SII pili) in the 
development of method to determine the presence of pili on a single bacterium. The method 
comprises of measurement of the bacterium by imaging, then estimation of the fluid drag using 
an analytical model based on the size, and measurement of the effective fluid drag by oscillating 
the sample, while the single bacterium is trapped by an optical tweezer. Variation between esti-
mation and measured fluid drag determines the existence of pili. Progress in virus manipulation 
has been shown by Pang et al. [58]. They conduct optical trapping of individual human immuno-
deficiency virus (HIV-1) in culture fluid under native conditions and then subsequently perform 
multiparameter analysis of individual virions, including diameter measurement, concentration-
dependent aggregation, and monitoring of viral protein using two-photon fluorescence. Nucleic 
acid optical manipulation has been achieved by Ngo et al. [59] who use single-molecule assay 
which integrates fluorescence and optical tweezers generated by infrared laser to manipulate a 
single nucleosome under force and simultaneously analyze its local conformational transitions. 
The nucleosome is affixed to a polyethylene glycol (PEG)-coated glass surface at one end of 
the DNA and pulled via a λ-DNA tethered to the other end by an optical trap to apply force. 
Pang and Gordon [52], as shown in Figure 5b, perform optical trapping and stable unfolding 
of an individual BSA molecule using a double nanohole in a gold film. The double nanohole 
with 15 nm separated sharp tips is milled on Au/Ti/glass substrate by a focused ion beam, while 
the optical trap is generated by 820 nm laser focused onto the sample using a 100× oil immer-
sion microscope objective in a polarization with electric field aligned with the tips of the double 
nanohole.

8. Conclusion and future perspectives

Manipulation of bioparticles in micro-/nanofluidic, integrated with active manipulation mech-
anisms, i.e., dielectrophoresis, magnetophoresis, acoustophoresis, thermophoresis, and optical 
tweezing/trapping, has been discussed in this chapter. Description of the underlying funda-
mental theory is provided at the beginning, and state-of-the-art implementations into a wide 
range of bioparticles are carefully introduced. DEP has shown rapid progress into exploration 
of extremely small bioparticle manipulation, i.e., virus, nucleic acids, and protein. In particular, 
demonstration of DNA sorting [23] and impedance-based protein capturing [25] prove the 
potential for nanoscale application, as well as genetic and molecular biology studies. MAG is 
advantageous in selective manipulation benefited by biofunctionalization of magnetic micro-/
nanoparticle for affinity binding to target bioparticles. Novel achievement in customization of 
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target bioparticle magnetization using predefined multiple layers of magnetic particles [27] is 
promising for application into heterogeneous suspension manipulation, such as whole blood, 
progenitor, and cancerous cell detection and sorting. ACT’s greatest progress is in the integra-
tion with other mechanisms, e.g., DEP, to establish a complete biomedical device [42], showing 
that transformation from conventional devices to microfluidic biomedical devices which are 
superfast, precise, and portable is soon to be realized. THM technology particularly is matured 
enough in extremely small bioparticle manipulation, i.e., protein and nucleic acids, specifically 
as a measurement tool for binding interaction between molecules. In fact, the recent explora-
tion of thermal gradient-based DNA translocation [50], as well as cell arbitrary manipulation 
benefited from permittivity gradient in the electric double layer of cell membrane [47], poten-
tially open for new path in THM research. OPT has emerged into in vivo studies [53, 54], 
indicating that the clinical application is promising and soon to be achieved. In addition, OPT 
capability in application to genetic and stem cell studies is of high potential, as demonstrated 
in construction of three-dimensional bioparticle assemblies [55, 56]. Rapid progress of studies 
on these micro-/nanofluidic active manipulation mechanisms toward bioparticles has a sig-
nificant impact to biomedical research and technology development. Evolution into high-pre-
cision, superfast, and portable miniaturized biomedical devices is pretty soon to be achieved.
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Abstract

In microchannels, interaction and transport of micro-/nanoparticles and biomolecules are
crucial phenomena for many microfluidic applications, such as nanomedicine, portable
food processing devices, microchannel heat exchangers, etc. The phenomenon that parti-
cles suspended in liquid are captured by a solid surface (e.g., microchannel wall) is
referred to as particle deposition. Particle deposition is of importance in numerous practical
applications and is also of fundamental interest to the field of colloid science. This chapter
presents researches on fouling and particle deposition in microchannels, especially the
effects of temperature and temperature gradient, which have been frequently ‘ignored’
but are important factors for thermal-driven particle deposition and fouling processes at
elevated temperatures.

Keywords: particle deposition, microchannel, temperature, temperature gradient

1. Fouling

In the oil and gas industry, people first studied fouling and then it begun to be often adopted to
describe any undesirable deposit that led to an increase of flow resistance in fluid pipes or
thermal resistance in heat exchanger [1]. Most of the published researches on fouling are
focused on macro-scale phenomena and parameters, such as changes of hydraulic perfor-
mances and thermal resistances. According to the causes of formation, fouling can be
categorised into different types, which include crystallisation fouling, or particulate fouling,
scale formation, chemical reaction fouling, corrosion fouling, biological fouling, solidification
fouling and mixed fouling [2]. In this chapter, the authors will concentrate on the studies on
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particulate fouling in microfluidic applications. Particulate fouling refers to that finely
suspended solid particles accumulate onto solid surfaces. The diameters of particles are usu-
ally less than microns. Without other mechanisms having particles firmly attached onto solid
surface, the deposit formed by particulate fouling is normally thin and easily removed.

2. Particle deposition

Particulate fouling is caused by particle deposition onto the solid surfaces of collectors. This is
a complex process affected by diffusion, convection, colloidal, and external interaction forces.
To better understand the physical process of particle deposition, it can be conceptually divided
into three steps [3]:

1. Particle transport/diffusion

When particles are at large distances from the collector surface, the particles are transported
from the bulk fluid to the collector by diffusion, flow convection, and migration due to
external forces. Particle concentration gradients usually exist between the bulk fluids to the
collector surfaces and drive the suspended particles approaching the collector surfaces.
Flow convection, especially in turbulent flow, could give particles momentum to move
across the bulk fluid toward the collector surface. Besides, particles would migrate to the
collector when they are affected by external fields, such as gravity filed and electric field.

2. Particle-wall hydrodynamic interaction

When particles get close to the collector within a distance comparable to the particle
radius, the motion of the fluid between the particle surface and the collector surface
becomes much more difficult compared to the scenario at large distances. It is because that
the particles need to experience additional hydrodynamic drag caused by the presence of
the collector surface. Thus, the reduction of particle mobility is commonly attributed to the
particle-wall hydrodynamic interaction.

3. Particle adhesion

As particles approach the collector at even closer distances, typically less than 100 nm, the
motion of the particles is influenced by colloidal forces besides the hydrodynamic interac-
tion. Within such extremely short distance, the influences of the colloidal forces are over-
whelmingly stronger than those of external forces. Thus, the particle adhesion onto the
collector is mainly determined by the competition of the attractive and repulsive colloidal
forces. The colloidal forces consist of the universal van der Waals (VDW) force and the
electric double layer (EDL) force. These two interaction forces form the basis of the
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory of colloidal chemistry. The van der
Waals force originates from spontaneous electrical and magnetic polarizations, which
generate a fluctuating electromagnetic field within the particle and the collector as well as
in the gap between them. Solid surfaces in aqueous media (electrolyte solution) are always
charged because of the dissociation of ionisable surface sites or the adsorption of ionic
surface active sites. As a result, electric double layers are formed in the vicinity of both the
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particle and the collector surfaces. When these two charged surfaces approach each other
in the electrolyte solution, two electric double layers overlap and a repulsive interaction is
developed in this region if the particle and the collector carry the same sign of charge. This
repulsive interaction is known as the electric double layer force. In addition, other non-
DLVO colloidal interactions might affect the particle deposition in short ranges (0.5–5 nm)
under certain physicochemical conditions.

3. Theory of surface forces

The behaviours of particles in aqueous media are significantly influenced by the physicochem-
ical characteristics of the interaction forces between particles and solid surfaces [4]. Thus, the
interaction forces exerted on colloidal particles determine particulate fouling or particle depo-
sition. In this section, the colloidal forces between particles and surfaces are briefly reviewed,
including colloidal interaction forces, van der Waals attraction force and electrical double layer
repulsion force. These two forces form the basis of the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory, which were independently developed by Derjaguin and Landau [5] from
Soviet/Russian and Verwey and Overbeek [6] from Netherlands. Besides the DLVO forces,
non-DLVO forces are also involved in particle deposition and aggregation, such as polymer
bridging, solvation forces, steric forces or hydrophobic forces.

3.1. Derjaguin-Landau-Verwey-Overbeek (DLVO) theory

In the DLVO theory, van der Waals attraction force and electrostatic repulsion force are
suggested as the dominant interactions between two charged hydrophobic or lyophobic parti-
cles/surfaces in electrolyte solution. Moreover, the total interaction between particles and solid
surfaces in a liquid is assumed as the sum of the two interactions. This is the first theory
enabling to explain and predict the experimental observations of particle deposition and
aggregation in a quantitative way. The van der Waals interaction arises from the electromag-
netic effects of the molecules composing the particles while the electric double layer interaction
is caused by the overlapping of the electric double layers of two particles/surfaces in an
aqueous medium. Normally, the former is attractive and the latter is repulsive, which could
be changed depending on the material properties in some specific cases [4].

3.1.1. van der Waals force

The van der Walls force, also known as London-van der Waals force, originates from a
fluctuating electromagnetic field in particles and between particle and solid surface which is
induced by the spontaneous magnetic and electrical polarisation. The van der Waals force can
be either attractive or repulsive depending on the material property and is always attractive
between identical materials. A number of methods have been proposed to calculate the van
der Waals interaction energy [7–11]. Basically, there are two computation methods: the micro-
scopic and the macroscopic.
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For the microscopic methods, perturbation theory was initially adopted to solve the Schrӧdinger
equation for the interactions between two hydrogen atoms at a large separation distance byWang
[12] and London [13], and they considered the interactions between the protons and electrons of
the two atoms in the calculation. Their study provides a basis of quantum-mechanical analysis of
the interaction between two non-polar molecules. Margenau [14] improved the analysis with
consideration of higher moments. The retardation effect for the interactions was further investi-
gated by Casimir and Polder [15] when the separation distance was shorter than the characteristic
wavelength of radiation. Subsequently, Hamaker [11] proposed a simplified microscopic approx-
imation in which the interaction between two solids is pair-wise additive. In another words, the
total interaction force can be obtained by simply summing up the forces over all pairs of atoms in
both solids. It is worth mentioning that Hamker’s microscopic method neglects the retardation
effect and many-body interactions. However, the influence of neighbouring atoms cannot be
ignored, especially for condensed medium such as liquid. As a result, the pair additivity is
difficult to be implemented for interacting objects in aqueous medium.

A more rigorous approach, macroscopic theory, was proposed in order to account for the
aforementioned challenges. Dzyaloshinskii et al. [9] developed a new theory to avoid the
problem of additivity encountered in the microscopic methods, known as Lifshitz theory. In
this theory, large subjects are treated as a continuous medium without considering the atomic
structure. The interaction forces between the subjects are calculated based on the bulk material
properties including dielectric constants and refractive indices. The retardation effect is implic-
itly considered in the full Lifshitz treatment, but it is readily take account of the effect via
modifying the Hamaker constant. In terms of calculation of Hamaker constant, various
approaches have been developed and details can be found in the literatures [16–19].

Hamaker constants are most accurately calculated by Lifshitz theory, which determines the
magnitude of the interaction through the frequency dependent dielectric properties of the
intervening media [9, 18]. The Hamaker constant is estimated from the frequency dependent
dielectric properties of the individual materials comprising the system as
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where A132 is the Hamaker constant between particles ‘1’ and the plate ‘3’ in medium ‘2’ and is
a measure of the magnitude of the interaction between two objects. Israelachvili [20] proposed
a simplified expression for the function ε ivj

� �
based on the refractive index and the absorption

frequency of materials.

ε ivj
� � ¼ 1þ n2 � 1

v2
(2)

In practice, it is difficult to obtain all the parameters in Eq. (2), mainly the absorption fre-
quency. Assuming the absorption frequencies of the three media are the same, the Tabor-
Winterton (TW) expression was developed to overcome the difficulties, shown as [21]
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where the refractive index ni and zero frequency term ε0,i are the temperature-dependent
factors for van der Waals interaction, kB is the Boltzmann constant, and T is the absolute
temperature of the system. The zero frequency term for most of the aqueous colloids is about
equal to 3kT/4 or around 3 � 10�21 J. Water has a dielectric constant of about 80 at room
temperature and non-polar media have values in the range 2–3.

In consideration of the retardation effect, Suzuki and Higuchi [22] proposed an approximated
expression for the van der Waals interaction potential between the sphere and the plate as
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where a is the radius of the sphere, h is the minimum surface-to-surface separation between the
sphere and the plate, and H (h/a) and λ (λ/a) are the separation distance between the sphere
and plate surface and the dimensionless characteristic wavelength, respectively, as illustrated
in Figure 1. λ is the characteristic wavelength of the interaction which has a value of about
100 nm for most materials.

3.1.2. Electrostatic double layer force

Because of the electric double layer (EDL) force, particles can be well dispersed in liquids other
than forming aggregation. The EDL force originates from the repulsion between the charged
surfaces of the particles and solid surfaces immersed in liquids of high dielectric constants. The
charges form the so-called electric double layer in the vicinity of the particles and the solid
surfaces. The charging mechanism of a solid surface in a liquid medium can be categorised into
two: (1) ionisation or dissociation of surface groups on the solid surface and (2) adsorption or
binding of ions from electrolyte solutions onto a surface with oppositely charged sites or an

Figure 1. Interaction between the sphere and the plate.
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For the microscopic methods, perturbation theory was initially adopted to solve the Schrӧdinger
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where A132 is the Hamaker constant between particles ‘1’ and the plate ‘3’ in medium ‘2’ and is
a measure of the magnitude of the interaction between two objects. Israelachvili [20] proposed
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quency. Assuming the absorption frequencies of the three media are the same, the Tabor-
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surfaces of the particles and solid surfaces immersed in liquids of high dielectric constants. The
charges form the so-called electric double layer in the vicinity of the particles and the solid
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originally uncharged solid surface. For a single particle suspended in a liquid medium, the
particle is covered by the electric double layer (Figure 2). With consideration of the finite size
of ions, Stern [23] developed an electric double layer model in which one immobilised layer of
ions is absorbed onto the particle surface and the other layer is filled with diffusive space
charges from the liquid medium (Figure 2). The former layer is termed as Stern layer and the
latter layer is called as diffuse or Gouy layer.

Due to the nonuniform distribution of charges around the charged surface, electric potential
reduces gradually with the separation distance from the solid surface to the bulk liquid phase. In
the electric double layer model, several potentials are defined including surface potential on the
solid surface, Stern potential at the Stern layer and zeta potential (ζ) at slipping plane. Assuming
ions of identical property and average surface charge over the whole solid surface, the electric
potential (ψ) and the average charge distribution in the diffuse layer of the electric double layer
can be computed based on the non-linear Poisson-Boltzmann equation (PBE) as [24–26]

∇2ψ ¼ -1
ε0ε

X
i

n0i zie exp
�zieψ
kBT

� �
(5)

where n0 is the number density of ions in bulk, i represents the component i, z and e are the
valence and the elementary electric charge, ɛ0 is the permittivity of vacuum, and ɛ is the static
dielectric constant.

As illustrated in Figure 2, a particle approaches a solid surface in an electrolyte solution or two
charged particles approach each other, and their diffuse layers would overlap with each other.
EDL force is repulsive for two surfaces with charges of same sign, while it becomes attractive
for two particles with charges of opposite sign. The accuracy of calculating the EDL interaction
is influenced by various factors. To simplify the calculation, two important assumptions are

Figure 2. Schematic of a diffuse double layer of a charged particle in the vicinity of a charged solid/wall surface.
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made: interactions with constant surface potential and constant surface charge density. For the
constant surface potential cases, surface-chemical equilibrium is maintained while two particles/
surfaces are approaching in a very short time. This may not be realistic for some practical cases
[27]. For the constant surface charge cases, two particles/surfaces have fixed surface charge
densities in the approaching process. These two assumptions are applied to the potential and
charge on the particle/solid surfaces, whereas the interaction between electrical double layers is
determined by the potential at the Stern plane. The charges at the Stern layer may behave
differently from those on the particle/solid surface during the approach process. Recently, Barisik
et al. [28] and Zhao et al. [29] have applied a complex charge regulation as boundary conditions
to calculate the EDL interactions in nanoscale.

Generally, the EDL interaction energy can be computed based on two methods. One method is
to directly solve the Poisson-Boltzmann equation for systems of particle/solid surfaces. Nor-
mally, it is difficult to obtain simple analytical solutions by this method. The other method is to
construct the formula based on known expressions for each of the surfaces involved without
consideration of influences of the other surfaces. The approximations of EDL interaction
energy obtained in this way are often more attractive for practical applications which require
fairy accuracy and simplicity [30].

3.1.3. Sphere-plate double layer interactions

In 1934, Derjaguin [31] developed an integration method to calculate the electric double layer
interactions between two spheres in a dilute suspension. It has become a widely adopted
method in colloidal chemistry since then. The EDL interaction energy between two spheres
with overlapping electric double layers can be calculated as

Vedl ¼ 2πa1a2
a1 þ a2

ð∞

h

υEdh (6)

where h denotes the minimum separation distance between two sphere surfaces, and a1 and a2
are the radii of two spheres. The EDL interaction force can be obtained by differentiating the
interaction energy, Vedl, with the separation distance, h, as

Fedl ¼ 2πa1a2
a1 þ a2

υE hð Þ (7)

It should be noted that the above expressions are only applicable for cases in which κap > 5
and h ≪ ap are valid. By allowing one of the radii to approach infinity, the sphere-plate
interactions can be derived from the sphere-sphere interactions. Assuming constant surface
potential, a theoretical expression of EDL interaction energy between a sphere and a plane was
developed by Hogg et al. [32] as
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The electrical double layer (EDL) interaction force can be obtained by differentiating electrical
double layer interaction energy with separation between two surfaces.

Fedl ¼ � ∂Vedl

∂h
¼ 2πε0εaκ ξ2p þ ξ2w
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2
w
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where ζp and ζw denote the zeta potentials of colloid particle and channel wall, respectively. ɛ0
and εr represent the permittivity of vacuum and relative permittivity, respectively. The EDL
thickness, also known as Debye length, κ�1 is defined as

κ�1 ¼ 2e2z2n∞
εkBT

� ��0:5

(10)

where e represents the electron charge, z is the valance of ions and n∞ denotes the bulk
number density of ions. When the conditions of h ≪ ap and κap ≫ 1 are satisfied, the
expressions above can work well with cases of small potential. Alternatively, the EDL inter-
action energy can be computed with either the linear superposition method or the complete
numerical solution of the nonlinear Poisson-Boltzmann equation [33]. Considering ion-ion
interactions, a complex statistical mechanical model was developed for calculating the EDL
interaction based on the thermodynamic entropy and Helmholtz free energy approach.
Different boundary conditions have been studied, such as charge regulation and constant
surface charge density [28, 34, 35].

The total interaction energy, V, in the DLVO theory is obtained by the summation of the
electrostatic and van der Waals contributions as illustrated in Figure 3. With the electronic
double layer potential and van der Waals potential described under previous mentioned
assumptions, the total interaction is calculated as

Figure 3. Example diagram of potential energy vs. separation distance [36].
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V ¼ Vvdw þ Vedl (11)

Eq. (11) gives both a theoretical framework to predict and compare experimentally measured
colloidal interactions, and the knowledge of how surface interactions can be controlled.

3.2. Non-DLVO forces

In the classical DLVO theory, van der Waals and electrical double layer interactions play vital
roles in colloidal particle interactions. This theory has been successfully utilised to explain
many experimental observations. Whereas, there are situations in which theoretical predica-
tions based on interactions of electrical double layer and van der Waals force cannot provide
reasonable agreement with experimental results [6, 37]. For instance, the classic DLVO theory
fails to explain the interactions with ultra-short separation distance (i.e., shorter than a few
nanometres). The continuum theories are not valid in such short distances, and bulk material
properties (e.g., refractive index, density, and dielectric constant) cannot be used to describe
such interactions. For these cases, some additional non-DLVO forces can be introduced into
the DLVO theory, such as Born repulsion [38], polymer bridging [39], hydration forces [40],
hydrophobic interaction [41], and steric interaction [42]. In this section, a brief introduction for
non-DLVO forces is provided and more details can be found in a comprehensive review by
Liang [4].

Polymer bridging theory applies to polymer flocculation. It is postulated that polymer bridges
are built between neighbouring solid particles in a suspension in order to form a loose porous
3D network of solid particles (i.e., floc). When the detailed spatial variation of the short-range
forces are not crucial, Elimelech et al. [30] reported that the microscopically averaged Born
repulsion could be a convenient approach to consider effects of non-DLVO interactions. As
particles interact with adsorbed fluid layers, solvation or hydration forces begin to take effects.
Grabbe and Horn [43] suggested that the repulsive hydration force plays a dominant role for
two interacting silica surfaces in a short range immersed in an electrolyte solution (NaCl).
Unlike the electric double layer force, the hydration force was found to be independent on the
electrolyte concentration over the range in their experiments. However, the physical mecha-
nism of the hydration force is still unclear. The anomalous polarisation of water near the
interfaces could generate the hydration force. It also could originate from the entropic repul-
sion of thermally activated molecular groups from protrusions on the surfaces [44–46]. Water
molecules between two hydrophobic surfaces tend to migrate from the narrow gap to the bulk
liquid at extremely short separation distance. It is because that the opportunities for hydrogen
bonding are unlimited in the bulk liquid and free energy is lower than in the gap. As a result,
an attractive force, hydrophobic force, would be generated between the two surfaces. This
attractive force works in much greater range (up to 80 nm) than the van der Waals force and is
one to two orders of magnitude stronger [41, 47, 48]. When two polymer-covered particles
approach to each other, steric or osmotic forces would be developed between the particles. The
steric force is related to the repulsive entropic force caused by the entropy of confining these
chains for overlapping polymer molecules. So far, theories of steric forces are not well-
established. Many components can affect the magnitude of the steric forces, such as bonding
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Unlike the electric double layer force, the hydration force was found to be independent on the
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an attractive force, hydrophobic force, would be generated between the two surfaces. This
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chains for overlapping polymer molecules. So far, theories of steric forces are not well-
established. Many components can affect the magnitude of the steric forces, such as bonding
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stress between the polymer molecules, the quantity or coverage of polymer molecules on each
solid surface and solid surfaces (i.e., reversible process or not) [49–52].

4. Temperature control in microfluidic systems

Temperature is a crucial parameter in many microfluidic applications, for example, microscale
milk pasteurisation unit [53], polymerase chain reaction (PCR) [54, 55], mixing [56], and tempe-
rature gradient focusing [57] or separation [58]. Lab-on-a-chip devices and systems are com-
pact and multi-functional platforms which can be integrated into a small chip. Temperature
control is one of the important functions in various microfluidic applications. In this section,
different techniques for temperature control in microfluidic systems will be summarised into
two categories: bulk temperature control and temperature gradient control [59].

4.1. Bulk temperature

The bulk temperatures of liquids in microfluidic systems are uniformly distributed and it can
be changed by either external heating or internal heating approaches. A number of techniques
have been implemented for various applications.

To control the bulk temperature of the liquids, the external heating approaches usually use
either commercial heaters (e.g., Peltier elements) or preheat/cool liquids prior to being injected
into microchannels. Velve Casquillas et al. [60] designed an external temperature control
system with two Peltier elements that is able to readily vary the temperature of yeast channel
underneath the temperature control channel (shown in Figure 4a). By using this system, they
can rapidly regulate the yeast channel temperature in a wide range (5–45�C within 10 s).
Similarly, Khandurina et al. [61] utilised two Peltier elements as a sandwich assembly to
directly heat up a microfluidic chip for the polymerase chain reaction (PCR) (Figure 4b). This

Figure 4. (a) A schematic of the temperature control device by an external Peltier element; the yeast channel is placed
below the temperature control channel [60] and (b) schematic of the dual Peltier assembly for rapid thermal cycling
followed by electrophoretic analysis on-chip [61].
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compact setup is able to complete 10 thermal cycles within 20 min. With the similar configura-
tion, Yang et al. [55] fabricated a serpentine microchannel on a thin polycarbonate plate
(thickness: 0.75 mm) as a PCR microreactor (Figure 5). They used thermocouples to measure
the surface temperatures of the intrachamber temperature and Peltier elements. With the
developed device, they performed 30 thermal cycles in 30 min and the heating rate and cooling
rate are 7–8 and 5–6�C/s, respectively.

Furthermore, Maltezos et al. [62] chose using liquid metal in combination with Peltiers to
explore the limits of PCR speed in a microchip. Sample tubes were first immerged in a liquid
medium (gallium eutectic) and then sandwiched between two high-powered Peltier elements.
Heat can be rapidly transferred between the DNA/RNA in the sample tubes and the Peltier
elements via the liquid interface. High heating rate and cooling rate can be up to 106 and 89�C/s
in their experiments, respectively.

On the other side, the direct integration of heating or cooling elements into microfluidic
systems is a popular method. Integrated heating approaches are able to reduce the whole
system size and improve its portability.

Joule heating has been the most widely-used technique as an integrated heating solution for
the temperature control in microfluidic systems. Lao et al. [63] filled platinum into silicon-
based microchannels as in-chip heaters and sensors. A well-controlled thermal environment
(�1�C) was achieved for gas and liquid phase reactions (Figure 6). The silicon microchannel
was thermally isolated by a thin silicon nitride membrane to save power consumption. Precise
and prompt temperature control was facilitated with a digital feedback system developed by
them (heating rate: 20�C/s, cooling rate: 10�C/s, and response time: 5 s). By using similar
serpentine channel configurations, Wu et al. [64] injected silver paint into the PDMS
microchannels as integrated microheaters and took an advantage of compressed air for rapid
cooling in parallel channels. Heating rate was 20�C/s and error of temperature was about
�0.5�C in the steady state. With this device, DNA can be successfully amplified in 25 thermal
cycles with 1 min per cycle. Instead of applying metal, de Mello et al. [65] made use of ionic

Figure 5. (a) Peltier thermocycler for the PCR microreactor and (b) a photograph of the serpentine polycarbonate
microchannel [55].
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stress between the polymer molecules, the quantity or coverage of polymer molecules on each
solid surface and solid surfaces (i.e., reversible process or not) [49–52].
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Figure 4. (a) A schematic of the temperature control device by an external Peltier element; the yeast channel is placed
below the temperature control channel [60] and (b) schematic of the dual Peltier assembly for rapid thermal cycling
followed by electrophoretic analysis on-chip [61].
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liquids ([BMIM][PF6] and [BMIM][Tf2N]) as heating elements. The ionic liquid was Joule
heated by an AC current (power: 1 W, frequency: 50 Hz, and voltage: ≤ 3.75 kV). By controlling
the applied voltage of the ionic liquids, the bulk temperature was regulated from 50 to 90�C
with an accuracy of 0.2�C.

Other than the commonly used physical heating approach (i.e., Joule heating), chemical
approach can be another integrated option. To locally control the temperature in a micro-
channel, Guijt et al. [66] made use of heat adsorption and dissipation via endothermic and
exothermic chemical reactions, respectively (Figure 7a). Heating/cooling can be achieved in a
temperature control channel (TCC) where two reagents from separate reactant channels (RC1

and RC2) merged and had chemical reaction. Heating was achievedwith a dissolution of 97 wt%
H2SO4 (Reagent 1) in water (Reagent 2), while cooling was realised with the evaporation process
acetone (Reagent 1) in the air (Reagent 2). A wide temperature range from �3 to 76�C with a
ramp rate of 1�C/s can be realised in the central channel by manipulating the flow rate ratio
between two reagents (shown in Figure 7b).

Figure 6. Top view of the microchip showing the patterned heaters and temperature sensors [63].

Figure 7. (a) Two reactant channels (RC) merging into a temperature control channel (TCC) and (b) layout of the device
used for demonstration experiments [66].
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4.2. Temperature gradient

For several applications such as Soret effect and droplet actuation, temperature gradients are
demanded in microfluidic systems. Temperature gradients have been generated in either a
controlled temperature profile or an arbitrary way by various techniques.

As illustrated in Figure 8a, Mao et al. [67] generated a linear temperature gradient along the
horizontal direction of the PDMSmicrochannel by using the pre-heated liquid approach. Hot and
cold fluids were channelled into two side channels separately, and a stable temperature gradient
has been established in the central channel (Figure 8b). Zhao et al. [68] implemented this
approach for studies on thermophoresis using amicrochipmade of stainless steel. Due to a higher
conductivity of stainless steel than PDMS, a wider range of variations for both bulk temperature
and temperature gradient (1.5� 104 K/m) can be formed in themicrochannel. In order to fabricate
similar structures in PDMS microchip, Yan et al. [69] proposed a fast prototyping method for
single-layer PDMS microfluidic devices with abrupt depth variations by combining the laser
ablation and NOA81 moulding. The whole fabrication process can be completed within 2 h. This
method can readily produce PDMS microfluidic devices with micrometre and millimetre struc-
tures in one step. Moreover, this method can be applied in a non-clean-room environment and
does not require complicated and expensive soft lithography equipment or etching processes.

Instead of preheating liquids, Vigolo et al. [70] chose to use silver-filled epoxy with a similar
parallel channel configuration to generate temperature gradients in a microchannel. This
microscale heating element can be powered by two ordinary AAA batteries. Thus, this design
shows its potential as a cost effective and portable solution for thermal control of microfluidic
devices. Alternatively, the parallel-channel configuration has also been implemented for con-
trol of bulk temperatures in microchannels. It can be readily realised by changing the direc-
tions of preheated liquid and DC electric current [71–73].

In addition to regulating bulk temperatures, Peltier elements can be utilised to establish a
constant temperature gradient in microfluidic systems. Matsui et al. [74] designed and fabri-
cated a hybrid temperature gradient focusing (TGF) chip (materials: PDMS/glass) by applying
two Peltier elements. A range of temperature gradient can be formed along the horizontal

Figure 8. (a) Schematic diagram of a device with an on-chip linear temperature gradient and (b) a plot of temperature vs.
position of the temperature gradient device [67].
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direction of the microchannel (Figure 9). The maximum temperature gradient generated in
their device was 13.75�C/mm.

Jiao et al. [75] designed a microfluidic droplet manipulation system with integration of four
microheaters (materials: titanium and platinum) generating planar temperature gradients in
the square region (10 mm � 10 mm). By controlling the frequency and amplitude of square
wave signals, they successfully manipulated the trajectory of a microdroplet based on the
periodic thermocapillary actuation caused by temperature gradients. Yap et al. [76] deposited
a thin film platinum heater in a microchannel to control the thermal field for droplet formation
in a bifurcated microchannel. The trajectory and splitting of the droplet can be controlled by
modulating viscosity and interfacial tension of liquids under different heating conditions.
Because of the temperature gradients generated by metal microheaters, the PDMS micro-
channel would undergo a slight dilation. The temperature-induced dilation changed the height
of the microchannel so that the bubble would be driven away from the constricted region.
Selva et al. [77] successfully controlled the bubble motion by utilising this thermomechanical
actuation under temperature variation. Miralles et al. [78] from the same research group
optimised their previous design by using localised heating resistor whose size was smaller
than the droplet size.

The aforementioned designs of temperature-gradient devices are not suitable for researches on
the microscale mechanism of particle deposition in microchannels due to the obstruction of
heating or cooling elements along the optical path of microscope for observation or inconsis-
tency of the directions of temperature gradient and particle deposition. The authors’ group has
developed a novel design of temperature-gradient microchip to investigate particle deposition
in microchannels [79].

There are three major parts for the temperature-gradient microchip (Figure 10), including a
microchannel, a thermoelectric cooler (TEC) unit as cold end, and a thin glass slide coated with
indium tin oxide (ITO) film as hot end. A temperature gradient can be established along the
vertical direction inside the microchannel, by cooling the top surface of the microchip with the
TEC unit and heating the bottom surface with the ITO film heater.

Figure 9. Schematic drawing of temperature gradient focusing apparatus [74].
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The microchannel can be fabricated with polydimethylsiloxane (PDMS) using standard soft
lithography techniques. The PDMS monomer and the curing agent are fully mixed in a mass
ratio of 10:1, and then they are vacuumed for 45 min to evacuate air bubbles remaining in the
PDMS mixture. The mixture is applied onto the master mould constructed by SU8 on a silicon
wafer. PDMS is cured after being heated with the wafer in an oven at 80�C for about 1 h. A thin
layer of polymerised PDMS (e.g., 1 mm in thickness) is peeled off from the mould. Two
cylindrical openings are then punched at both ends of the microchannel as the inlet and outlet
for sample fluids.

For the ITO glass slide, a thin indium tin oxide film (e.g., 200 nm in thickness) is deposited on
one side of a glass slide (e.g., 0.71 mm in thickness) as a heater for the microchip. Indium tin
oxide is a solid mixture including 90% In2O3 and 10% SnO2 by mass. On the other side of the
glass slide, a thin PDMS film was coated on the bare glass surface. The ITO glass heater has
three major advantages for the particle deposition study. (1) The ITO glass (10 ohms/sq) can
easily generate heat by Joule heating when being connected into an electrical circuit. The heat
dissipation rate of the ITO glass can be well controlled by regulating the applied electrical
current and voltage. (2) The ITO glass has excellent optical transparency allowing direct
observation on particle deposition onto the bottom surface of the microchannel along the
direction of the applied temperature gradient. The bottom view of the particle deposition can
be readily captured via using an inverted microscope equipped with a CCD camera. (3) A
wide range of customised dimensions and patterns can be precisely achieved for ITO heaters
by implementing the standard photolithography techniques.

A closed microchannel is formed via irreversibly oxygen plasma bonding the treated ITO glass
slide and the PDMS block with microchannel structure. The bonded microchannel is heated in

Figure 10. Schematic of the temperature-gradient microchip, consisting of the PDMS microchannel, the glass slide
coated with the ITO film and the TEC unit. Various temperature gradients can be achieved by cooling the top surface of
the microchip with the TEC unit and heating the bottom surface with the ITO film heater. (figure is for not drawn to
scale) [79].
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direction of the microchannel (Figure 9). The maximum temperature gradient generated in
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microchannel, a thermoelectric cooler (TEC) unit as cold end, and a thin glass slide coated with
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TEC unit and heating the bottom surface with the ITO film heater.
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the oven to reinforce the plasma-bonding strength. The thermoelectric cooler (TEC) unit is
mounted on the top of the bonded microchannel to provide a stable cold end over the
microchannel. The temperatures of hot/cold ends can be readily adjusted via the DC power
supplies for the ITO film heater and the TEC unit, respectively. Moreover, the temperature
gradient can be well controlled in the microchannel along the same direction as the particle
deposition. Thermal conductive silicon paste can be applied in the gap between the TEC unit
and the PDMS microchip to enhance the heat conduction. This specially designed temperature-
gradient microfluidic system provides a useful tool for researches on dynamics of particle
deposition under different thermal conditions. To the best knowledge of the authors, it could be
the first microfluidic device allowing to directly observe the dynamic process of particle deposi-
tion along the direction of applied temperature gradient.

5. Particle deposition in microchannels

Particle deposition onto solid surfaces has been intensively studied in both experimental and
theoretical approaches. In this section, major works on particle deposition in microchannels are
reviewed.

5.1. Experimental studies

Experiments are usually conducted in three types of setup, including cylindrical, parallel-plate
channels, and impingement jet chamber. Various parameters have been evaluated experimen-
tally in terms of their effects on particle deposition, such as pH, electrolyte concentration,
particle, and solid surface.

5.1.1. Effect of pH on particle deposition

The repulsive interaction would exist between charged particles of same like sign and hinder
fouling behaviour. The zeta potentials of the particle and microchannel surface determine the
magnitude of the repulsion and are closely related to the pH value of working fluid. The pH
value can control the charge signs of the particle and channel surface. Newson et al. [80]
investigated the mechanisms of deposition, removal and sticking in a haematite/water system
(particle diameter: 0.2 μm and concentration: 100 ppm). They found that the sticking coeffi-
cient of particles from turbulent water suspension (Re: 11,000–14,000) was significantly depen-
dent upon the pH value of suspension. Perry and Kandlikar [36] also adjusted the pH value of
the nanofluids and were able to effectively mitigate particulate fouling. The reduction of the
deposition rate was mainly attributed to the augmented EDL repulsion as pH was increased.

5.1.2. Effect of the ion concentration on particle deposition

Gu and Li studied the influence of the electrolyte concentration on deposition of silicon oil
microdrops onto cylindrical surfaces via both experimental and numerical approaches [81, 82].
They found that the increase of the Sherwood number (dimensionless mass transport rate)
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resulted from the neutralisation effect of the electrolyte concentration (10�6–10�3 M) which
crucially determined the zeta potentials of bare glass tube surfaces and silicon oil drops.
Moreover, they found that the Sherwood number was increased significantly with the increase
of the cationic surfactant concentration (CTAB, 10�6–10�4 M) but was reduced monotonically
with adding anionic surfactant (SDS) into the oil droplet emulsion. Kar et al. [83] performed
experiments with CaCO3 microparticles and hollow fibre membrane to study the effect of salt
concentration gradients on particle deposition. They reported that the diffusiophoretic particle
transport has crucial influence on particle deposition when different electrolyte ions of salts in
solution have different diffusion coefficients. Furthermore, Guha et al. [84] found the diffusio-
phoresis has significant influence on the colloidal fouling in a low salinity reverse osmosis
system.

5.1.3. Effect of properties of particle and wall on particle deposition

Salim et al. [85] investigated the effects of protein (fibrinogen and lysozyme) adsorption on the
electroosmotic flow (EOF) behaviour of the plasma-polymerised glass microchannel surfaces.
Three types of plasma-polymerised surfaces (pp.TG, pp.AAm, and pp.AAc) were tested which
had different surface charges and charge densities. They observed a non-fouling phenomenon
with tetraglyme coating in the presence of protein, and this coating provided stable EOF
performance in the glass microchannel.

Mustin and Stoeber [86] conducted experiments with polystyrene microsphere suspensions in
a PDMS microchannel. They found that the dynamics of channel blockage was influenced by
particle size distribution besides the particle size alone. Recently, they performed another
experiment in a mini impingement jet flow cell made of PDMS for particle deposition
(Figure 11) [87]. They noticed discrepancies between the experimental measurements and
numerical simulation results based on both DLVO and extended DLVO theories, and pro-
posed the surface roughness and electrostatic charge heterogeneity of the PDMS surface could
be the most plausible reason for such discrepancies.

Figure 11. (a) Cross-section view of the deposition chamber and (b) flow cell on substrate without clamping [87].
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posed the surface roughness and electrostatic charge heterogeneity of the PDMS surface could
be the most plausible reason for such discrepancies.

Figure 11. (a) Cross-section view of the deposition chamber and (b) flow cell on substrate without clamping [87].
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5.1.4. Effect of external field on particle deposition

In the previous literature, transport of micron-size particles is normally simplified as a mass
transfer process that is majorly affected by Brownian diffusivity. However, gravity or a con-
stant body force exerted on the particles could have significant influence on the deposition
process, even for such tiny colloidal particle size (less than 1 μm). Yiantsios and Karabelas [88]
reported that gravity played a key role for the deposition rate of spherical Ballotini glass
particles (diameter: 1.8 μm). Gravity could control the particle transport boundary layer in
a horizontal narrow channel under laminar flow over a fairly wide range of flow rate. They
[89] conducted further experiments on the effects of physicochemical and hydrodynamic
conditions by using dilute microsized glass particle suspensions (diameter: 1.5 μm) in a
parallel-plate channel. They concluded that gravity was a determining factor for deposition at
low wall shear stresses. While the hydrodynamic wall shear stress was increased, particle
deposition rates were noticeably decreased because of hydrodynamic lift or drag forces hin-
dering transport or attachment.

Stamm et al. [90] experimentally examined the initial stage of cluster growth in a particle-laden
flow in a microchannel and investigated the parametric effects of a void fraction, flow shear
strain rate and channel height to particle diameter ratio. Thereafter, Gudipaty et al. [91] studied
the cluster formation of colloidal particles in a PDMS microchannel and found that the clusters
were initiated by the attachment of individual flowing particle onto the bottom surface.
However, they have not either addressed the physical mechanism of the initial particle attach-
ment to the surface or observed the adherence process in the experiments.

Unni and Yang [92] experimentally investigated the dynamics of particle deposition in an elec-
troosmotic flow using video microscope, and reported that the increased surface coverage at
higher salt concentrations resulted from weakened EDL repulsion with particles being adsorbed
onto the channel surface. Hydrodynamic blocking became relatively weaker with lower electric
field strengths because the surface blocking was majorly caused by electrical interactions.

5.1.5. Effect of temperature on particle deposition

Most of the researches about deposition of micro-/nanoparticles in microchannel are con-
ducted in room temperature environment, seldom with high bulk temperature or temperature
gradient, which is a crucial factor for heat exchangers in reality. Yan et al. [73] investigated the
effect of bulk solution temperature on particle deposition in a microchannel under well-
controlled temperature conditions using a microfluidic temperature control device. To the best
knowledge of the authors, this was the first attempt to study the thermal effect on the deposi-
tion of colloidal particles in an aqueous dispersion onto a microchannel wall. It is found that
the temperature of solution has a considerable effect on the particle deposition in microc-
hannels. The static particle deposition rate (Sherwood number) has been measured over a
range of temperatures between 20 and 70�C. It is found that the Sherwood number is mono-
tonically increased up to 265%, with the solution temperature within the test range. They
developed a deterministic model based on the Derjaguin-Landau-Verwey-Overbeek theory
with consideration of temperature dependence, and found that by increasing the solution
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temperature, the attraction energy (van der Waals force) between the particles and the solid
surface is increased while the repulsive energy (electric double layer force) is decreased.
Moreover, they further studied the hydrodynamic effects on particle deposition in micro-
channels at elevated temperatures, including steady flow and pulsatile flow [71, 72]. The
dimensionless particle deposition rate (Sherwood number) was found to be reduced with the
Reynolds number and changed insignificantly for the Reynolds number beyond 0.091 (0.5 mL/h)
within the tested range with a given solution temperature (324.85 K) and an electrolyte concen-
tration (5� 10�4 M). Under the pulsatile flow condition, the normalised particle deposition rate
was found to be reduced significantly as the flow oscillation frequency was increased from 0 Hz
to 1 Hz, while keeping the steady flow component and the amplitude of the flow oscillation
unchanged.

5.2. Theoretical modelling/studies

Spielman and Friedlander [93] theoretically analysed the effect of the electrical double layer on
particle deposition based on the equation of convective diffusion in an external force field.
They reported that the deposition process of Brownian particles was equivalent to ordinary
convective diffusion in the bulk with a first-order surface reaction at the collector. With respect
to the net interaction potential, a formula can be derived for the surface reaction coefficient.

Another analytical model was developed by Adamczyk and Van De Ven [94] for particle
deposition kinetics onto the surfaces of parallel-plate and cylindrical channels (Figure 12). As
governing equation, the mass transport equation was formulated with consideration of electri-
cal double layer force, van der Waals force, and external forces such as gravity. The ‘perfect
sink’ boundary condition was applied to solve the mass transport equation. Different dimen-
sionless parameters (Ad, Pe, Dl, and Gr) were proposed to account for dispersion, convection/
diffusion, electrical double layer, and gravity, respectively.

Studies on particle deposition onto permeable surfaces are practically meaningful for mem-
brane filtration industry. Song and Elimelech [95, 96] theoretically studied this phenomenon in

Figure 12. Schematics of parallel-plate and cylindrical channels [94].

Particle Deposition in Microfluidic Devices at Elevated Temperatures
http://dx.doi.org/10.5772/intechopen.78240

121



5.1.4. Effect of external field on particle deposition

In the previous literature, transport of micron-size particles is normally simplified as a mass
transfer process that is majorly affected by Brownian diffusivity. However, gravity or a con-
stant body force exerted on the particles could have significant influence on the deposition
process, even for such tiny colloidal particle size (less than 1 μm). Yiantsios and Karabelas [88]
reported that gravity played a key role for the deposition rate of spherical Ballotini glass
particles (diameter: 1.8 μm). Gravity could control the particle transport boundary layer in
a horizontal narrow channel under laminar flow over a fairly wide range of flow rate. They
[89] conducted further experiments on the effects of physicochemical and hydrodynamic
conditions by using dilute microsized glass particle suspensions (diameter: 1.5 μm) in a
parallel-plate channel. They concluded that gravity was a determining factor for deposition at
low wall shear stresses. While the hydrodynamic wall shear stress was increased, particle
deposition rates were noticeably decreased because of hydrodynamic lift or drag forces hin-
dering transport or attachment.

Stamm et al. [90] experimentally examined the initial stage of cluster growth in a particle-laden
flow in a microchannel and investigated the parametric effects of a void fraction, flow shear
strain rate and channel height to particle diameter ratio. Thereafter, Gudipaty et al. [91] studied
the cluster formation of colloidal particles in a PDMS microchannel and found that the clusters
were initiated by the attachment of individual flowing particle onto the bottom surface.
However, they have not either addressed the physical mechanism of the initial particle attach-
ment to the surface or observed the adherence process in the experiments.

Unni and Yang [92] experimentally investigated the dynamics of particle deposition in an elec-
troosmotic flow using video microscope, and reported that the increased surface coverage at
higher salt concentrations resulted from weakened EDL repulsion with particles being adsorbed
onto the channel surface. Hydrodynamic blocking became relatively weaker with lower electric
field strengths because the surface blocking was majorly caused by electrical interactions.

5.1.5. Effect of temperature on particle deposition

Most of the researches about deposition of micro-/nanoparticles in microchannel are con-
ducted in room temperature environment, seldom with high bulk temperature or temperature
gradient, which is a crucial factor for heat exchangers in reality. Yan et al. [73] investigated the
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tion of colloidal particles in an aqueous dispersion onto a microchannel wall. It is found that
the temperature of solution has a considerable effect on the particle deposition in microc-
hannels. The static particle deposition rate (Sherwood number) has been measured over a
range of temperatures between 20 and 70�C. It is found that the Sherwood number is mono-
tonically increased up to 265%, with the solution temperature within the test range. They
developed a deterministic model based on the Derjaguin-Landau-Verwey-Overbeek theory
with consideration of temperature dependence, and found that by increasing the solution
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temperature, the attraction energy (van der Waals force) between the particles and the solid
surface is increased while the repulsive energy (electric double layer force) is decreased.
Moreover, they further studied the hydrodynamic effects on particle deposition in micro-
channels at elevated temperatures, including steady flow and pulsatile flow [71, 72]. The
dimensionless particle deposition rate (Sherwood number) was found to be reduced with the
Reynolds number and changed insignificantly for the Reynolds number beyond 0.091 (0.5 mL/h)
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sink’ boundary condition was applied to solve the mass transport equation. Different dimen-
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a system of parallel-plate channel. The convection-diffusion equation was solved numerically
with consideration of lateral transport. The lateral transport would be induced by inertial lift,
permeation drag, and transport that are determined by the collective effect of gravity force and
surface forces. Parametric studies were systematically carried out regarding the initial particle
deposition rate, including the effects of permeation velocity, cross flow velocity, particle size,
and solution ionic strength.

Since the distribution of surface charge is not uniform in practice, Nazemifard et al. [97, 98]
performed a trajectory analysis of particles close to a micropatterned charged plate based on the
radial impinging jet setup for the influences of surface charge heterogeneity on deposition
efficiency and particle trajectory. The surface charge heterogeneity was controlled by concentric
bands with varied properties, such as geometric dimension and types of surface charges. In their
analysis, the van der Waals, electrostatic double layer force, hydrodynamic force, and gravity,
have been taken into consideration. Due to the coupled effects of colloidal and hydrodynamic
forces, the deposition efficiencies and particle trajectories were remarkably influenced by surface
charge heterogeneity when a particle flowed radially away from the stagnation point in the
radial jet impingement setup. This analysis demonstrates how the existing particle transport
models could possibly be modified in consideration of chemical heterogeneity and additional
surface interactions. Similarly, Chatterjee et al. [99] applied the convection-diffusion-migration
equation (Eulerian model) with fully developed Poiseuille flow velocity profile to investigate the
transport of particles in patchy heterogeneous cylindrical microchannels (Figure 13). They eval-
uated the effects of surface chemical heterogeneity on particle transport and deposition, and
found that particles tend to travel further along the microchannel in the heterogeneous channels
compared to the homogeneously favourable channels.

Using a soft-sphere discrete element method, Marshall [100] studied the caption of particles by
wall and particle aggregation in a microchannel. According to their results, the particle lift-off
from the wall was caused by adhesion and collision with particle aggregate or a passing
particle when a single particle with a large size was attached to the wall. The fluid forces were
not the direct reason for the particle lift-off.

Unni and Yang [92] developed an electrokinetic particle transport model in a parallel-plate
microchannel (Figure 14) based on the Stochastic Langevin equation. They incorporated ran-
dom Brownian motion of colloidal particles and the hydrodynamic, electrical, DLVO colloidal
interactions into the equation. Based on the developed model, particle trajectories can be
stochastically simulated using Brownian dynamics simulation and the surface coverage was
calculated under a range of electrical and physicochemical conditions.

In the absence of repulsive energy barrier, Jin et al. proposed concurrent modelling for the
effects of interaction forces and hydrodynamics on particle deposition on rough spherical
surfaces [101]. The model considered the hydrodynamic retardation functions and flow field
profiles. Their works showed that the hydrodynamic effects remarkably affect the particle
deposition behaviours which were different from the predictions based on DLVO forces alone.
In addition, surface roughness played an important role in particle deposition experiment/
simulation. They conducted another study on deposition of colloidal particles and reported a
non-monotonic, non-linear effect of nanoscale roughness on particle deposition without
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energy barrier using both the convection-diffusion model and parallel-plate chamber experi-
mental system [102]. Their results showed particle deposition flux could reach the minimum
value when a critical roughness size was provided.

Figure 13. Schematic of patchy heterogeneous cylindrical microchannels. (a) 3D schematic representation of positively
charged particles deposition along the the microchannel. (b) 2D axisymmetric view of the microchannel geometry. (c) The
zoomed view of one pitch length [99].
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interactions into the equation. Based on the developed model, particle trajectories can be
stochastically simulated using Brownian dynamics simulation and the surface coverage was
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effects of interaction forces and hydrodynamics on particle deposition on rough spherical
surfaces [101]. The model considered the hydrodynamic retardation functions and flow field
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deposition behaviours which were different from the predictions based on DLVO forces alone.
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Based on the Derjaguin-Landau-Verwey-Overbeek theory, Yan et al. [73] developed a qualita-
tive theoretical model with consideration of the temperature effect for the first time. All the
driving forces during the whole particle deposition process are temperature dependent, so the
particle deposition is determined by the collective effects of the variations of the forces caused
by temperature changes. By plotting interaction potential curves and energy barriers, the effect
of bulk solution temperature can be clearly seen in Figure 15 that the interaction potential

Figure 14. (a) Schematic of electrokinetic transport of a particle in a parallel-plate channel. (b) Forces acting on a moving
particle in the vicinity of an attached particle and the channel wall [92].
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curves are varied with the bulk solution temperature and the energy barrier reduces consider-
ably with increasing the bulk solution temperature as shown in the inset of Figure 15.

Furthermore, Yan et al. [71] developed a simplified one-dimensional mass transport model
(i.e., Eulerian model) for calculating the particle deposition rate in microchannel flows at
elevated temperatures. A schematic of microparticles flowing through a microchannel at an
elevated temperature (T) is shown in Figure 16. For a dilute spherical particle monodispersion
in the absence of chemical reactions, the interactions between particles are neglected. The
deposition rate of particles from solution onto the microchannel surface at the steady state
can be described by the general convection-diffusion equation as

∇ � j ¼ �∇ � D � ∇nð Þ þ ∇ � unð Þ þ ∇
DF
kBT0

n
� �

¼ 0, (12)

where j is the particle flux vector (the number of particles per unit area per second), the particle
flux comprises three components as shown in Eq. (12): Brownian diffusion, fluid convection,
and migration under external forces. Besides, the particle flux j can be decomposed into two
portions along the x-direction and y-direction, j ¼ jxx⃑þ jyy ⃑, n is the local particle number

concentration,D is the diffusion coefficient tensor, u is the particle velocity, F indicates external
forces exerted on the particles, kB is the Boltzmann constant, and T0 is the reference tempera-
ture. By an appropriate scaling with the dimensionless parameters given in Table 1, the mass
transport equation can be expressed in a dimensionless form as

Figure 15. Dimensionless particle-wall interaction potential curves for three different solution temperatures (T = 293.15,
323.15, and 343.15 K). Curves are obtained with the temperature dependent Hamaker constant, zeta potential and the
thickness of electric double layer. Inset shows the energy barrier that polystyrene particles should overcome to achieve
deposition onto the PMMA surface at different temperatures for the DI water case [73].
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�f 4 Hð ÞR2 ∂
2n

∂X2 þ Pef 3 Hð Þ H þ 1ð Þ 2� H þ 1ð ÞR½ �� � ∂n
∂X

þ ∂
∂H

�f 1 Hð Þ ∂n
∂H

þ f 1 Hð ÞFn
� �

¼ 0: (13)

All the forces acting on particles are along the vertical direction (y-axis in Figure 16), and they are
colloidal forces (van der Waals force Fvdw and electric double layer force Fedl) and external forces
(gravity FG, hydrodynamic lift force FL, and thermophoretic force FT). The thermophoretic force
is neglected because of its low magnitude compared to other forces in the study [73]. The non-
DLVO forces are excluded for simplicity. Hence, the total force (F = Fy) can be treated as a scalar
in the following sections. The dimensionless total force (F) is calculated as

F ¼ Fy ¼ Fedl þ Fvdw þ FG þ FL: (14)

The potential of each force is computed by integrating the force over the separation distance
between a particle and the channel surface (H). The total potential (V) can be obtained by using
superposition of individual potentials: the van der Waals potential (Vvdw), the EDL potential
(Vedl), and the potentials contributed by gravity and lift force (VG, VL),

V ¼ Vedl þ Vvdw þ VG þ VL ¼
ð
FedldH þ

ð
FvdwdH þ

ð
FGdH þ

ð
FLdH (15)

As the scaled particle ratio (R ¼ ap=w) in Eq. (13) is about the order of 10�3 (ap ≪ w) for their
experiment system, the particle diffusion term (first term in Eq. (13)) and the particle convec-
tion term (second term in Eq. (5)) in x-direction can be neglected for the low Peclet number (<1)
in the present study. Besides, the variation of the deposition rate for a dilute particle solution

Dimensionless parameters Expression

Scaled particle flux Jx ¼ ap jx
n∞,pD∞

, Jy ¼
apjy

n∞,pD∞

Scaled particle concentration n ¼ n
n∞,p

Scaled external force F ¼ apF
kBT0

Scaled interaction energy V ¼ V
kBT0

Scaled particle-wall separation distance H ¼ h
ap
¼ y�ap

ap

Scaled distance from channel entrance X ¼ x
w

Scaled particle ratio R ¼ ap
w

Peclet number Pe ¼ 3Uavga3p
2w2D∞

Hydrodynamic retardation functions [101] f 1 Hð Þ ¼ 1� 0:399 exp �0:14869Hð Þ � 0:601 exp �1:2015H0:92667� �

f 3 Hð Þ ¼ 1� 0:3752 exp �3:906Hð Þ � 0:625 exp �3:105H0:15� �

f 4 Hð Þ ¼ 1� 1:23122 exp �0:2734Hð Þ þ 0:8189 exp �0:175H1:2643� �

Table 1. Dimensionless parameters utilised for the mass transport equation [71].
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along the x-direction in downstream was found to be insignificant [96, 103]. Consequently, the
mass transport equation can be further simplified to one-dimensional as

∂
∂H

�f 1 Hð Þ ∂n
∂H

þ f 1 Hð ÞFn
� �

¼ 0: (16)

Eq. (16) can be solved with the boundary conditions as

n ¼ 0, at H ¼ H0 (17)

n ¼ 1, at H ¼ H∞: (18)

Eq. (17) refers to the ‘Perfect sink’ boundary condition. H0 indicates the minimum dimension-
less particle-wall distance (h0/ap). This boundary condition has been widely used in particle
deposition studies, and it assumes that all particles are irreversibly adhered to the solid surface
when they move into the primary energy minimum (PEM) region. It can be explained by that
the attractive van der Waals force in the PEM region becomes much stronger than the repulsive
electric double layer force. Thus, the particles would deposit onto the solid surfaces. The
second boundary condition, given by Eq. (18), states a natural boundary condition for the
particle concentration. The particle concentration gets close to that in the bulk phase when
the particle-wall distance becomes an ‘infinite’ distance.

Figure 16. Schematic of microparticle transport in a microchannel. The forces on the particle are van der Waals force
(Fvdw), gravity force (FG), electric double layer force (Fedl), thermophoretic force (FT), and hydrodynamic lift force (FL). The
radius of the particle is ap, the minimum separation distance between the particle surface and the bottom surface of the
microchannel is h, the flow velocity distribution is U(y), and the applied temperature gradient in the microchannel is ∇ T
(the figure is not drawn to scale) [71].
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along the x-direction in downstream was found to be insignificant [96, 103]. Consequently, the
mass transport equation can be further simplified to one-dimensional as

∂
∂H

�f 1 Hð Þ ∂n
∂H

þ f 1 Hð ÞFn
� �

¼ 0: (16)

Eq. (16) can be solved with the boundary conditions as

n ¼ 0, at H ¼ H0 (17)

n ¼ 1, at H ¼ H∞: (18)

Eq. (17) refers to the ‘Perfect sink’ boundary condition. H0 indicates the minimum dimension-
less particle-wall distance (h0/ap). This boundary condition has been widely used in particle
deposition studies, and it assumes that all particles are irreversibly adhered to the solid surface
when they move into the primary energy minimum (PEM) region. It can be explained by that
the attractive van der Waals force in the PEM region becomes much stronger than the repulsive
electric double layer force. Thus, the particles would deposit onto the solid surfaces. The
second boundary condition, given by Eq. (18), states a natural boundary condition for the
particle concentration. The particle concentration gets close to that in the bulk phase when
the particle-wall distance becomes an ‘infinite’ distance.

Figure 16. Schematic of microparticle transport in a microchannel. The forces on the particle are van der Waals force
(Fvdw), gravity force (FG), electric double layer force (Fedl), thermophoretic force (FT), and hydrodynamic lift force (FL). The
radius of the particle is ap, the minimum separation distance between the particle surface and the bottom surface of the
microchannel is h, the flow velocity distribution is U(y), and the applied temperature gradient in the microchannel is ∇ T
(the figure is not drawn to scale) [71].
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Having obtained dimensionless concentration distribution (n) along the dimensionless separa-
tion distance (H) in Eq. (6), the particle deposition flux to the channel surface can be found as

J0 ¼ �f 1 H0ð Þ dn
dH

� �

H¼H0

: (19)

Here, J0 is the particle number flux at H ¼ H0. The negative sign on the right hand side of
Eq. (9) indicates that the particle number flux is toward the solid surface. Moreover, the
dimensionless particle deposition rate onto the channel surface can be quantified by the
Sherwood number

Shnum ¼ � j0
D∞n∞, p=ap
� � ¼ f 1 H0ð Þ dn

dH

� �

H¼H0

: (20)

The thermal effects on the particle deposition rate (i.e., Sherwood number) are influenced by
the temperature dependences of all the forces (Fvdw, Fedl, FG, and FL) acting on the particles. For
van der Waals force, the Hamaker constant is a temperature dependent parameter. For EDL
force, EDL thickness, zeta potential, and relative dielectric constants of materials are varied
with the temperature. For gravity and hydrodynamic lift forces, the magnitude of forces is
changed due to the variations of density and viscosity of liquid. Details of the calculations for
the temperature dependences can be found in [71, 73].

For the first time, based on the DLVO theory with considering the temperature-dependent
interactions, a simplified one-dimensional mass transport model was developed and it can
serve as a semi-quantitative approach for describing particle deposition phenomena in
microchannel flows at elevated temperatures.

6. Summary and future prospects

Particle deposition and particulate fouling have been ubiquitous phenomena in natural and
industry processes. Thermal effects (i.e., temperature and temperature gradient) on particle
deposition are important but always ‘ignored’ in literatures. Most of the published research
works about micro-/nanoparticles deposition in a microchannel were conducted in the room
temperature environment, seldom with consideration of elevated bulk temperature or temper-
ature gradient, which is a crucial factor for thermal driven fouling phenomena in reality.
Especially, the microscale mechanism of particle deposition in microchannel at elevated tem-
perature was still in its infancy. In this chapter, researches on particle deposition and particu-
late fouling on surfaces have been extensively reviewed both theoretically and experimentally
from the published works. This chapter has summarised relevant concepts of particle deposi-
tion, key parameters, and experimental techniques (e.g., device design) as well as theoretical
methodologies (e.g., modelling). The physics of particle deposition phenomena under different
parametric influences has been discussed in detail. The authors have presented a new micro-
fluidic temperature-gradient device that can be used to directly observe particle deposition
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along the direction of temperature gradient with a single-particle resolution. Moreover, a
simplified mass transport model (Eulerian model) with consideration of thermal effects has
been presented to describe the particle deposition phenomena in microchannels at elevated
temperatures based on the Derjaguin-Landau-Verwey-Overbeek theory. Both the theoretical
modelling and experimental measurements have shown that the thermal effects have pro-
found the impact on particle deposition in microchannels.

Future research in this field lies in the development of investigations on coupling effects of
thermal field and other external fields, such as optical, acoustic, and magnetic fields [104–106].
Microfluidic devices and systems offer ideal experimental platforms which provide well-
controlled external fields applied to the particle deposition process. Especially, the dynamic
behaviour of particle deposition under complex external fields can be observed directly with a
resolution of micrometre even nanometre (e.g., single molecule detection). With such unique
information, trans-scale theoretical modelling which can bridge the gap between particle
kinetics in microscale and fouling phenomena in macroscale will be highly appreciated. The
current investigations at elevated temperatures rely on either ensemble average value of a
population of particles (i.e., average particle deposition rate) or bulk property of fouling (i.e.,
fouling resistance). When the deposition of single nanoparticle at elevated temperatures can be
reliably investigated, researchers will be able to understand the dynamic processes of nano-
particle deposition in microchannels which elucidates particulate fouling of nanofluids in heat
exchangers and nanomaterial drug delivery in vivo in details.
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simplified mass transport model (Eulerian model) with consideration of thermal effects has
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a2 radius of interacting particle 2 (m)

A132 Hamaker constant for the interaction between substances 1 and 2 in medium
3 (J)

B width of the microchannel (m)

w half channel height (m)

Dx diffusivity in X direction (m2/s)

Dy diffusivity in Y direction (m2/s)

DT thermal diffusion coefficient (m2/s)

D∞ Stokes-Einstein diffusivity (m2/s)

Dl double layer number in the HHF expression for the EDL interaction

Da double layer asymmetry number in the HHF expression for the EDL interac-
tion

f1(H) UHCC correction function for diffusivity perpendicular to the solid surface

f3(H) UHCC correction function for diffusivity parallel to the solid surface

f4(H) UHCC correction function for diffusivity along the flow direction (X)

Fx X component of the total force exerted on the particle (N)

Fy Y component of the total force exerted on the particle (N)

Fedl dimensionless EDL interaction force

Fvdw dimensionless van der Waals interaction force

FG dimensionless gravity force

FL dimensionless hydrodynamic lift force

FT dimensionless thermophoretic force

h minimum separation distance between particle and wall (m)

H dimensionless particle-wall separation

H0 dimensionless primary energy minimum separation

H∞ dimensionless particle-wall separation in bulk fluid

jx particle flux in X direction (m�2 s�1)

jy particle flux in Y direction (m�2 s�1)

Jx dimensionless mass flux in X direction
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Jy dimensionless mass flux in Y direction

kB Boltzmann’s constant (1.38064852 � 10�23 J/K)

L length of the microchannel (m)

n particle number concentration (/m3)

n dimensionless particle number concentration

n∞,p particle number concentration in bulk liquid (/m3)

Pe Peclet number based on average flow velocity

Q volume flow rate of liquid (m3/s)

Re Reynolds number based on average flow velocity

Sh Sherwood number

t time (s)

T absolute temperature (K)

T0 reference temperature (293.15 K)

Uavg average flow velocity in microchannels (m/s)

V dimensionless total interaction potential

Vedl dimensionless EDL interaction potential

Vvdw dimensionless van der Waals interaction potential

VG dimensionless gravity potential

VL dimensionless lift potential

VT dimensionless thermophoretic potential

z ionic valence

e elementary electric charge (1.602176620898 � 10�19 C)

Greek symbols

ε dielectric constant

ε0 absolute dielectric constant of vacuum (8.845 � 10�12 C2/N m2)

ξ zeta potential (V)

λ London retardation wavelength (100 nm)

κ Debye-Hückel parameter (m)

μ dynamic viscosity of liquid (N s/m2)
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ν kinematic viscosity of liquid (m2/s)

r density (kg/m3)

ψ electric potential (V)

τ ratio of particle radius (ap) to the Debye length (κ�1)

ω mobility of particle
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Abstract

With recent advancement in droplet microfluidics for both microdroplet encapsulation
and fission, it is of paramount importance to understand the flow physics for both New-
tonian and non-Newtonian fluids in microdroplet encapsulation and fission as the devel-
opment of the field is approaching to its maturity. The chapter aims to review and discuss
the fluid flow behavior of the multiphase system, mathematical models as well as the
fundamental phenomena driving force of microdroplet encapsulation and fission
multiphase system. Together, the recent advances in technologies that enable fabrication
and application of droplets encapsulation and fission from both Newtonian and non-
Newtonian microfluidic multiphase system will be reviewed as well.

Keywords: Newtonian fluids, non-Newtonian fluids, microfluidic, multiphase system,
microdroplet encapsulation, microdroplet fission

1. Introduction

Emulsion is a fine dispersion of small droplet made from two immiscible liquids, where one
liquid phase is dispersed into another continuous flow of liquid phase in which both liquids
are not soluble with one another [1]. The fundamental liquids combination for emulsion to
form is rather simple, i.e., where the multiphase system usually have large liquids density
difference (at least >100 kg/m3) using the example of water and cooking oil; the larger the
density difference, the better the emulsion can be formed. In addition, the multiphase system
of the liquids selection can be classified into Newtonian fluid systems and non-Newtonian
fluid systems. In the case of Newtonian fluids such as water, oil, glycerol and salt solutions
with low molecular weight, due to the independent of fluid viscosity from shear rate and fluid
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velocity flow, the shear stress in a steady, laminar flow condition is having a linear relationship
with its shear rate. In contrast, non-Newtonian fluids, examples of which in daily life including
chocolate, toothpaste, lubricating oils experience a non-linear relationship for its shear stress
versus shear rate curve due to the fact that the fluid viscosity is a variable at any given flow
condition, i.e., temperature and pressure. Such fluid properties lead to much differences in
term of the emulsion productions thus far in all engineering approaches. Conventionally,
emulsion is prepared using high-pressure homogenizers and colloid mill. These devices apply
high mechanical shear force to break up the large emulsion into smaller ones that are subse-
quently stabilized by the use of emulsifier [2]. However, such method contributed to large size
distribution of emulsions formed [3], leading to material loss as well as emulsion function
efficiency issue. This dispersity issued was then resolved by integration of microfluidic tech-
nology that was firstly developed in 1950s [4]. Microfluidic technology is defined as a branch
of fluid mechanics that focuses on the understanding, designing, fabrications and operations of
system that convey liquids inside channels with two of the three geometry length scales in the
order of microns [5]. Furthermore, with the length scale associated within the microchannel,
the flow regime formed in a microfluidic channel will not develop into turbulent flow, enables
fluid to be manipulated that will form emulsion with high monodispersity. The wide range
of technology options from decades of microfluidic multiphase system developments has
allowed emulsion to be generated and manipulated.

In this chapter, we aim to summarize the main technologies for emulsion formation non-
Newtonian microfluidic multiphase system using Newtonian fluid as a comparison. The
chapter will start with the review of fundamental two-phase flow in microfluidic followed by
discussion of the fundamental flow physics of microdroplets translocation and breakup phe-
nomena in microfluidics. The detailed differences between Newtonian and non-Newtonian
flow system will be illustrated and compared. Emphasis will be placed on the advancement of
emulsions formed, i.e. encapsulation and fission from single emulsion. Finally, we conclude
with an outlook to the future of the field. This chapter is meant to familiarize readers who may
be new to the field of microdroplets formation in Newtonian and non-Newtonian fluid sys-
tems, as well as those readers who are new to the field of microdroplets formation via encapsu-
lation and fission approaches, and eventually bridge the knowledge gap between the two
correlations, disciplinary fields.

2. Two-phase flow in microchannels

In two-phase flow microfluidics, dispersed and continuous phase fluids generally were dis-
pensed separately into the microfluidic device. The continuous and dispersed phase channels
typically meet at a junction, depending on the specific geometry of a microfluidic device. Each
shape of the junction helps to define the local flow fields that deform the interface between
the two immiscible fluids [6, 7]. These configurations are also shown schematically in Table 1.
When the instabilities of free surface between phases are sufficiently large, drops in microscale
emerge and eventually pinch-off from the dispersed phase. There are many controlling parame-
ters that will affect the microdroplet generation regime such as, interfacial tension [8, 9], surface
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Approaches Breakup
regimes

Flow regime description Diagrams

Co-flowing
streams

Dripping Droplet forms at the exit of the capillary tube tip and propagates
downstream with the flow.

Jetting Droplets pinch off from an extended thread downstream of the
capillary tube tip.

Cross-flowing
streams

Squeezing Dispersed threads block the outlet channel leads to dramatic
increase in the dynamic pressure upstream of the droplet, thus
forcing the interface to neck and pinch off into a droplet.

Dripping Dispersed thread does not touch the wall of the channel in the
entire droplet formation process.

Jetting Droplet breakup point moves progressively downstream of the
outlet channel.

Elongational
strained flows

Squeezing The tip of the droplet phase effectively blocks the cross-section of
the orifice.

Dripping Droplets are periodically formed in the orifice.

Jetting The tip of the droplet phase extends downstream of the orifice and
small droplets are formed at its terminus.

Threading Each droplet is formed a long and thin thread of the inner liquid
is dragged behind the droplet. This thread subsequently breaks up
into a group of tiny secondary droplets

Reproduced from Ref. [7, 15–17] with permission from the Physics of Fluids, Physical Review Letter and Lab on Chip.

Table 1. Main approaches for droplet breakup in microchannel.
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wettability or wall adhesion [10], the volumetric flow rate [11, 12], viscosities of both immiscible
fluids [9, 11, 13] and channel geometry [14].

For microdroplet formation to be made possible in microfluidics, a defined flow conditions
must be fulfilled in order to achieve the dripping regime [16, 18–20]. In the case of Newtonian
fluids, the dripping regime occurs when the Weber number (We) of the dispersed phase and
the Capillary number (Ca) of the continuous phase are less than one. Under these conditions,
droplets formed are highly uniform and their uniformity is unaffected over a wide range of
flow rates. However, non-Newtonian fluids rarely fulfill these conditions and pose a challenge
in achieving monodispersed microdroplets due to their complex rheological characteristics. As
general thumb rule, non-Newtonian fluids can be further classified intro three groups, i.e.
purely viscous fluids, time-dependent fluids, and viscoelastic fluids. Each fluid group possess
distinct characteristic respectively; however, there is no single constitutive equation that has
been established to describe the rheogram for these fluids. For instance, the extensional viscos-
ity of the fluid can resist the pinching at the tip of the capillary that is required for a
microdroplet to form. This results in a long cylinder of fluid forming from the capillary tip to
a distance downstream from the tip before breaking into non-uniform sized or polydispersed
microdroplets formation due to the Rayleigh-Plateau instability [21]. Non-Newtonian fluids
also exhibit a variety of behaviors that are unique to their chemical compositions, mixture
combinations and many physical conditions that include flow rate, temperature, etc. Such
complexities in the characteristics of non-Newtonian fluids prevent a thorough understanding
of the dispersion stability and break-up of individual emulsions in microfluidics. Moreover, it
is also known that an emulsifying non-Newtonian solutions in microfluidics in a controllable
manner is a persistent problem [21] that prevents these techniques from being suitable for
industrial applications. Understanding the dynamical mechanisms of microdroplets formation
of non-Newtonian fluids in microfluidic channels is essential to ensure microdroplets can be
created based on the droplet size, patterns, and productivity.

In microfluidic systems, the length scales demands that all flow to be laminar. Based on the
Newtonian and non-Newtonian flow through the microchannel with rectangular cross-
section, the axial velocity in the fully developed region is a function of two independent
variables and the study of the hydrodynamic behavior in a rectangular microchannel requires
a two-dimensional or three-dimensional analyses. The non-linear partial differential momen-
tum Navier-Stokes equation with the associated boundary condition of zero velocity at the
wall for a pressure-driven, steady-state, incompressible, constant viscosity, known as Newto-
nian fluid and the flow without body forces in microchannel is being presented as follows:

0 ¼ � ∂P
∂x

þ η
∂2u
∂y2

þ ∂2u
∂z2

� �
for � w

2
< y <

w
2

and 0 < z < h (1)

where u is average velocity characteristic of the flow, dynamic viscosity is η, and P is the
pressure, x is the coordinate axes along the channel length, y is the coordinate axes along the
channel width, z is the coordinate axes along the channel height, w is the channel width, and h
is the channel height, respectively. With no-slip boundary condition, the geometry of the cross-
section of the rectangular is fixed and an analytical solution solutions is possible [22, 23].
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In applying the Navier-Stokes equation, the analytical solutions of the Poiseuille flow for
rectangular cross-section are shown as follows:

ux y; zð Þ ¼ 4h2ΔP
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where l, w and h are the length, width and height of the channel, respectively, ΔP is the driven
pressure drop, η is the viscosity of liquid. Most real fluids exhibit non-Newtonian behavior,
which means that the flow curve presents a nonlinear relationship between shear stress and
shear rate or does not pass through the origin. The laminar velocity profile of a power-law
fluid flowing through a rectangular duct to the governing equation is shown as below [24]:
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where constant αi and βi and Ai is the constants selected to minimize an integral. Six constants
which are to be computed by the Ritz-Galerkin method are identical to the corresponding
Fourier coefficient and tabulated as a function of aspect ratio and fluid-behavior index (Figure 1).

2.1. Microdroplets translocation and breakup phenomena in microfluidics

An emulsion contains a mixture of two immiscible liquids as one phase being dispersed
throughout the other phase in small droplets. Most common emulsions include oil-in-water,
or direct emulsions, and water-in-oil, or inverted emulsions [19]. The characteristics of emul-
sion products, foremost the droplet size distribution is the most important parameters that
affect the stability, rheology, chemical reactivity, and physiological efficiency of any emulsion

Figure 1. Velocity profile for laminar (a) Newtonian (n = 1) and (b) non-Newtonian shear-thinning (n < 1) and (c) shear-
thickening flow (n > 1): Two-dimensional (2D) plot with velocity height expression and one-dimensional (1D) plot with
parabolic velocity profile in rectangular microchannel at different power-law index n. w denotes the channel width and d
denotes the depth of the microchannel.
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wettability or wall adhesion [10], the volumetric flow rate [11, 12], viscosities of both immiscible
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[25–27]. For most microfluidic applications, the Reynolds number is much smaller than 1,
indicating the effects of volume-based inertia and gravity are not as significant as that in
macroscale. The surface-based interfacial tension, flow rates, surface chemistry, and the viscos-
ity become more significant and play in controlling flow behavior of multiphase flow in
microscale. Moreover, the degree of confinement, channel aspect ratio, and geometrical struc-
ture also significantly induce the impact on capillary pressure, which promote the destabiliza-
tion of the interface and the drop formations.

2.1.1. Newtonian flow systems

Under this system, interfacial tension between two liquid phases becomes dominant above all
physical forces such as gravitational forces, viscous forces and inertia forces as the interest of
dimension gets smaller due to the existence of a high surface-to-volume ratio within a micro-
scale device. With that, an approximation of the magnitude of surface tension force, which has
the stabilizing effect on the emerging tip [13], arising from

ΔPL ¼ σ
1
rα

þ 1
rγ

� �
(4)

where ra and rr are the radii of axial and radial curvature across the interface in a squeezing
regime.

Much studies were conducted in particular on the predominance of interfacial tension on
characters of microfluidic Newtonian droplet formations [8, 9, 28, 29] and its changes in
presence of surfactants in microfluidic systems [30, 31]. Surface flows of surfactant can induce
variations in surface tension, i.e. Marangoni effect, which can substantially alter the interfacial
morphology and resulting droplets size [32]. Apart from the presence of surfactant, depending
on the fluid viscosity or concentration [12, 33], temperature [34] and the presence of micro- or
nanoparticles in the fluid [34, 35] can modify considerably the value of surface tension of the
fluid in nature and thus tailor the two-phase flow behavior within the microfluidic system. The
effect of aforementioned is summarized in Figure 2.

The interaction between the solid surface and fluid in a microchannel has also been a major
research focal point as the interaction impacts the dynamics of the droplet formation process.
Figure 2 (V) illustrates the flow patterns for different wetting conditions in a T-shaped
microchannel. Most studies of droplet generation in microfluidic devices involve the numerical
studies of the contact angle effect on the shape, size, the distance between two neighboring
droplets, detachment point and the generation frequency of droplets in microfluidic system
[12, 29], in which the channel wall surface plays significant role in generating larger droplets
with smaller contact angle provide longer contact time with the surface, especially for small
values of capillary number, in consistent with the numerical results.

The flows in a microscale or nanoscale device naturally emphasize phenomena associated with
interfacial tension and wetting properties. In addition, inertial and viscosity effects are two
important parameters in characterizing the role of the shear-stress exerted from the continuous
phase acts to deform the interface during the microdroplet breakup process, i.e. Figure 2 (I)
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and (II). The influence of two phase flow rates and viscosities on the size of water-in-oil
emulsion study at a T-shape microfluidics concluded that the relationship between shear stress
and flow rate of continuous phase, thus quantifies the magnitude of shear stress (τ∝ ηcQoil,
where ηc is the viscosity of continuous phase) acting on the interface [13]. As Qwater, the
volumetric flow rate of dispersed phase increases, the shear stress exerted on the droplet is
increased due to the difference of the flow rate of the two fluids decreases with increasing

Figure 2. Passive Newtonian droplet generation with microfluidics. (I). Oleic acid droplet production at aqueous glycerol
solution with varying flow rate ratios: (1) 0.16, (2) 0.8, (3) 0.667, (4) 0.11, (5) 0.1 (6) 0.2. (II) Drop images at different values
of continuous phase viscosity in Newtonian System. The images a–d are μCP = 0.00332, 0.008, 0.01 and 0.018 Pa.s,
respectively. (III) The effect of interfacial tension on droplet breakup dynamics with experimental and numerical justifi-
cation: (a) 8.2 mN/m, (b) 10 mN/m, (c) 15 mN/m, (d) 20 mN/m, (e) 25 mN/m and (f) 29.8 mN/m. (IV) The impact of
different inlet channel geometries and angle on microfluidic drop formation. (V) Droplet formation mode under various
contact angles. I is reproduced with permission from [36], Copyright 2015, Royal Society of Chemistry. II is reproduced
with permission from [37], Copyright 2009, Springer. III is reproduced with permission from [31], Copyright 2011,
Springer. IV is reproduced with permission from [21], Copyright 2009, American Physical Society. V is reproduced with
permission from [38], Copyright 2015, Elsevier.
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[25–27]. For most microfluidic applications, the Reynolds number is much smaller than 1,
indicating the effects of volume-based inertia and gravity are not as significant as that in
macroscale. The surface-based interfacial tension, flow rates, surface chemistry, and the viscos-
ity become more significant and play in controlling flow behavior of multiphase flow in
microscale. Moreover, the degree of confinement, channel aspect ratio, and geometrical struc-
ture also significantly induce the impact on capillary pressure, which promote the destabiliza-
tion of the interface and the drop formations.

2.1.1. Newtonian flow systems

Under this system, interfacial tension between two liquid phases becomes dominant above all
physical forces such as gravitational forces, viscous forces and inertia forces as the interest of
dimension gets smaller due to the existence of a high surface-to-volume ratio within a micro-
scale device. With that, an approximation of the magnitude of surface tension force, which has
the stabilizing effect on the emerging tip [13], arising from

ΔPL ¼ σ
1
rα

þ 1
rγ

� �
(4)

where ra and rr are the radii of axial and radial curvature across the interface in a squeezing
regime.

Much studies were conducted in particular on the predominance of interfacial tension on
characters of microfluidic Newtonian droplet formations [8, 9, 28, 29] and its changes in
presence of surfactants in microfluidic systems [30, 31]. Surface flows of surfactant can induce
variations in surface tension, i.e. Marangoni effect, which can substantially alter the interfacial
morphology and resulting droplets size [32]. Apart from the presence of surfactant, depending
on the fluid viscosity or concentration [12, 33], temperature [34] and the presence of micro- or
nanoparticles in the fluid [34, 35] can modify considerably the value of surface tension of the
fluid in nature and thus tailor the two-phase flow behavior within the microfluidic system. The
effect of aforementioned is summarized in Figure 2.

The interaction between the solid surface and fluid in a microchannel has also been a major
research focal point as the interaction impacts the dynamics of the droplet formation process.
Figure 2 (V) illustrates the flow patterns for different wetting conditions in a T-shaped
microchannel. Most studies of droplet generation in microfluidic devices involve the numerical
studies of the contact angle effect on the shape, size, the distance between two neighboring
droplets, detachment point and the generation frequency of droplets in microfluidic system
[12, 29], in which the channel wall surface plays significant role in generating larger droplets
with smaller contact angle provide longer contact time with the surface, especially for small
values of capillary number, in consistent with the numerical results.

The flows in a microscale or nanoscale device naturally emphasize phenomena associated with
interfacial tension and wetting properties. In addition, inertial and viscosity effects are two
important parameters in characterizing the role of the shear-stress exerted from the continuous
phase acts to deform the interface during the microdroplet breakup process, i.e. Figure 2 (I)
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and (II). The influence of two phase flow rates and viscosities on the size of water-in-oil
emulsion study at a T-shape microfluidics concluded that the relationship between shear stress
and flow rate of continuous phase, thus quantifies the magnitude of shear stress (τ∝ ηcQoil,
where ηc is the viscosity of continuous phase) acting on the interface [13]. As Qwater, the
volumetric flow rate of dispersed phase increases, the shear stress exerted on the droplet is
increased due to the difference of the flow rate of the two fluids decreases with increasing

Figure 2. Passive Newtonian droplet generation with microfluidics. (I). Oleic acid droplet production at aqueous glycerol
solution with varying flow rate ratios: (1) 0.16, (2) 0.8, (3) 0.667, (4) 0.11, (5) 0.1 (6) 0.2. (II) Drop images at different values
of continuous phase viscosity in Newtonian System. The images a–d are μCP = 0.00332, 0.008, 0.01 and 0.018 Pa.s,
respectively. (III) The effect of interfacial tension on droplet breakup dynamics with experimental and numerical justifi-
cation: (a) 8.2 mN/m, (b) 10 mN/m, (c) 15 mN/m, (d) 20 mN/m, (e) 25 mN/m and (f) 29.8 mN/m. (IV) The impact of
different inlet channel geometries and angle on microfluidic drop formation. (V) Droplet formation mode under various
contact angles. I is reproduced with permission from [36], Copyright 2015, Royal Society of Chemistry. II is reproduced
with permission from [37], Copyright 2009, Springer. III is reproduced with permission from [31], Copyright 2011,
Springer. IV is reproduced with permission from [21], Copyright 2009, American Physical Society. V is reproduced with
permission from [38], Copyright 2015, Elsevier.
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Qwater. These numerical and experimental results imply that the flow rate of the both phases
considerably alter the microdroplet formation mechanisms under laminar flow in different
microfluidic configurations. Apart from the effect of two phase flow rates or flow rate ratio,
Q = Qd/Qc, the length of the microdroplet formed is also depending on the viscosity ratio
(λ = ηd/ηc). Previous investigations reported that an increase of the viscosity of continuous
phase gives rise to the viscous stress added on the dispersed phase, and thus decreasing the
microdroplet size and alter the flow pattern [11, 20, 39]. This was further validated by a
numerical study on the microdroplet detachment mechanism for Newtonian fluids that
subjected to cross-flow drag, continuous phase inertia, interfacial tensions, and viscosity ratio,
which are shown by the following equations

Interfacial tension force, Fσ ¼ πσwd
2

d
(5)

Cross� Flow drag force, FD ¼ 3πηc v∗ � vdð Þdf λη
� �

(6)

where d is the droplet diameter, v* is the continuous phase velocity at the height of the
microdroplet center, vd is the microdroplet velocity, λη¼ ηd=ηc is the viscosity ratio and

f λη
� � ¼ 2

3 þ λη
� �

= 1þ λη
� �

captures the effect of the disperse phase viscosity on the
microdroplet drag. When λη ≫ 1, the disperse phase viscosity is sufficiently high that the
microdroplet is solid-like and the interfacial tension force reduces to the drag from Stokes flow
around a solid sphere. On the contrary, internal flow within the microdroplet becomes possible
and this acts to reduce the drag on the microdroplet from the continuous phase for smaller
values of λη [40]. Meanwhile, a detailed studies of droplet microfluidics performance as
function of flow conditions as it is crucial when designing the geometry of the microchannel,
particularly is one of the major parameter which can be very sensitive to flow conditions and
drop properties [41]. Specifically, the cross-sectional area of the main channel can influence the
volume of microdroplets detached significantly in both the squeezing regime as well as in the
dripping regime as presented here.

2.1.2. Non-Newtonian flow systems

Although there are many methods of producing monodispersed microdroplets, controlling the
size of the droplets within the range of 1–100 μm remains to be a challenge that has yet to be
fully resolved. Non-Newtonian fluids have far more complex rheological properties that are
normally physical and chemical conditions dependent. It also exhibits more complex behav-
iors in terms of its dynamics in comparison to its Newtonian counterpart, particularly in the
field of microfluidics [17]. This is due to the non-linear relationship between the shear rate of
the fluid and its viscosity as compared to Newtonian fluids, whose viscosities remain constant
regardless of the shear rate. Generally, non-Newtonian fluid can be classified into three general
groups in shear flow, which are shown in Table 2.

In an attempt to develop an efficient and reliable drug delivery system, researches have been
carried out using various types of non-Newtonian fluids in order to determine which mate-
rials would yield the most desirable results. Of all, shear thinning fluids are the most
commonly encountered fluids in our everyday lives, many existing as ordinary fluids such
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as paints and blood. Due to the rheological property of the latter, the common rule of thumb
in designing and developing drug delivery system usually consider shear thinning approach
as working mechanism. A mathematical model to simulate the deformation of droplets

Fluids Description Fluid type Model Constitutive equations

Purely
viscous/Time-
Independent

The rate of shear at any
point is determined
only by the value of the
shear stress at that point
at that instant; can be
known as time-
independent fluids/
generalized Newtonian
fluids (GNF).

Dilatant
(Shear-
Thickening)

Ostwald
Waele

μ ¼ m _γð Þn�1

Carreau-
Yasuda

μ�μ∞
μo�μ∞

¼ 1þ λ _γð Þ2
� o

n�1ð Þ=2
n

Pseudoplastics
(Shear-
Thinning)

Cross μ�μ∞
μo�μ∞

¼ 1
1þk _γð Þn

Ellis μ ¼ μo

1þ τ=τ1=2ð Þα�1

Viscoplastics Bingham
Plastics

τ ¼ τB þ μ _γð Þ for τj j > τB
�� ��

_γ ¼ 0 for τj j < τB
�� ��

Herschel-
Bulkley

τ ¼ τH þm _γð Þn for τj j > τH
�� ��

_γ ¼ 0 for τj j < τH
�� ��

Casson τj jð Þ1=2 ¼ τocj jð Þ1=2 þ μ _γj j� �1=2 for τj j > τcj j
_γ ¼ 0 for τj j < τcj j

Time-
dependent

The relation between
shear stress and shear
rate further dependence
on the duration of
shearing and their
kinematic history.

Thixotropy
Rheopexy

Generalized
Herschel-
Bulkley

τ ¼ τo þ τ1ð Þ þ mo þ ξm1ð Þ _γð Þn

Viscoelastic* Substances exhibit
characteristics of both
viscous fluids and
elastic solids and
showing partial elastic
recovery after
deformation.

Viscoelastic Oldroyd-B
τ1 þ λ1τ

▽
1 � 2μ1 D� λ2D

▽
� �

¼ 0

Giesekus-
Leonov

τp þ λ1τp � αλ1
μ τp2 þ μ _γ ¼ 0

Phan-Thien-
Tanner

τ
▽ þ ξ D � τ� τ �DT� �þ Y

λ � τ ¼ 2GD
τ¼τ1 þ τ2
τ2 ¼ 2μ2D

White-
Metzner

τ1 þ λ γð Þτ▽ ¼ 2μ γð ÞD

K-BKZ τf ¼ μ γð Þ nL3

24ln 2h
dð Þ u1,2S12Sij

τp ¼
Ðt
�∞

PN
k¼1

Gk
λk
exp � t�t

0

λk

� �
H Ic�1; IIc�1ð ÞC�1

t t
0� �
dt

0

Upper-
Convected
Maxwell

τþ λ1τ
▽ ¼ 2μD

D ¼ 1
2 ∇uð Þ þ ∇uð ÞT
h i

*Note: Most common models for viscoelastic fluids.μ denotes the shear viscosity; γ denotes the shear rate; f denotes the
fiber volume fraction; d and L are the diameter and fiber length; n is the number of the suspension; h is the average
distance from a given fiber to its nearest neighbor; τp denotes the shear stress for the polymer; λ denotes relaxation times
and Gk denotes relaxation moduli; N denotes the number of relation modes; Ct

�1 denotes finger strain tensor; Ic-1and IIc-

2denotes first and second invariants; H is the strain memory function; τ▽ denotes upper convected time derivative of the
stress tensor; D denotes the strain rate tensor; ξ denotes the adjustable parameters of the model.

Table 2. Comparison of non-Newtonian power-law model fluid behavior [18, 24, 42, 43].
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captures the effect of the disperse phase viscosity on the
microdroplet drag. When λη ≫ 1, the disperse phase viscosity is sufficiently high that the
microdroplet is solid-like and the interfacial tension force reduces to the drag from Stokes flow
around a solid sphere. On the contrary, internal flow within the microdroplet becomes possible
and this acts to reduce the drag on the microdroplet from the continuous phase for smaller
values of λη [40]. Meanwhile, a detailed studies of droplet microfluidics performance as
function of flow conditions as it is crucial when designing the geometry of the microchannel,
particularly is one of the major parameter which can be very sensitive to flow conditions and
drop properties [41]. Specifically, the cross-sectional area of the main channel can influence the
volume of microdroplets detached significantly in both the squeezing regime as well as in the
dripping regime as presented here.

2.1.2. Non-Newtonian flow systems

Although there are many methods of producing monodispersed microdroplets, controlling the
size of the droplets within the range of 1–100 μm remains to be a challenge that has yet to be
fully resolved. Non-Newtonian fluids have far more complex rheological properties that are
normally physical and chemical conditions dependent. It also exhibits more complex behav-
iors in terms of its dynamics in comparison to its Newtonian counterpart, particularly in the
field of microfluidics [17]. This is due to the non-linear relationship between the shear rate of
the fluid and its viscosity as compared to Newtonian fluids, whose viscosities remain constant
regardless of the shear rate. Generally, non-Newtonian fluid can be classified into three general
groups in shear flow, which are shown in Table 2.

In an attempt to develop an efficient and reliable drug delivery system, researches have been
carried out using various types of non-Newtonian fluids in order to determine which mate-
rials would yield the most desirable results. Of all, shear thinning fluids are the most
commonly encountered fluids in our everyday lives, many existing as ordinary fluids such
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as paints and blood. Due to the rheological property of the latter, the common rule of thumb
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distance from a given fiber to its nearest neighbor; τp denotes the shear stress for the polymer; λ denotes relaxation times
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through an axisymmetric contraction using shear thinning fluids. When the dispersed phase
was a shear thinning fluid and the continuous phase was a Newtonian fluid, the local
viscosity of the microdroplet decreased upon entering the contraction, remained at a low
viscosity within the contraction and increased upon exiting, resulting in a compact bullet-
shaped microdroplet at the exit. In contrast, when the continuous phase was shear thinning
and the dispersed phase was Newtonian, the microdroplet exited the contraction with a very
irregular shape [44, 45].

The influence of the dispersed phase viscosity between Newtonian and shear-thinning fluid on
generated droplet size in microfluidic T-junctions are illustrated in Figure 3. The experimental
results indicate that the larger viscosity of dispersed phase fluid brings the significant effect on
reducing the size of generated microdroplet at each constant value of Qd. Also, when the
concentration of dispersed fluid is increasing from 0 to 60 wt% at constant value of Qd of
0.6 mL/h; there will be a reduction in microdroplet size formed due to the change in the viscosity
from 0.928 to 8.406 cP. Nevertheless, the similar phenomenon is not found when Qd exceeds
1.2 mL/h in the condition of 60 wt%, viscosity of 8.406 cP for dispersed fluid. At Qd of 1.2 mL/h,
for the lower dispersed fluid viscosity ranging from 0.928 to 3.191 cP, the microdroplet volume is
decreased. However, it is increased for the higher viscosity dispersed fluid (8.406 cP) due to a
convectively unstable jetting regime that took place in which microdroplet formation lacks both
periodicity and size uniformity therefore highly polydispersed in size were produced. When Qd

is further increased to a high relatively flow rate, a transition between convectively unstable flow
and droplet breakup begins to prevail. This can be explained by the instabilities of microdroplets
due to the inertia effects at the T-junction, begin to dominate in the dispersed phase and then
evolve in the microchannel which is characterized by long instability wavelengths [46]. The
behavior of the perturbations propagates in the direction of the flow and the dispersed phase
does not break into microdroplet which is also defined as convective instability or unstable
stratified flow. In contrast, reduction in carboxymethylcellulose (CMC) microdroplet size relative
to drop volume was observed in larger power-law index; however, the size of droplet shrinks

Figure 3. Representative outcomes for the effect of Newtonian (water-glycerol) and non-Newtonian CMC dispersed
phase viscosity on droplet generation frequency in microfluidics T-junction.
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when the viscosity of the power law fluid is increased with lower behavior index. In the case of
CMC, the frequency of microdroplet formation increased when viscosity of dispersed phase is
increased (0.02 wt% (w/w)) at each constant rate of Qd; however, the reduction in frequency of
droplet formation was observed when the viscosity of CMC polymer fluid is further increased to
0.04% (w/w) where power-law index (n) is smaller than unity contributes to significant effect of
shear thinning behavior. This was explained by the other non-Newtonian fluid when the fluid
elasticity also plays a key role in resisting the drop pinch off contributes an increase in droplet
breakup time.

While shear thinning fluids are described as the most commonly encountered non-
Newtonian fluid, viscoelastic fluids take the center stage in the synthesis of microdroplets.
Such microdroplets are often produced using polymer solutions, such as alginate com-
pounds [47] and polyethylene glycol [48], which have viscoelastic characteristics. This
phenomenon was clearly observed in the multiple beads-on-a-string formation. It is deter-
mined that for polymer solutions that have high elasticity and extensibility, an extensional
response was obtained, even at very low viscosities [49]. An observation on viscoelastic
polymers that have larger molecular weight result in a higher elasticity number, El, which
consequently increases the pinch-off times of the microdroplets. It was found that the size
of the aperture affects the pinch-off times, whereby increasing the size of the apertures
increases the pinch-off times [50]. This was validated by a demonstration on the production
of monodisperse double emulsion microparticles from various non-Newtonian polymer
solutions, one of which exhibited viscoelastic characteristics [21]. It was determined that
when the viscoelastic solution was used as the inner fluid, the viscoelasticity of the fluid
prevented microdroplets from pinching off from the orifice. This resulted in oscillations that
are brought downstream by the continuous phase, which consequently brought about the
beads-on-a-string phenomenon [49].

3. Microdroplets formation

3.1. Microdroplets encapsulation

The development of emulsification via microfluidic in the past decades is embodied in various
fields. In the aspect of system design and fabrication, continuous reports with regards to new
material development coupled with creative, novel fabrication techniques, enable evolutional
microfluidic system from conventional two-dimensional (2D) straight microchannel to
multifunctional three-dimensional (3D) systems [51]. In the aspect of theory and applications,
in-depth understanding of the flow dynamic as mentioned in the previous section leads to
much unique systems design for generation and manipulation of droplets with diverse behav-
iors and surface morphologies in various applications being reported [52–54]. Although the
encapsulation process may seem straightforward, there are few considerations need to be
noted. One common technique used is the addition of surface active agent to either continuous
or dispersed phase. Such addition can create distinctive microdroplets formation, but not
always an ideal solution to the development of more complex microfluidic systems with
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when the viscosity of the power law fluid is increased with lower behavior index. In the case of
CMC, the frequency of microdroplet formation increased when viscosity of dispersed phase is
increased (0.02 wt% (w/w)) at each constant rate of Qd; however, the reduction in frequency of
droplet formation was observed when the viscosity of CMC polymer fluid is further increased to
0.04% (w/w) where power-law index (n) is smaller than unity contributes to significant effect of
shear thinning behavior. This was explained by the other non-Newtonian fluid when the fluid
elasticity also plays a key role in resisting the drop pinch off contributes an increase in droplet
breakup time.

While shear thinning fluids are described as the most commonly encountered non-
Newtonian fluid, viscoelastic fluids take the center stage in the synthesis of microdroplets.
Such microdroplets are often produced using polymer solutions, such as alginate com-
pounds [47] and polyethylene glycol [48], which have viscoelastic characteristics. This
phenomenon was clearly observed in the multiple beads-on-a-string formation. It is deter-
mined that for polymer solutions that have high elasticity and extensibility, an extensional
response was obtained, even at very low viscosities [49]. An observation on viscoelastic
polymers that have larger molecular weight result in a higher elasticity number, El, which
consequently increases the pinch-off times of the microdroplets. It was found that the size
of the aperture affects the pinch-off times, whereby increasing the size of the apertures
increases the pinch-off times [50]. This was validated by a demonstration on the production
of monodisperse double emulsion microparticles from various non-Newtonian polymer
solutions, one of which exhibited viscoelastic characteristics [21]. It was determined that
when the viscoelastic solution was used as the inner fluid, the viscoelasticity of the fluid
prevented microdroplets from pinching off from the orifice. This resulted in oscillations that
are brought downstream by the continuous phase, which consequently brought about the
beads-on-a-string phenomenon [49].

3. Microdroplets formation

3.1. Microdroplets encapsulation

The development of emulsification via microfluidic in the past decades is embodied in various
fields. In the aspect of system design and fabrication, continuous reports with regards to new
material development coupled with creative, novel fabrication techniques, enable evolutional
microfluidic system from conventional two-dimensional (2D) straight microchannel to
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iors and surface morphologies in various applications being reported [52–54]. Although the
encapsulation process may seem straightforward, there are few considerations need to be
noted. One common technique used is the addition of surface active agent to either continuous
or dispersed phase. Such addition can create distinctive microdroplets formation, but not
always an ideal solution to the development of more complex microfluidic systems with
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multi-inputs. Various innovative proposals have been attempted to resolve this issue, both for
passive and active emulsion encapsulation system. An active encapsulation involves usage of
external forces such as electricity to encapsulate emulsion, which is not favorable when it is
deployed in biology-related application. While passive emulsion encapsulation method more
often carries low throughput as its main shortcoming, the simplicity in encapsulation mecha-
nism makes it a popular choice for microdroplet encapsulation.

There have been much microdroplet encapsulation attempts done in both Newtonian and non-
Newtonian fluids system. In recent years, focus on microdroplets encapsulation had been given
to non-Newtonian fluids especially in the medical field and in drug synthesis and released
related work. In the case of non-Newtonian fluid systems, an integrated comprehensive droplet
digital detection (IC 3D) was used to encapsulate bacteria such as E.coli in the blood content for
detection purpose [55]. The device is able to encapsulate bacterial into microdroplets that will
allow real time disease detection with high result accuracy. Such approach has shorten the
conventional detection method that requires longer time. Much of other developments on
microdroplet encapsulation can be found in various literatures.

3.2. Microdroplets fission

Generally, microdroplet splitting can be divided into two main approaches, i.e. active fission
and passive fission, while the latter one is more widely accepted due to advantages including
ease of implementation and low cost. Passive fission mainly depends on the fluid flow resis-
tance and geometries in respective channels of the microfluidic system. A variety of geometries
have been demonstrated in passive fission where microdroplet is split as it flows past T-
junction [56], arbitrary angle [57], obstacle [58] or through a narrow constriction [59]. It was
found that the microdroplet fission occurs at bifurcation if length of the droplet in the
microchannel is greater than the circumference on the edge of the microdroplet. The micro-
droplet splits evenly if the resistances of the two daughter channels have the same fluidic
resistance downstream of the bifurcation. Since fluidic resistance is proportional to micro-
channel length, changing the length of one of the two daughter channels allows microdroplets
to split unevenly. In this way, the volume ratio of the daughter droplets produced by the fission
can be changed. A large post can be employed near the middle of a microchannel to induce
microdroplet fission, the ratio of sizes of daughter droplets can be changed by adjusting the
position of the post in the microchannel [60]. A repeating bifurcation structure can be used to
split a single parent droplet into 8 or 16 daughter droplets of nanoliter volumes. Droplet
breakup occurs because of a high surface tension pressure relative to the pressure drop in the
microchannel [61]. Multiple monodisperse droplets can be generated using a side-branch
structure with varied resistance in the microchannel; the size of the daughter droplets was
controlled by the size of the original liquid plugs, thus providing a wide tuning range of
droplet size [62]. A hydrophobic valve was used to arrest the flow of fluid into each daughter
channel, while placed a waste channel at downstream of the daughter channels to drain excess
fluid. The series of daughter channels can split a single liquid sample plug into multiple
smaller plugs effectively [63]. This technology can allow for simultaneous screening for multi-
ple viruses [64].

Microfluidics and Nanofluidics152

Despite of these latest advances, the relevant techniques to manipulate droplet fission by
constriction are commonly performed in a 2D single planar microchannel. For instance,
Rosenfeld et al. investigated splitting and deformations of a large number of drops in a
concentrated emulsion when it flows through a narrow constriction in 2D monolayer Poly
(dimethylsiloxane) (PDMS) microchannel [59]. There is no design employing 3D bilayer
microchannel consisting of constriction formed by bifurcated junction. Bifurcated junction
work should be focused because the flow of emulsions through porous media is important in
many industrial processes, while the porous media normally have small constrictions with
bifurcated junction [65]. For example, natural porous media such as oil reservoir features with
complex interior structure formed by a number of constrictions or pores with heterogeneity of
physiochemical characteristics. Industrial processes such as mobility control in enhanced oil
recovery requires prediction of the evolution of the microstructure of the injected fluids in
microstructure and their bulk rheological properties. However, there is still a lack of complete
understanding towards the stability and break-up of individual emulsions as they flow
through simple constrictions or pores, especially when the interactions among the emulsions
are important. Moreover, in some biomedical applications such as drug delivery, the encapsu-
lated drugs must go through media with complex 3D constrictions, such as blood capillaries or
the porous material of a tissue structure in the human body. These constrictions normally
feature with bifurcated junction. In some cases, these constrictions are the locations for drug
release, thus the emulsion droplets must burst to release its contents. In other cases, the
emulsion droplets must be transported through the constrictions to reach the targeted release
locations, thus breakup must not occur in the constrictions. Therefore, it demands a thorough
understanding of the physics of emulsion flow through constrictions to predict and manipu-
late the release of active ingredients from such emulsions (Figure 4).

Figure 4. Droplet splitting in a microfluidic device. (A) 2D splitting: (i) droplets split repeatedly through Y-shaped
junctions; (ii, iii) scheme illustration and microscopic image of droplet splitting mediated by a square obstruction. (B) 3D
splitting: (i) scheme of the splitting process; (ii � vi) microscopic images showing droplets entering the junction and split
into two daughter droplets. Reproduced with permission from [51]. Copyright 2017 American Chemistry Society.
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4. Outlook

Emulsions, such as microcapsules and colloids, are crucial in daily life as well as playing vital
role in different industrial applications such as pharmaceutical and food industry. Therefore, it
is of important to understand the fundamental concept of Newtonian and non-Newtonian
fluid behavior in the aspect of emulsification using microfluidic approach. Such understanding
will bridge the practical application of the approach which aimed to control structure and
monodispersed size in multiphase microsystem using emulsion as template. The two-phase
flow understanding will stir the continuous development of emulsion to other applications
such as microbeads for carbon capture and storage, wastewater treatment in environmental
application as well as pharmaceutical drugs control. In this chapter, we have reviewed the
fundamental two-phase multiphase model in emulsification process using microfluidic
approach by outlining the main difference between Newtonian and non-Newtonian fluids
and its corresponding pros and cons of each system. More effort should be given to non-
Newtonian multiphase system research as non-Newtonian has more impact in daily life such
as drug release kinetics in human blood, etc. Furthermore, more focus should also be given
in the advancement of droplet size distribution control when both Newtonian and non-
Newtonian fluids are used in a microfluidic multiphase system. This will eventually help to
achieve applications such as advanced drug control and release as well as development of new
food product that has better nutrient control.

Acknowledgements

We gratefully acknowledge the funding support from Zhejiang Provincial Natural Science
Foundation of China (LQ15E090001), Young Scientist Program from National Natural Science
Foundation of China (NSFC51506103/E0605) and Ningbo Natural Science Foundation
(2015A610281). The research was also supported by Inspiration Grant from Faculty of Science
and Engineering, University of Nottingham Ningbo China.

Author details

Kai Seng Koh1*, Voon Loong Wong1 and Yong Ren2

*Address all correspondence to: k.koh@hw.ac.uk

1 School of Engineering and Physical Sciences, Heriot-Watt University Malaysia, Putrajaya,
Malaysia

2 Department of Mechanical, Materials and Manufacturing Engineering, The University of
Nottingham Ningbo China, China

Microfluidics and Nanofluidics154

References

[1] Schramm LL. Emulsions, Foams, and Suspensions: Fundamentals and Applications.
Germany: Wiley-VCH; 2005

[2] Sami S, Olesya B, Ana RC, Karin S. Microfluidic EDGE emulsification: the importance of
interface interactions on droplet formation and pressure stability. Scientific Reports. 2016;
6:26407. DOI: 10.1038/srep26407

[3] Ajay M, Abhijit S, Achinta B, Keka O. Characterization of oil�water emulsion and its use
in enhanced oil recovery. Industrial and Engineering Chemistry Research. 2010;49(24):
12756-12761. DOI: 10.1021/ie101589x

[4] Mark D, Haeberle S, Roth G, von Steffen F, Zengerle R. Microfluidic lab-on-chip plat-
forms: requirements, characteristics, and applications. Chemical Society Reviews. 2010;
39:1153-1182. DOI: 10.1039/B820557B

[5] Garstecki P. Formation of droplets and bubbles in microfluidic systems. Bulletin of the
Polish Academy Sciences. 2005;53(4)

[6] Gu H, MHG D, Mugele F. Droplet formation and merging in two-phase flow micro-
fluidic. International Journal of Molecular Sciences. 2011;12(4):2572-2597. DOI: 10.3390/
ijms12042572

[7] Nunes JK, Tsai SSH, Wan J, Stone HA. Dripping and jetting in microfluidic multiphase
flows applied to particle and fibre synthesis. Journal of Physics D: Applied Physics. 2013;
46(11):23626378. DOI: 10.1088/0022-3727/46/11/114002

[8] Glawdel T, Elbuken C, Ren CL. Droplet formation in microfluidic T-junction generators
operating in the transitional regime. II. Modeling. Physical Review E. 2012;85:016322.
DOI: 10.1103/PhysRevE.85.016323

[9] Wehking JD, Gabany M, Chew L, Kumar R. Effects of viscosity, interfacial tension, and
flow geometry on droplet formation in a microfluidic T-junction. Microfluidics and Nano-
fluidics. 2014;16(3):441. DOI: 10.1007/s10404-013-1239-0

[10] Raj R, Mathur N, Buwa VV. Numerical simulations of liquid-liquid flows in micro-
channels. Industrial & Engineering Chemistry Research. 2010;49(21):10606-10614. DOI:
10.1021/ie100626a

[11] DeMenech M, Garstecki P, Jousse F, Stone HA. Transition from squeezing to dripping in a
microfluidic T-shaped junction. Journal of Fluid Mechanics. 208;595:141-161. DOI: 10.10
17/S002211200700910X

[12] Liu H, Zhang Y. Droplet formation in a T-shaped microfluidic junction. Journal of
Applied Physics. 2009;106:034906. DOI: 10.1063/1.3187831

Microdroplets Advancement in Newtonian and Non-Newtonian Microfluidic Multiphase System
http://dx.doi.org/10.5772/intechopen.75358

155



4. Outlook

Emulsions, such as microcapsules and colloids, are crucial in daily life as well as playing vital
role in different industrial applications such as pharmaceutical and food industry. Therefore, it
is of important to understand the fundamental concept of Newtonian and non-Newtonian
fluid behavior in the aspect of emulsification using microfluidic approach. Such understanding
will bridge the practical application of the approach which aimed to control structure and
monodispersed size in multiphase microsystem using emulsion as template. The two-phase
flow understanding will stir the continuous development of emulsion to other applications
such as microbeads for carbon capture and storage, wastewater treatment in environmental
application as well as pharmaceutical drugs control. In this chapter, we have reviewed the
fundamental two-phase multiphase model in emulsification process using microfluidic
approach by outlining the main difference between Newtonian and non-Newtonian fluids
and its corresponding pros and cons of each system. More effort should be given to non-
Newtonian multiphase system research as non-Newtonian has more impact in daily life such
as drug release kinetics in human blood, etc. Furthermore, more focus should also be given
in the advancement of droplet size distribution control when both Newtonian and non-
Newtonian fluids are used in a microfluidic multiphase system. This will eventually help to
achieve applications such as advanced drug control and release as well as development of new
food product that has better nutrient control.

Acknowledgements

We gratefully acknowledge the funding support from Zhejiang Provincial Natural Science
Foundation of China (LQ15E090001), Young Scientist Program from National Natural Science
Foundation of China (NSFC51506103/E0605) and Ningbo Natural Science Foundation
(2015A610281). The research was also supported by Inspiration Grant from Faculty of Science
and Engineering, University of Nottingham Ningbo China.

Author details

Kai Seng Koh1*, Voon Loong Wong1 and Yong Ren2

*Address all correspondence to: k.koh@hw.ac.uk

1 School of Engineering and Physical Sciences, Heriot-Watt University Malaysia, Putrajaya,
Malaysia

2 Department of Mechanical, Materials and Manufacturing Engineering, The University of
Nottingham Ningbo China, China

Microfluidics and Nanofluidics154

References

[1] Schramm LL. Emulsions, Foams, and Suspensions: Fundamentals and Applications.
Germany: Wiley-VCH; 2005

[2] Sami S, Olesya B, Ana RC, Karin S. Microfluidic EDGE emulsification: the importance of
interface interactions on droplet formation and pressure stability. Scientific Reports. 2016;
6:26407. DOI: 10.1038/srep26407

[3] Ajay M, Abhijit S, Achinta B, Keka O. Characterization of oil�water emulsion and its use
in enhanced oil recovery. Industrial and Engineering Chemistry Research. 2010;49(24):
12756-12761. DOI: 10.1021/ie101589x

[4] Mark D, Haeberle S, Roth G, von Steffen F, Zengerle R. Microfluidic lab-on-chip plat-
forms: requirements, characteristics, and applications. Chemical Society Reviews. 2010;
39:1153-1182. DOI: 10.1039/B820557B

[5] Garstecki P. Formation of droplets and bubbles in microfluidic systems. Bulletin of the
Polish Academy Sciences. 2005;53(4)

[6] Gu H, MHG D, Mugele F. Droplet formation and merging in two-phase flow micro-
fluidic. International Journal of Molecular Sciences. 2011;12(4):2572-2597. DOI: 10.3390/
ijms12042572

[7] Nunes JK, Tsai SSH, Wan J, Stone HA. Dripping and jetting in microfluidic multiphase
flows applied to particle and fibre synthesis. Journal of Physics D: Applied Physics. 2013;
46(11):23626378. DOI: 10.1088/0022-3727/46/11/114002

[8] Glawdel T, Elbuken C, Ren CL. Droplet formation in microfluidic T-junction generators
operating in the transitional regime. II. Modeling. Physical Review E. 2012;85:016322.
DOI: 10.1103/PhysRevE.85.016323

[9] Wehking JD, Gabany M, Chew L, Kumar R. Effects of viscosity, interfacial tension, and
flow geometry on droplet formation in a microfluidic T-junction. Microfluidics and Nano-
fluidics. 2014;16(3):441. DOI: 10.1007/s10404-013-1239-0

[10] Raj R, Mathur N, Buwa VV. Numerical simulations of liquid-liquid flows in micro-
channels. Industrial & Engineering Chemistry Research. 2010;49(21):10606-10614. DOI:
10.1021/ie100626a

[11] DeMenech M, Garstecki P, Jousse F, Stone HA. Transition from squeezing to dripping in a
microfluidic T-shaped junction. Journal of Fluid Mechanics. 208;595:141-161. DOI: 10.10
17/S002211200700910X

[12] Liu H, Zhang Y. Droplet formation in a T-shaped microfluidic junction. Journal of
Applied Physics. 2009;106:034906. DOI: 10.1063/1.3187831

Microdroplets Advancement in Newtonian and Non-Newtonian Microfluidic Multiphase System
http://dx.doi.org/10.5772/intechopen.75358

155



[13] Garstecki P, Fuerstman MJ, Stone HA, Whitesides GM. Formation of droplets and bub-
bles in a microfluidic T-junction-scaling and mechanism of breakup. Lab on Chip. 2006;
6(3):437-446. DOI: 10.1039/b510841a

[14] Gupta A, Kumar R. Flow regime transition at high capillary numbers in a microfluidic T-
junction: Viscosity contrast and geometry effect. Physics of Fluids. 2010;22:1-11. DOI: 10.1063/
1.3523483

[15] Anna SL, Mayer HC. Microscale tipstreaming in a microfluidic flow focusing device.
Physics of Fluids. 2006;18:121512. DOI: 10.1063/1.2397023

[16] Utada AS, Fernandez-Nieves A, Stone HA, Weitz DA. Dripping to jetting transitions in
coflowing liquid streams. Physical Review Letter. 2007;99:094502. DOI: 10.1103/Phys-
RevLett.99.094502

[17] Baroud CN, Gallaire F, Dangla R. Dynamics of microfluidic droplets. Lab on Chip. 2010;
10(16):2032-2045. DOI: 10.1039/c001191f

[18] Chhabra RP, Richardson JF. Non-Newtonian Flow and Applied Rheology. 2nd ed.
Elsevier: Butterworth-Heinemann; 2008. 536 p. DOI: 10.1016/B978-0-7506-8532-0.00013-5

[19] Umbanhowar PB, Prasad V, Weitz DA. Monodisperse emulsion generation via drop
break off in a coflowing stream. Langmuir. 2000;16(2):347-351. DOI: 10.1021/la990101e

[20] Cramer C, Fischer P, Windhab EJ. Drop formation in a co-flowing ambient fluid. Chem-
ical Engineering Science. 2004;59(15):3045-3058. DOI: 10.1016/j.ces.2004.04.006

[21] Abate RA, Weitz DA. Faster multiple emulsification with drop splitting. Lab on Chip.
2011;11:1911-1915. DOI: 10.1039/C0LC00706D

[22] Nguyen NT, Wereley ST. Fundamentals and Applications of Microfluidics. 2nd ed. Artech
House: Boston; 2002. p. 497

[23] Tanyeri M, Ranka M, Sittipolhul N, Schroeder CM. A microfluidic-based hydrodynamic
trap: Design and implementation. Lab on Chip. 2011;11(10):1786-1794. DOI: 10.1039/
c0lc00709a

[24] Cho YL, Hartnett JP. Non-Newtonian fluids. In: Cho YL, Hartnett JP, editors. Handbook
of Heat Transfer Applications. 3rd ed. New York: McGraw-Hill; 1998. pp. 732-784

[25] Xu JH, Luo GS, Li SW, Chen GG. Shear force induced monodisperse droplet formation in
a microfluidic device by controlling wetting properties. Lab on Chip. 2006;6(1):131-136.
DOI: 10.1039/B509939K

[26] Xu JH, Li SW, Tan J, Wang YJ, Luo GS. Preparation of highly monodisperse droplet in a
T-junction microfluidic device. American Institute of Chemical Engineers Journal. 2008;
52(9):3005-3010. DOI: 10.1002/aic.10924

[27] Qiu D, Silva L, Tonkovich AL, Arora R. Micro-droplet formation in non-Newtonian fluid
in a microchannel. Microfluidics and Nanofluidics. 2010;8(4):531-548. DOI: 10.1007/s10
404-009-0487-5

Microfluidics and Nanofluidics156

[28] Wang K, Lu YC, Luo GS. Determination of dynamic interfacial tension and its effect on
droplet formation in the T-shaped microdispersion process. Langmuir. 2009;25(4):2153-2158.
DOI: 10.1021/la803049s

[29] Bashir S, Rees JM, Zimmerman WB. Simulations of microfluidics droplet formation using
the two-phase level set method. Chemical Engineering Science. 2011;66(20):4733-4741.
DOI: 10.1016/j.ces.2011.06.034

[30] Shui LL, Berg AVD, Eijkel JCT. Interfacial tension controlled W/O and O/W 2-phase flows
in microchannel. Lab on Chip. 2009;9:795-801. DOI: 10.1039/B813724B

[31] Peng L, Yang M, Guo SS, Liu W, Zhao XZ. The effect of interfacial tension on droplet
formation in flow-focusing microfluidic device. Biomedical Microdevices. 2011;13(3):559-564.
DOI: 10.1007/s10544-011-9526-6

[32] Cubaud T, Mason TG. Capillary threads and viscous droplets in square microchannels.
Physics of Fluids. 2008;20(5):053302. DOI: 10.1063/1.2911716

[33] Gu ZP, Liow JL.Microdroplet formation in a T-junction with xanthan gum solutions. In:
Chemeca 2011: Engineering a Better World; 18-21 September; Sydney Hilton Hotel, NSW.
Australia: Engineers Australia; 2011. pp. 1442-1451

[34] Murshed SMS, Tan SH, Nguyen NT. Temperature dependence of interfacial properties
and viscosity of nanofluids for droplet-based microfluidics. Journal of Physics D: Applied
Physics. 2008;41(8):085502. DOI: 10.1088/0022-3727/41/8/085502

[35] Wang RJ. Nanoparticles influence droplet formation in a T-shaped microfluidic. Journal
of Nanoparticle Research. 2013;15:2128. DOI: 10.1007/s11051-013-2128-x

[36] Fang C, Lee D, Stober B, Fuller GG, Shen AQ. Integrated microfluidic platform for instan-
taneous flow and localized temperature control. RSC Advances. 2015;5(104):85620-85629.
DOI: 10.1039/C5RA19944A

[37] Sang L, Hong Y, Wang F. Investigation of viscosity effect on droplet formation in T-
shaped microchannels by numerical and analytical methods. Microfluidics and
Nanofluidics. 2009;6(5):621-635. DOI: 10.1007/s10404-008-0329-x

[38] Ba Y, Liu H, Sun J, Zheng R. Three dimensional simulations of droplet formation in
symmetric and asymmetric T-junctions using the color-gradient lattice Boltzmann model.
International Journal of Heat Transfer. 2015;90:931-947. DOI: 10.1016/j.ijheatmasstransfer.
2015.07.023

[39] Husny J, Cooper-White JJ. The effect of elasticity on drop creation in T-shaped micro-
channels. Journals of Non-Newtonian Fluid Mechanics. 2006;137(1–3):121-136. DOI: 10.10
16/j.jnnfm.2006.03.007

[40] Wong VL, Loizou K, Lau PL, Graham RS, Hewakandamby BN. Numerical studies of
shear-thinning droplet formation in a microfluidic T-junction using two-phase level-set
method. Chemical Engineering Science. 2017;174:157-173. DOI: 10.1016/j.ces.2017.08.027

Microdroplets Advancement in Newtonian and Non-Newtonian Microfluidic Multiphase System
http://dx.doi.org/10.5772/intechopen.75358

157



[13] Garstecki P, Fuerstman MJ, Stone HA, Whitesides GM. Formation of droplets and bub-
bles in a microfluidic T-junction-scaling and mechanism of breakup. Lab on Chip. 2006;
6(3):437-446. DOI: 10.1039/b510841a

[14] Gupta A, Kumar R. Flow regime transition at high capillary numbers in a microfluidic T-
junction: Viscosity contrast and geometry effect. Physics of Fluids. 2010;22:1-11. DOI: 10.1063/
1.3523483

[15] Anna SL, Mayer HC. Microscale tipstreaming in a microfluidic flow focusing device.
Physics of Fluids. 2006;18:121512. DOI: 10.1063/1.2397023

[16] Utada AS, Fernandez-Nieves A, Stone HA, Weitz DA. Dripping to jetting transitions in
coflowing liquid streams. Physical Review Letter. 2007;99:094502. DOI: 10.1103/Phys-
RevLett.99.094502

[17] Baroud CN, Gallaire F, Dangla R. Dynamics of microfluidic droplets. Lab on Chip. 2010;
10(16):2032-2045. DOI: 10.1039/c001191f

[18] Chhabra RP, Richardson JF. Non-Newtonian Flow and Applied Rheology. 2nd ed.
Elsevier: Butterworth-Heinemann; 2008. 536 p. DOI: 10.1016/B978-0-7506-8532-0.00013-5

[19] Umbanhowar PB, Prasad V, Weitz DA. Monodisperse emulsion generation via drop
break off in a coflowing stream. Langmuir. 2000;16(2):347-351. DOI: 10.1021/la990101e

[20] Cramer C, Fischer P, Windhab EJ. Drop formation in a co-flowing ambient fluid. Chem-
ical Engineering Science. 2004;59(15):3045-3058. DOI: 10.1016/j.ces.2004.04.006

[21] Abate RA, Weitz DA. Faster multiple emulsification with drop splitting. Lab on Chip.
2011;11:1911-1915. DOI: 10.1039/C0LC00706D

[22] Nguyen NT, Wereley ST. Fundamentals and Applications of Microfluidics. 2nd ed. Artech
House: Boston; 2002. p. 497

[23] Tanyeri M, Ranka M, Sittipolhul N, Schroeder CM. A microfluidic-based hydrodynamic
trap: Design and implementation. Lab on Chip. 2011;11(10):1786-1794. DOI: 10.1039/
c0lc00709a

[24] Cho YL, Hartnett JP. Non-Newtonian fluids. In: Cho YL, Hartnett JP, editors. Handbook
of Heat Transfer Applications. 3rd ed. New York: McGraw-Hill; 1998. pp. 732-784

[25] Xu JH, Luo GS, Li SW, Chen GG. Shear force induced monodisperse droplet formation in
a microfluidic device by controlling wetting properties. Lab on Chip. 2006;6(1):131-136.
DOI: 10.1039/B509939K

[26] Xu JH, Li SW, Tan J, Wang YJ, Luo GS. Preparation of highly monodisperse droplet in a
T-junction microfluidic device. American Institute of Chemical Engineers Journal. 2008;
52(9):3005-3010. DOI: 10.1002/aic.10924

[27] Qiu D, Silva L, Tonkovich AL, Arora R. Micro-droplet formation in non-Newtonian fluid
in a microchannel. Microfluidics and Nanofluidics. 2010;8(4):531-548. DOI: 10.1007/s10
404-009-0487-5

Microfluidics and Nanofluidics156

[28] Wang K, Lu YC, Luo GS. Determination of dynamic interfacial tension and its effect on
droplet formation in the T-shaped microdispersion process. Langmuir. 2009;25(4):2153-2158.
DOI: 10.1021/la803049s

[29] Bashir S, Rees JM, Zimmerman WB. Simulations of microfluidics droplet formation using
the two-phase level set method. Chemical Engineering Science. 2011;66(20):4733-4741.
DOI: 10.1016/j.ces.2011.06.034

[30] Shui LL, Berg AVD, Eijkel JCT. Interfacial tension controlled W/O and O/W 2-phase flows
in microchannel. Lab on Chip. 2009;9:795-801. DOI: 10.1039/B813724B

[31] Peng L, Yang M, Guo SS, Liu W, Zhao XZ. The effect of interfacial tension on droplet
formation in flow-focusing microfluidic device. Biomedical Microdevices. 2011;13(3):559-564.
DOI: 10.1007/s10544-011-9526-6

[32] Cubaud T, Mason TG. Capillary threads and viscous droplets in square microchannels.
Physics of Fluids. 2008;20(5):053302. DOI: 10.1063/1.2911716

[33] Gu ZP, Liow JL.Microdroplet formation in a T-junction with xanthan gum solutions. In:
Chemeca 2011: Engineering a Better World; 18-21 September; Sydney Hilton Hotel, NSW.
Australia: Engineers Australia; 2011. pp. 1442-1451

[34] Murshed SMS, Tan SH, Nguyen NT. Temperature dependence of interfacial properties
and viscosity of nanofluids for droplet-based microfluidics. Journal of Physics D: Applied
Physics. 2008;41(8):085502. DOI: 10.1088/0022-3727/41/8/085502

[35] Wang RJ. Nanoparticles influence droplet formation in a T-shaped microfluidic. Journal
of Nanoparticle Research. 2013;15:2128. DOI: 10.1007/s11051-013-2128-x

[36] Fang C, Lee D, Stober B, Fuller GG, Shen AQ. Integrated microfluidic platform for instan-
taneous flow and localized temperature control. RSC Advances. 2015;5(104):85620-85629.
DOI: 10.1039/C5RA19944A

[37] Sang L, Hong Y, Wang F. Investigation of viscosity effect on droplet formation in T-
shaped microchannels by numerical and analytical methods. Microfluidics and
Nanofluidics. 2009;6(5):621-635. DOI: 10.1007/s10404-008-0329-x

[38] Ba Y, Liu H, Sun J, Zheng R. Three dimensional simulations of droplet formation in
symmetric and asymmetric T-junctions using the color-gradient lattice Boltzmann model.
International Journal of Heat Transfer. 2015;90:931-947. DOI: 10.1016/j.ijheatmasstransfer.
2015.07.023

[39] Husny J, Cooper-White JJ. The effect of elasticity on drop creation in T-shaped micro-
channels. Journals of Non-Newtonian Fluid Mechanics. 2006;137(1–3):121-136. DOI: 10.10
16/j.jnnfm.2006.03.007

[40] Wong VL, Loizou K, Lau PL, Graham RS, Hewakandamby BN. Numerical studies of
shear-thinning droplet formation in a microfluidic T-junction using two-phase level-set
method. Chemical Engineering Science. 2017;174:157-173. DOI: 10.1016/j.ces.2017.08.027

Microdroplets Advancement in Newtonian and Non-Newtonian Microfluidic Multiphase System
http://dx.doi.org/10.5772/intechopen.75358

157



[41] Abate AR, Poitzsch A, Hwang Y, Lee J, Czerwinska J, Weitz DA. Impact of inlet channel
geometry on microfluidic drop formation. Physical Review E. 2009;80(2). DOI: 026310,
10.1103/PhysRevE.80.026310

[42] Cherizol R, Sain M, Tjong J. Review of non-Newtonian mathematical models for rheolog-
ical characteristics of viscoelastic composites. Green and Sustainable Chemistry. 2015;5(1):
6-14. DOI: 10.4236/gsc.2015.51002

[43] Kostic M. Influence of viscosity function simplification on non-Newtonian velocity and
shear rate profiles in rectangular ducts. International Communications in Heat and Mass
Transfer. 1993;20(4):515-525. DOI: 10.1016/0735-1933(93)90063-2

[44] Harvie DJE, Davidson MR, Cooper-White JJ, Rudman M. A parametric study of droplet
deformation through a microfluidic contraction: Low viscosity Newtonian droplets.
Chemical Engineering Science. 2006;61(15):5149-5158. DOI: 10.1016/j.ces.2006.03.011

[45] Fu TT, Ma YG, Li HZ. Breakup dynamics of slender droplet formation in shear-thinning
fluids in flow-focusing devices. Chemical Engineering Science. 2016;144:75-86. DOI:
10.1016/j.ces.2015.12.031

[46] Mbanjwa MB, Land KJ, Jewell L, Moss EA, Gledhill IMA. Experimental observation of
capillary instabilities of two phase flow in a microfluidic T-junction. In: Seventh South
African Conference on Computational and Applied Mechanics (SACAM10); 10-13 Janu-
ary; Pretoria. Republic of South Africa:2010

[47] KhosraviZanjani MA, Tarzi BG, Sharifan A, Mohammadi N. Microencapsulation of
probiotics by calcium alginate-gelatinized starch with chitosan coating and evaluation of
survival in simulated human gastro-intestinal condition. Iranian Journal of Pharmaceuti-
cal Research. 2014;13(3):843-852

[48] Villa C, Manzoli V, Abreu MM, Verheyen CA, Seskin M, Najjar M, Molano RD, Torrente
Y, Ricordi C, Tomei AA. Effects of composition of alginate-polyethylene glycol microcap-
sules and transplant site on encapsulated islet graft outcomes in mice. Transplantation.
2017;101(5):1025-1035. DOI: 10.1097/TP.0000000000001454

[49] Oliveira MS, McKinley GH. Iterated stretching and multiple beads-on-a-string phenom-
ena in dilute solutions of highly-extensible flexible polymers. Physics of fluids. 2005;17:
071705. DOI: 10.1063/1.1949197

[50] Steinhaus B, Shen AQ. Dynamics of viscoelastic fluid filaments in microfluidic devices.
Physics of Fluids. 2007;18:073103. DOI: 10.1063/1.2747660

[51] Shang LR, Cheng Y, Zhao YJ. Emerging droplet microfluidics. Chemical Reviews. 2017;
117(12):7964-8040. DOI: 10.1021/acs.chemrev.6b00848

[52] Zhu PG, Wang LQ. Passive and active droplet generation with microfluidics:A review.
Lab on Chip. 2017;17:34-75. DOI: 10.1039/C6LC01018K

[53] Takeuchi S, Garstecki P, Weibel DB, Whitesides GM. An axisymmetric flow-focusing
microfluidic device. Advanced Materials. 2005;17(8):1067-1072. DOI: 10.1002/adma.20
0401738

Microfluidics and Nanofluidics158

[54] Sun JS, Xianyu YL, Jiang XY. Point-of-care biochemical assays using gold nanoparticle-
implemented microfluidics. Chemical Society Reviews. 2014;43:6239-6253. DOI: 10.1039/
C4CS00125G

[55] Kang DK, Ali MM, Zhang KX, Huang SS, Peterson E, Digman AM, Gratton E, Zhao WA.
Rapid detection of single bacteria in unprocessed blood using integrated comprehensive
droplet digital detection. Nature Communications. 2014;5:5427. DOI: 10.1038/ncomms6427

[56] Samie M, Salari A, Shafii B. Breakup of microdroplets in asymmetric T junctions. Physical
Review E. 2013;87:053003. DOI: 10.1103/PhysRevE.87.053003

[57] Menetrier-Deremble L, Tabeling P. Droplet breakup in microfluidic junctions of arbitrary
angles. Physical Review E. 2006;74:035303. DOI: 10.1103/PhysRevE.74.035303

[58] Protiere S, Bazant MZ, Weitz DA, Stone HA. Droplet breakup in flow past an obstacle: A
capillary instability due to permeability variations. EPL (Europhysics Letters). 2010;92(5):
54002. DOI: 10.1209/0295-5075/92/54002

[59] Rosenfeld L, Fan L, Swoboda R, Tang SKY. Break-up of droplets in a concentrated emulsion
flowing through a narrow constriction. Soft Matter. 2014;10:421-430. DOI: 10.1039/C3SM
51843D

[60] Link DR, Anna SL, Weitz DA, Stone HA. Geometrically mediated breakup of drops in
microfluidic devices. Physical Review Letters. 2004;92:054503. DOI: 10.1103/PhysRev
Lett.92.054503

[61] Adamson DN, Mustafi D, Zhang JXJ, Zheng B, Ismagilov RF. Production of arrays of
chemically distinct nanolitre plugs via repeated splitting in microfluidic. Lab on Chip.
2006;6:1178-1186. DOI: 10.1039/B604993A

[62] Xiong S, Chin LK, Yu YF, Yu JQ, Chen Y, Zhang GJ, Lo GQ, Kwong DL, Liu AQ. Multi-
size droplets generation via side-branch microfluidic channels. In: Verpoorte S, editors.
14th International Conference on Miniaturized Systems for Chemistry; 3–7 October; Gro-
ningen, The Netherlands. 2010

[63] Mielnik M, Voitel J, Solli L, Furuberg L. Sample metering and parallel liquid plug actua-
tion for multiple biochemical assays. In: 11th International Conference on Miniaturized
Systems for Chemistry and Life; Paris, France. p. 1513-1515

[64] Furuberg L, Mielnik M, Gulliksen A, Solli L, Johansen IR, Voitel J, Baier T, Riegger L. RNA
amplification chip with parallel microchannels and droplet positioning using capillary
valves. Microsystem Technologies. 2008;14(4–5):673-681. DOI: 10.1007/s00542-007-0515-x

[65] vanDinther AMC, Schroën CGPH, Boom RM. Separation process for very concentrated
emulsions. Innovative Food Science & Emerging Technologies. 2013;18:177-182. DOI:
10.1016/j.ifset.2012.12.007

Microdroplets Advancement in Newtonian and Non-Newtonian Microfluidic Multiphase System
http://dx.doi.org/10.5772/intechopen.75358

159



[41] Abate AR, Poitzsch A, Hwang Y, Lee J, Czerwinska J, Weitz DA. Impact of inlet channel
geometry on microfluidic drop formation. Physical Review E. 2009;80(2). DOI: 026310,
10.1103/PhysRevE.80.026310

[42] Cherizol R, Sain M, Tjong J. Review of non-Newtonian mathematical models for rheolog-
ical characteristics of viscoelastic composites. Green and Sustainable Chemistry. 2015;5(1):
6-14. DOI: 10.4236/gsc.2015.51002

[43] Kostic M. Influence of viscosity function simplification on non-Newtonian velocity and
shear rate profiles in rectangular ducts. International Communications in Heat and Mass
Transfer. 1993;20(4):515-525. DOI: 10.1016/0735-1933(93)90063-2

[44] Harvie DJE, Davidson MR, Cooper-White JJ, Rudman M. A parametric study of droplet
deformation through a microfluidic contraction: Low viscosity Newtonian droplets.
Chemical Engineering Science. 2006;61(15):5149-5158. DOI: 10.1016/j.ces.2006.03.011

[45] Fu TT, Ma YG, Li HZ. Breakup dynamics of slender droplet formation in shear-thinning
fluids in flow-focusing devices. Chemical Engineering Science. 2016;144:75-86. DOI:
10.1016/j.ces.2015.12.031

[46] Mbanjwa MB, Land KJ, Jewell L, Moss EA, Gledhill IMA. Experimental observation of
capillary instabilities of two phase flow in a microfluidic T-junction. In: Seventh South
African Conference on Computational and Applied Mechanics (SACAM10); 10-13 Janu-
ary; Pretoria. Republic of South Africa:2010

[47] KhosraviZanjani MA, Tarzi BG, Sharifan A, Mohammadi N. Microencapsulation of
probiotics by calcium alginate-gelatinized starch with chitosan coating and evaluation of
survival in simulated human gastro-intestinal condition. Iranian Journal of Pharmaceuti-
cal Research. 2014;13(3):843-852

[48] Villa C, Manzoli V, Abreu MM, Verheyen CA, Seskin M, Najjar M, Molano RD, Torrente
Y, Ricordi C, Tomei AA. Effects of composition of alginate-polyethylene glycol microcap-
sules and transplant site on encapsulated islet graft outcomes in mice. Transplantation.
2017;101(5):1025-1035. DOI: 10.1097/TP.0000000000001454

[49] Oliveira MS, McKinley GH. Iterated stretching and multiple beads-on-a-string phenom-
ena in dilute solutions of highly-extensible flexible polymers. Physics of fluids. 2005;17:
071705. DOI: 10.1063/1.1949197

[50] Steinhaus B, Shen AQ. Dynamics of viscoelastic fluid filaments in microfluidic devices.
Physics of Fluids. 2007;18:073103. DOI: 10.1063/1.2747660

[51] Shang LR, Cheng Y, Zhao YJ. Emerging droplet microfluidics. Chemical Reviews. 2017;
117(12):7964-8040. DOI: 10.1021/acs.chemrev.6b00848

[52] Zhu PG, Wang LQ. Passive and active droplet generation with microfluidics:A review.
Lab on Chip. 2017;17:34-75. DOI: 10.1039/C6LC01018K

[53] Takeuchi S, Garstecki P, Weibel DB, Whitesides GM. An axisymmetric flow-focusing
microfluidic device. Advanced Materials. 2005;17(8):1067-1072. DOI: 10.1002/adma.20
0401738

Microfluidics and Nanofluidics158

[54] Sun JS, Xianyu YL, Jiang XY. Point-of-care biochemical assays using gold nanoparticle-
implemented microfluidics. Chemical Society Reviews. 2014;43:6239-6253. DOI: 10.1039/
C4CS00125G

[55] Kang DK, Ali MM, Zhang KX, Huang SS, Peterson E, Digman AM, Gratton E, Zhao WA.
Rapid detection of single bacteria in unprocessed blood using integrated comprehensive
droplet digital detection. Nature Communications. 2014;5:5427. DOI: 10.1038/ncomms6427

[56] Samie M, Salari A, Shafii B. Breakup of microdroplets in asymmetric T junctions. Physical
Review E. 2013;87:053003. DOI: 10.1103/PhysRevE.87.053003

[57] Menetrier-Deremble L, Tabeling P. Droplet breakup in microfluidic junctions of arbitrary
angles. Physical Review E. 2006;74:035303. DOI: 10.1103/PhysRevE.74.035303

[58] Protiere S, Bazant MZ, Weitz DA, Stone HA. Droplet breakup in flow past an obstacle: A
capillary instability due to permeability variations. EPL (Europhysics Letters). 2010;92(5):
54002. DOI: 10.1209/0295-5075/92/54002

[59] Rosenfeld L, Fan L, Swoboda R, Tang SKY. Break-up of droplets in a concentrated emulsion
flowing through a narrow constriction. Soft Matter. 2014;10:421-430. DOI: 10.1039/C3SM
51843D

[60] Link DR, Anna SL, Weitz DA, Stone HA. Geometrically mediated breakup of drops in
microfluidic devices. Physical Review Letters. 2004;92:054503. DOI: 10.1103/PhysRev
Lett.92.054503

[61] Adamson DN, Mustafi D, Zhang JXJ, Zheng B, Ismagilov RF. Production of arrays of
chemically distinct nanolitre plugs via repeated splitting in microfluidic. Lab on Chip.
2006;6:1178-1186. DOI: 10.1039/B604993A

[62] Xiong S, Chin LK, Yu YF, Yu JQ, Chen Y, Zhang GJ, Lo GQ, Kwong DL, Liu AQ. Multi-
size droplets generation via side-branch microfluidic channels. In: Verpoorte S, editors.
14th International Conference on Miniaturized Systems for Chemistry; 3–7 October; Gro-
ningen, The Netherlands. 2010

[63] Mielnik M, Voitel J, Solli L, Furuberg L. Sample metering and parallel liquid plug actua-
tion for multiple biochemical assays. In: 11th International Conference on Miniaturized
Systems for Chemistry and Life; Paris, France. p. 1513-1515

[64] Furuberg L, Mielnik M, Gulliksen A, Solli L, Johansen IR, Voitel J, Baier T, Riegger L. RNA
amplification chip with parallel microchannels and droplet positioning using capillary
valves. Microsystem Technologies. 2008;14(4–5):673-681. DOI: 10.1007/s00542-007-0515-x

[65] vanDinther AMC, Schroën CGPH, Boom RM. Separation process for very concentrated
emulsions. Innovative Food Science & Emerging Technologies. 2013;18:177-182. DOI:
10.1016/j.ifset.2012.12.007

Microdroplets Advancement in Newtonian and Non-Newtonian Microfluidic Multiphase System
http://dx.doi.org/10.5772/intechopen.75358

159



Chapter 7

Micro/Nanofluids in Sustainable Machining

Tran The Long and Tran Minh Duc

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.75091

Provisional chapter

DOI: 10.5772/intechopen.75091

© 2016 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. 

Micro/Nanofluids in Sustainable Machining

Tran The Long and Tran Minh Duc

Additional information is available at the end of the chapter

Abstract

Micro/nanofluids are the recent alternative solutions for cooling lubrication that can be 
defined as the fluids containing microparticles or nanoparticles, which own superior 
lubrication and cooling characteristics. For these reasons, they have gained significant 
attention in industrial applications, such as automotive, machining, and biomedical 
industries. In this chapter, the authors mainly present the recent progress and applica-
tions of nanofluids in machining processes, as well as some initial researches about micro-
fluids. Nanofluids provide an excellent media in cutting zone for enhancing the thermal 
conductivity and tribological characteristics. Therefore, they help to enhance the cutting 
performance by reducing the coefficient of friction, cutting temperature tool wear, and 
improving the surface quality. Moreover, the application of nanoparticles in vegetable 
oils, which are inherently nontoxic as well as biodegradable, gives them superior lubrica-
tion properties suitable for MQL application, especially for difficult-to-cut materials. The 
novel green technology definitely brings out many new solutions in machining practice.

Keywords: micro/nanofluids, nanofluid, sustainable machining, MQL, hard machining, 
vegetable oil, cutting

1. Introduction

Nanofluids are suspensions of nanoparticles in fluids that show significant enhancement of 
their thermophysical properties with proper volumetric fraction of nanoparticles. Much of the 
research on nanofluids are about understanding their behavior, so that they can be utilized 
effectively as an alternative solutions in many industrial applications, nuclear reactors, trans-
portation, electronics, machining, as well as biomedicine and food [1].

Environmental friendliness has become one of the biggest issues in modern industry worldwide, 
especially in machining industry. In addition, recent regulations on environmental problems, 
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such as ISO 14000 and Green Round, have become much stricter for promoting green manufac-
turing approaches. The necessity of reducing environmental loads should be increasingly con-
sidered, and many green manufacturing processes have been developed and studied.

According to the statistics of cost distribution in manufacturing shown in Figure 1, the cool-
ant expense for usage and disposal represents about 15% of total production costs, depending 
on the workpart and the types of cooling system, as well as machining location [3]. In contrast, 
tooling cost contributes only a small value of 4%. On the other hand, health and environmen-
tal issues associated with the airborne cutting fluid particles on factory shop floors motivate 
manufacturing enterprises to drastically reduce coolant consumption and, if possible, elimi-
nate it altogether.

As a result, the conception of dry cutting has been first considered to achieve environmental 
friendliness. Eliminating the cutting fluids in machining processes means that there is no cool-
ing lubricating media, which has three essential functions (i.e., reduction of friction, absorp-
tion of the generated heat, and chip evacuation). Hence, these following problems must be 
considered:

• Workpart: deteriorate surface texture and need additional works (cleaning or deburring)

• Cutting tool: difficulty in chip formation, reduction of tool life or change to expensive ones

• Machine tool: high rigidity, equipment specialized in pushing chips away from the cutting 
zone as well as controlling temperature

Especially in cases of machining difficult-to-machine materials like high-strength and high-
hardness steels, solving the mentioned problems has strong influence on leading industrial 
branches as automotive, roller bearing, hydraulic, and die and mold sectors. The term “hard 
machining” is a recent technology that can be defined as the machining operation of a work-
piece that has a hardness value typically in the 45–70 HRC range, using directly tools with geo-
metrically defined cutting edges [5]. Hard-cutting operations are capable of replacing, in some 
cases, grinding operations and produce comparable surface finish. Various machining opera-
tions in hard machining include milling, boring, broaching, hobbling, and others. Together 

Figure 1. Distribution of manufacturing costs for wet machining [2].
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with the developments of suitable rigid machine tools, superhard cutting-tool materials and 
special tool (toolholders) designs, and complete set-ups, the machining of hardened parts 
has become more easily accessible and widely applied for the modern machining industry. 
However, the challenge of selecting a cutting-tool insert to ensure tool life and high-precision 
machining of the component is the main problem, which slows down the development and 
application of hard machining. Since its broader introduction in the mid-1980s in the form of 
hard turning, people have seen that the cutting inserts, such as coated carbides (PVD (Ti, Al)
N–TiN and CVD Ti(C, N)–Al2O3-coated tools, etc.), ceramics, and (P)CBN, are widely utilized 
in various dry hard cutting processes.

Without cooling lubricating media, the enormous amount of heat generated from cutting 
zone remains a big question, which limits the cutting condition, reduces the tool life, and 
deteriorates the surface finish (i.e., the so-called “white layer” formation in hard machining). 
This problem has promoted the development of minimum quantity lubrication (MQL) using a 
special nozzle to form oil mist directly supplied to the machining interface with a tiny amount 
of fluid consumption (5–500 ml/hr). Because the cutting fluid mostly vaporizes and leaves dry 
chips, it brings out cost effective and green machining [4]. The very small amount of cutting 
fluids is utilized and delivered effectively to cutting zone, and the formation of oil films in 
contact faces plays an important role in lubrication [7]. Numerous publications have been 
reported on the effectiveness of the MQL technique for enhancing cutting performance [2, 4, 
6, 7]. However, the main drawback of MQL technology is low cooling effect, and so it does not 
work so well in cutting difficult-to-machine materials with high strengths and hardness. To 
improve the MQL technology, nanofluids containing nanoparticles (Al2O3, MoS2, SiO2, CuO, 
diamond, and so forth) with at least one of their principal dimensions smaller than 100 nm [3] 
used in MQL technique recently reach a significant attention of worldwide researchers and 
are up-to-date topics to increase the cutting performance and productivity.

2. The effects of nanofluids on machining processes

The applications of nanofluids for MQL machining have been proven to improve the interac-
tion of friction in cutting zone due to the occurrence of nanoparticles. However, the direct 
evaluation of cutting performance faces many difficulties, and so numerous publications are 
focused on the indirect evaluation through machining outputs such as cutting forces, cut-
ting temperature, tool wear, tool life, and surface integrity. In this section, the recent studies 
related to the effects of nanofluids on machining performance will be discussed.

2.1. Thermal properties of nanofluids

From previous investigations, nanofluids have been found to possess enhanced thermophysi-
cal properties such as thermal conductivity, thermal diffusivity, viscosity, and convective heat 
transfer coefficients. The thermal conductivity of more than 50 various nanofluids based on 
water, ethylene glycol, and engine oil containing particles of SiO2, Al2O3, TiO2, ZrO2, CuO, and 
diamond was experimentally measured [8]. The obtained results had shown that the thermal 
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Figure 1. Distribution of manufacturing costs for wet machining [2].
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conductivity coefficient of nanofluids enhances with increasing particle sizes. It has been con-
firmed that the lower the thermal conductivity of the base fluid, the higher the relative thermal 
conductivity coefficient of the nanofluids. The different researches have made to investigate 
convective heat transfer of nanofluids [10]. Based on the results, augmenting nanofluid vol-
ume fraction, Rayleigh and Magnetic numbers lead to improve of the temperature gradient, 
while it reduces with augment of Lorentz forces. Heat transfer improvement augments with 
increase in Kelvin forces, while it reduces with augment of Lorentz forces at high Rayleigh 
number, but different manners are detected for low Rayleigh number. The active method for 
nanofluid heat transfer enhancement by means of EHD was also studied [10]. The obtained 
results suggest that influence of electric field on forced convection improvement is more 
sensible for lower Re number. Temperature gradient enhances with rise of voltage supply. 
Moreover, throughout the experimental results, the convective heat transfer increases with the 
presence of nanoparticles in the base fluids [11, 12, 21, 27]. Based on the newest publications, 
the deeper understanding about thermal properties of NFs is studied. The shapes of NPs are 
proven to influence on the rate of heat transfer, and the effect of thermal radiation on CuO 
nanofluid behavior is successfully modeled via Control Volume–based Finite Element Method 
(CVFEM). Platelet shape nanoparticles reveal the highest heat transfer rate [22, 25, 28, 29].  
Nanofluid motion, as well as flow circulation and thermal energy transport, enhances by 
increasing the volume fraction of NPs [23, 24, 26]. A novel research of melting temperature of 
CuO-water NF heat transfer enhancement is simulated by CVFEM. The highlighted results 
include (1) flow velocity of NF increases due to the presence of CuO nanoparticles; (2) heat 
transfer enhancement of NF improves at higher nanoconcentrations; (3) melting temperature 
rises with the increment of nanovolume fraction [30, 31, 33]. The same observations were 
obtained from the study of Fe3O4-water nanofluid [32, 34]. They contribute a very good under-
standing of nanofluid behavior as cutting fluid in various cutting processes.

2.2. The effects on cutting temperature

The cutting fluid can be useless if not delivered efficiently to contact zone, and so the methods 
of supplying the coolant in machining are the critical parameter. However, the effectiveness 
of supplying cutting fluids in wet cutting can help to dissipate relatively small amount of 
the generated heat. It is well known that only very small amount of cutting fluid can pen-
etrate to contact zone although large amount is delivered. On the other hand, costs, as well 
as health and environmental issues, motivate manufacturing enterprises to drastically reduce 
consumption of cooling fluids.

Dry machining processes face the serious difficulties in heat dissipation and chip transporta-
tion though eliminating the use of cutting fluids. From Figure 2, nongeometrically defined 
machining processes, such as grinding, honing, etc., are considered cooling function the most 
important factor. When some of these processes can be replaced by geometrically defined 
hard machining methods (for instance hard turning, hard milling), successful machining with 
minimization or without fluids can be achieved [13].

Stainless steel, for instance, belongs to the difficult machining material, which is easy to stick 
tool leading to increasing the cutting temperature and intensifying the abrasion of the tool 
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nose. Dry turning of AISI 304 stainless steel (85 HRB) at v = 75÷265 m/min; f = 0.1÷0.3 mm/rev; 
ap = 0.8÷1.6 mm with two different groups of inserts: uncoated and TiN coated carbide inserts 
(rake angle γo = 15°, relief angle αo = 8°, inclination angle λs = − 4°, and side cutting-edge angle 
kr = 75°) [14].

From Figure 3, the cutting temperatures of two kinds of cutting tools increase with increasing 
cutting speed. The reason was that frictional heat generated from the contact zone of the bot-
tom of chip and tool rake face was too late to transfer and was accumulated at the bottom of 
chip. Therefore, the cutting temperature increased. The comparison of cutting temperature is 
made among dry, wet, and MQL turnings of AISI 4140 steel (340 HV) at v = 50.2÷141.4 m/min; 
f = 0.09÷0.22 mm/rev; and ap = 0.5÷1.5 mm with HSS tools [15]. The tool-chip interface temperature 
in which MQL fluid is supplied from both nozzles to the rake and flank faces is approximately 

Figure 2. Machining operations and their needs for cooling and lubricating functions [3].

Figure 3. Evolution of cutting temperature with cutting speed in dry turning of AISI 304 stainless steel [14].

Micro/Nanofluids in Sustainable Machining
http://dx.doi.org/10.5772/intechopen.75091

165



conductivity coefficient of nanofluids enhances with increasing particle sizes. It has been con-
firmed that the lower the thermal conductivity of the base fluid, the higher the relative thermal 
conductivity coefficient of the nanofluids. The different researches have made to investigate 
convective heat transfer of nanofluids [10]. Based on the results, augmenting nanofluid vol-
ume fraction, Rayleigh and Magnetic numbers lead to improve of the temperature gradient, 
while it reduces with augment of Lorentz forces. Heat transfer improvement augments with 
increase in Kelvin forces, while it reduces with augment of Lorentz forces at high Rayleigh 
number, but different manners are detected for low Rayleigh number. The active method for 
nanofluid heat transfer enhancement by means of EHD was also studied [10]. The obtained 
results suggest that influence of electric field on forced convection improvement is more 
sensible for lower Re number. Temperature gradient enhances with rise of voltage supply. 
Moreover, throughout the experimental results, the convective heat transfer increases with the 
presence of nanoparticles in the base fluids [11, 12, 21, 27]. Based on the newest publications, 
the deeper understanding about thermal properties of NFs is studied. The shapes of NPs are 
proven to influence on the rate of heat transfer, and the effect of thermal radiation on CuO 
nanofluid behavior is successfully modeled via Control Volume–based Finite Element Method 
(CVFEM). Platelet shape nanoparticles reveal the highest heat transfer rate [22, 25, 28, 29].  
Nanofluid motion, as well as flow circulation and thermal energy transport, enhances by 
increasing the volume fraction of NPs [23, 24, 26]. A novel research of melting temperature of 
CuO-water NF heat transfer enhancement is simulated by CVFEM. The highlighted results 
include (1) flow velocity of NF increases due to the presence of CuO nanoparticles; (2) heat 
transfer enhancement of NF improves at higher nanoconcentrations; (3) melting temperature 
rises with the increment of nanovolume fraction [30, 31, 33]. The same observations were 
obtained from the study of Fe3O4-water nanofluid [32, 34]. They contribute a very good under-
standing of nanofluid behavior as cutting fluid in various cutting processes.

2.2. The effects on cutting temperature

The cutting fluid can be useless if not delivered efficiently to contact zone, and so the methods 
of supplying the coolant in machining are the critical parameter. However, the effectiveness 
of supplying cutting fluids in wet cutting can help to dissipate relatively small amount of 
the generated heat. It is well known that only very small amount of cutting fluid can pen-
etrate to contact zone although large amount is delivered. On the other hand, costs, as well 
as health and environmental issues, motivate manufacturing enterprises to drastically reduce 
consumption of cooling fluids.

Dry machining processes face the serious difficulties in heat dissipation and chip transporta-
tion though eliminating the use of cutting fluids. From Figure 2, nongeometrically defined 
machining processes, such as grinding, honing, etc., are considered cooling function the most 
important factor. When some of these processes can be replaced by geometrically defined 
hard machining methods (for instance hard turning, hard milling), successful machining with 
minimization or without fluids can be achieved [13].

Stainless steel, for instance, belongs to the difficult machining material, which is easy to stick 
tool leading to increasing the cutting temperature and intensifying the abrasion of the tool 

Microfluidics and Nanofluidics164

nose. Dry turning of AISI 304 stainless steel (85 HRB) at v = 75÷265 m/min; f = 0.1÷0.3 mm/rev; 
ap = 0.8÷1.6 mm with two different groups of inserts: uncoated and TiN coated carbide inserts 
(rake angle γo = 15°, relief angle αo = 8°, inclination angle λs = − 4°, and side cutting-edge angle 
kr = 75°) [14].

From Figure 3, the cutting temperatures of two kinds of cutting tools increase with increasing 
cutting speed. The reason was that frictional heat generated from the contact zone of the bot-
tom of chip and tool rake face was too late to transfer and was accumulated at the bottom of 
chip. Therefore, the cutting temperature increased. The comparison of cutting temperature is 
made among dry, wet, and MQL turnings of AISI 4140 steel (340 HV) at v = 50.2÷141.4 m/min; 
f = 0.09÷0.22 mm/rev; and ap = 0.5÷1.5 mm with HSS tools [15]. The tool-chip interface temperature 
in which MQL fluid is supplied from both nozzles to the rake and flank faces is approximately 

Figure 2. Machining operations and their needs for cooling and lubricating functions [3].

Figure 3. Evolution of cutting temperature with cutting speed in dry turning of AISI 304 stainless steel [14].

Micro/Nanofluids in Sustainable Machining
http://dx.doi.org/10.5772/intechopen.75091

165



350°C lower than that in dry turning, and if supplied only to rake face, the tool temperature is 
about 200°C lower than that in dry turning. Additionally, the tool-chip interface temperature in 
wet turning is about 300°C lower than that in dry turning. The difference in cutting tempera-
tures under dry, wet, and MQL conditions is closely related to the difference in cutting forces. 
The greater the cutting forces, the more heat and higher cutting temperatures are generated. 
Accordingly, the application of dry cutting processes is limited. It can also be observed that MQL 
techniques effectively provide oil mist directly to cutting zone to improve lubricant character-
istics, but the main drawback of this technique is cooling character. It has a significant meaning 
for machining hard materials with the hardness range of 45 ÷ 70 HRC. Therefore, the application 
of nanofluids in MQL machining, an up to date research topic, brings out a novel substitution 
for dry and wet cutting, as well as the development of semi-dry machining (MQL technique).

The thermal conductivity of nanofluids has been found to be higher than that of the base fluid 
by using KD2 Pro Thermal analyzer to measure at room temperature (25°C) to note down the 
increased conductivity value (seen in Figure 4) [16]. It is also observed that the thermal con-
ductivity of nanofluids enhances when increasing the nanoparticle concentration.

The comparison of six types of nanoparticles, namely molybdenum disulfide (MoS2), zir-
conium dioxide (ZrO2), carbon nanotube (CNT), polycrystalline diamond, aluminum oxide 
(Al2O3), and silica dioxide (SiO2), mixed with palm oil to formulate nanofluids is made and 
used for MQL grinding of Ni-based alloys [17]. The grinding temperatures of six nanofluids 
are shown in Figure 5.

It can be clearly observed from Figure 5 that the grinding temperatures sharply increase at the 
initiation of grinding process but decrease gradually to reach a stable temperature when six 
different nanofluids are supplied to contact zone.

Figure 4. Thermal conductivity variation for silver and zinc oxide nanofluids with different volume fractions [16].
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From Figure 6, it can be clearly seen that six different nanofluids help to effectively reduce 
MQL grinding temperature compared to the base fluid due to the presence of nanoparticles 
with hard property, as well as good heat transfer. The use of nanoparticles has a significant 
meaning in improving cooling and lubricating characteristics. CNT nanofluid shows the best 
cooling performance, presumably it has good heat transfer properties. On the other hand, 
the viscosity of cutting fluids is an important influencing factor of lubrication performance. 
Figure 7 shows the relationship between six different nanofluids’ viscosity and temperature.

The viscosity of all nanofluids decreases with the rise of temperature, especially before 70°C. SiO2, 
Al2O3, and CNT nanofluids have higher viscosity than other ones. High viscosity allows the cut-
ting fluids to stay in the cutting area for a longer time. This phenomenon improves the cooling 

Figure 5. Grinding temperature of six nanofluids with respect to a dimensionless grinding distance x/l [17].

Figure 6. Grinding temperatures of six different nanofluids [17].
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lubrication of the contact area. In addition, the use of vegetable oils as the base nanofluids not 
only improves their cooling, lubricating, and viscous characteristics but also is the step toward 
sustainable manufacturing.

2.3. The effects on cutting forces

The tribological characteristic of cutting fluids has a significant meaning for investigating cut-
ting forces. The nanofluids’ tribological characteristics are improved by using Al2O3 and TiO2 
nanomaterials. The kinematic viscosity of Al2O3 and TiO2 nanolubricants decreased slightly 
due to the presence of nanoparticles between the lubricant layers leading to an ease of relative 
movement with the nanoparticles acting as “rollers.” On the other hand, the viscosity index 
increased with the use of nanolubricants [9]. Accordingly, nanoparticles in MQL fluid play an 
important role in converting sliding into rolling contact. That is the reason why the friction 
coefficient in cutting zone is much reduced, and the cutting temperature, cutting forces, and 
tool wear decrease. MQL hard milling of 60Si2Mn steel (50÷52HRC) was done by using Al2O3 
nanofluid (0.5 wt%) with carbide inserts at v = 110 m/min; f = 0.12 mm/tooth; ap = 0.2 mm [19]. 
The cutting forces were directly measured during cutting process by Kistler quartz, three-
component dynamometer (9257BA). Figures 8–10 show the cutting force components Fx, Fy, 
and Fz of MQL hard milling process with/without Al2O3 nanoparticles. It is clearly observed 
that, compared to the case of MQL fluids without nanoparticles, all the cutting force compo-
nents are much reduced when cutting with nanofluids. Interestingly, it is revealed that during 
the first 20 min, all the cutting forces Fx, Fy, and Fz in both cases are low; therefore, in this time, 
the performance of Al2O3 nanoparticles in MQL hard milling is not really clear. After the first 
period, the rapid tool wear occurs, and wear land reaches some extent, which allows nanopar-
ticles to penetrate to cutting zone. The formulation of oil film with nanoparticles in contact 
zone plays an important role in creating “roller effect.” Rolling friction instead of sliding one 
occurs between flank face and machined surface, rake face and chip surface, and so forth. 
Hence, the cutting forces significantly reduce and the tool life extends much.

Figure 7. Relationship between nanofluids’ viscosity and temperature [18].
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The use of soybean oil–based nanofluids in MQL hard milling was less effective than that 
of emulsion. However, both of them allow the normal APMT 1604 PDTR LT30 carbide 
inserts to use effectively for hard milling, and the economic and technological characteris-
tics of cutting performance are achieved. Another promising research investigated lubrica-
tion properties of the wheel/workpiece interface in MQL nanofluids grinding compared 
with flood and MQL grinding without nanoparticles. The experiments were conducted at 
wheel speed vs = 30 m/s, feed speed vw = 3000 mm/min, and cutting depth ap = 10 μm for 
machining the high-temperature nickel base alloy GH4169 [18]. Figures 11 and 12 show 
the grinding forces obtained.

Figure 8. Cutting force component Fx under MQL conditions with/without nanofluids [19].

Figure 9. Cutting force component Fy under MQL conditions with/without nanofluids [19].
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Both normal and tangential grinding forces increased with an increased number of passes. 
The flood grinding process shows the largest sliding grinding force. MQL grinding with 
pure palm oil achieves smaller sliding force because it effectively increases the lubrica-
tion effect of the grinding area due to oil-mist formation. Nanofluids are superior to pure 
palm oil in lubrication improvement. When making the comparison among six different 
nanofluids, the sliding grinding forces under MQL nanofluid (Al2O3, MoS2, SiO2, and ND) 
are lowest due to hard characteristic and small sliding friction coefficient. The effective-
ness of nanofluids on reduction of cutting forces becomes a novel observation and has an 
important influence on tool wear and tool life, which directly affect the surface quality and 
manufacturing cost.

Figure 11. Specific tangential sliding grinding forces in the cases of flood, pure MQL, and nanofluids.

Figure 10. Cutting force component Fz under MQL conditions with/without nanofluids [19].
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2.4. The effects on tool wear and tool life

With the presence of nanoparticles between rake face and fresh chip, as well as flank face 
and machined surface, the mechanism of the tribological effect takes many forms, such as 
“roller effect,” third body effect, chemical mechanical protective film effect, mending effect, 
and polishing effect [2, 3]. For instance, during gear hobbing process of AISI 4118 steel (spin-
dle speed = 200 rev/min, depth of cut =4.375 mm, feed rate = 1.27 mm/rev), using nanofluid 
(Al2O3 with the size 80 nm suspended in ISO VG46 lubricant oil with volume fraction of 0.1÷ 
0.2%) shows many promising results. Nanoparticles in the base oil effectively improve the 
heat transfer capability and reduce the friction by “roller effect” in cutting zone, leading to 
the reduction of tool wear, the much extension of tool life, and the enhancement of gear pro-
file accuracy and gear surface roughness [20]. Figures 13 and 14 show the flank wear of hob 
tools at different time of machining the 50th, 300th gears. It is clearly seen that during the 
period of machining first 50 gears, gear hobbing under nanolubrication exhibits the reduc-
tion of tool wear, but at the period of machining the 300th gear, the significant reduction of 
hob wear is observed. Moreover, the wear land at the time of machining the 300th gear with 
nanolubrication (39.93 μm) is nearly equivalent to that of the tool at the period of machining 
the 50th gear under flood lubrication (36.29 μm). Accordingly, it is clarified that there is a 
significant increment in tool life when machining under nanolubrication.

On the other hand, the tool wear is much reduced under nanolubrication, which leads to 
achieve higher gear profile accuracy (shown in Figure 15). It could be said that nanolubri-
cation is the main factor contributed to preserve the tool profile accuracy. In addition, the 
spherical morphology of Al2O3 nanoparticles takes part in the decrease of friction force and 
cutting temperature.

Hard milling process of 60Si2Mn steel (50÷52HRC) was done by using Al2O3 nanofluid (0.5 wt %)  
with carbide inserts at v = 110 m/min; ft = 0.12 mm/tooth; and ap = 0.2 mm. Figures 16 and 17 
illustrate the difference of tool wear between MQL hard milling with nanofluids and pure 
MQL. In Figure 16, the wear on cutting edge including rake and flank faces is dominant. 

Figure 12. Specific normal sliding grinding forces in the cases of flood, pure MQL, and nanofluids.
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Figure 12. Specific normal sliding grinding forces in the cases of flood, pure MQL, and nanofluids.
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In Figure 17, the friction between rake face and chip reduces due to “roller effect” of Al2O3 
nanoparticles. Wear abrasion is not concentrated in cutting edge, and the abrasive area is 
formed on rake face (marked area shown in Figure 17a). On flank face, the formation of small 
wear land helps to form oil mist and contains nanoparticles to create “roller effect”. The pres-
sure on cutting edge decreases due to the reduction of friction. Therefore, the uniform wear 
occurs on cutting edge, which is different from the case without nanoparticles (Figure 17b). 
Moreover, the tool wear is reduced (about 26.4–33%) with the use of Al2O3 nanofluids.

From Figure 18, in case of soybean oil with Al2O3 nanoparticles, tool life is about 80 minutes 
(increase almost 177% compared to pure soybean oil). In case of emulsion 5% coolant with 
Al2O3 nanoparticles, tool life is about 115 minutes (increase almost 230% compared to pure 
emulsion 5% coolant). The promising results are supported to prove the explanation of “roller 
effect” of nanofluids.

Figure 13. Flank wear after machining the 50th gear using: (a) flood lubrication; (b) nanolubrication [20].
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The nanoparticles suspended in cutting fluids bring out the new trend in machining indus-
tries, which not only suggests many alternative solutions for conventional problems in metal 
cutting but also suits with green manufacturing industries, especially used as the base fluids 
of MQL techniques. Many publications have shown that the vegetable oils as the base fluids 
with MQL method, inherently nontoxic as well as biodegradable, can be effectively applied 
for machining processes, but their cooling characteristics is the main problem when cutting 
hard materials. During hard machining, the enormous amount of heat generated from cutting 
zone and strong adhesive wear between the tool and the work material will cause the reduc-
tion of hardness of cutting tool, increase the wear rate, and decrease the tool life. The occur-
rence of nanomaterials in MQL fluids has a strong meaning to overcome this problem. The 
difficulty of heat dissipation from cutting zone has been solved by the reduction of friction 
coefficient caused by “roller effect” of nanoparticles. Besides, MQL nanofluids also broaden 
the applicability of carbide tools in hard cutting with economic characteristic.

Figure 14. Flank wear after machining the 300th gear using: (a) flood lubrication; (b) nanolubrication [20].
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2.5. The effects on surface integrity

The surface integrity has become unquestionably a crucial parameter of any product in the 
past, present, and future. Quality characteristics must be tested during and after the man-
ufacturing processes. With regard to components, the distinction is often made between 
macrogeometrical parameters and the surface quality. Macro-geometrical parameters refer 
to deviations of dimension, form and position. The surface quality is defined by roughness 
parameters. Figures 19 and 20 show the surface roughness values of hard milling of 60Si2Mn 
steel (50÷52HRC) under different MQL conditions. The values of surface roughness obtained 
from MQL nanofluids are better than those of MQL pure fluids. Furthermore, the good sur-
face quality of hard milling under MQL nanofluid condition achieves and remains stable 
during longer cutting time. The best performance of nanoparticles is obtained when the flank 
wear land reaches to some extent called “appropriate wear land.” This can be explained that 
the profile of machined surface of hardened steel reflects that of flank face of cutting tool with 

Figure 15. Measuring the gear profile error of the 300th machined gear by OSAKA SEIKI KIKAI gear measuring machine: 
(a) flood lubrication; (b) nanolubrication [20].

Microfluidics and Nanofluidics174

reasonable accuracy. As long as the flank wear profile is remained smooth, the flank wear to 
some extent not only deteriorates the surface finish but also somehow keeps or increases the 
surface quality [19]. This feature makes MQL hard machining utilizing nanofluids very differ-
ent from other types of machining processes.

The surface roughness of grinding the high-temperature nickel base alloy GH4169 is shown 
in Figure 21. The comparison of different lubricating conditions reveals that the amount of 
surface quality improvement in the nanofluid MQL grinding is much higher. It is attributed 
to the more effective lubrication of nanofluids. The Al2O3 nanofluid MQL grinding achieved 
the best surface roughness.

Figure 16. Tool wear under pure MQL cutting fluid with soybean oil (cutting time at 45 minutes): (a) rake face wear; (b) 
flank face wear [19].

Figure 17. Tool wear under MQL nanofluid with soybean oil (cutting time at 80 minutes): (a) rake face wear; (b) flank 
face wear [19].
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The nanofluid MQL grinding leads to a smoother surface and is better than either pure palm 
oil MQL or flood lubrication (seen in Figure 22). Interestingly, MQL grinding with Al2O3 
nanofluid offers significant reduction in the sliding friction coefficient, specific sliding grind-
ing energy, and best surface quality [18]. In addition, the SiO2 and diamond nanofluids show 
relatively good lubrication effect.

The application of nanolubrication led to the formation of a tribo-film (seen in Figure 23) as 
a solid lubricant [9]. This observation can be made in machining field due to extremely high 
contact pressure and temperature in cutting zone, and so many nanoparticles are deformed 
and remained in the machined surface. The occurrence of tribo-film on the machined surface 
may lead to many new research topics needed to study. The deposition of a tribo-film on the 
surfaces could help to improve the operating function of the machined part. The very thin 

Figure 18. Tool life under MQL conditions with or without nanofluids [19].

Figure 19. Surface roughness Ra under MQL conditions with or without nanofluids [19].
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layer formed by nanoparticles has the same characteristics as nanopowder, and so through 
cutting processes by nanofluids, we can make further improvement for tribological effect on 
part surfaces by using proper nanofluids and cutting condition. These topics will be discussed 
and confirmed in many further researches.

2.6. Conclusion

An inclusive review on the application of nanofluids in various machining processes has 
been made. The nanofluid has achieved significant attention due to its capability to enhance 
the heat transfer and lubrication performance in cutting zone. The effects of nanofluids were 
proven to reduce the coefficient of friction and wear effect to enhance the cutting performance, 

Figure 20. Surface roughness Rz under MQL conditions with or without nanofluids [19].

Figure 21. Surface roughness of grinding process at different lubrication conditions [18].
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Figure 22. SEM micrographs of workpiece surface of nickel base alloy GH4169 at different lubricating conditions [18].
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tool life, and surface quality. Moreover, MQL technique with NFs makes a big improvement 
for some hard machining processes like hard turning, hard milling in term of surface quality, 
which is equivalent to that of finish grinding. Together with MQL using nontoxic fluids like 
water and vegetable oils, nanofluids have opened the new trend in machining and exhibited a 
wide range of application in different cutting processes. The promising results obtained defi-
nitely ensure the success of MQL machining with nanofluids. However, the performance and 
behavior of nanofluids may be affected by many parameters, such as the base fluid, nanopar-
ticle type, nanoparticle size, nanoconcentration, and so on. Further research is necessarily 
made to optimize these parameters.

3. The effects of parameters of nanofluids

Each type of nanoparticles has with different structures, shapes, and sizes, which will vary in 
physical and morphological features, demonstrating diverse tribological performances [35]. 

Figure 23. Formation Al2O3 tribo-boundary film on worn surface of the piston ring surface. (a) FE-SEM imaging on the 
cross-section, (b) EDS element mapping on tribo-boundary film, (c) EDS spectrum on tribo-boundary film [9].
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From Table 1, it can be seen that the technical properties of each type of nanoparticles are dif-
ferent, and so the effectiveness of various nanofluids on MQL cutting performance will be an 
important investigated factor.

In this section, the authors will present the effects of six different types of nanoparticles on 
nanofluids mainly used in MQL machining in term of MQL base fluid, types of nanoparticles, 
size and morphology of nanoparticles, and nanoparticle concentration.

3.1. The base fluid of nanofluid

Nanofluids are formulated by suspending nanoparticles in various types of fluid, which can be 
the water, vegetable oil, industrial oil and so on. The properties of the medium are considered an 
important parameter, which directly influences on the activity of nanoparticles. Along with the 
trend of sustainable machining all over the world, the cutting fluids used in nanofluids should 
not be contained different toxic ingredients, and therefore water and vegetable oils are motivated 
to use as the alternative solution. There are some types of vegetable oils, which are commonly 
utilized in MQL machining: soybean, peanut (groundnut), maize, rapeseed, palm, castor, and 
sunflower oils. The ingredients, molecular structure, viscosity, and friction coefficient of the base 
fluids are the key parameters for vegetable oils [37]. Figure 24 shows the relationship between 
vegetable oils and their coefficient of friction, which strongly influences in the contact area during 
machining. Vegetable oil is mainly composed of fatty acid and triglyceride -COOH in the fatty 
acid molecules and -COOR in triglyceride both belong to polar groups, which gives them excel-
lent lubrication property [38]. Figure 25 illustrates the typical polar molecule of vegetable oil.

Table 2 lists the basic ingredients of fatty acids of seven vegetable oils. The lubrication prop-
erties of saturated fatty acids are better than those of unsaturated fatty acids [41]. Saturated 
fatty acids have a strong effect on decreasing friction and wear, especially stearic acid, which 

Types of 
nanoparticles 
technical properties

Al2O3 SiO2 MoS2 ZrO2 CNT ND

Morphology Nearly 
spherical

Porous 
& nearly 
spherical

Ellipsoidal Mainly 
spherical

Coaxial 
circular 
tubes

Spherical & 
flaky

Purity (%) > 99 ~99.5 > 99 99.9 > 95 93-95

Color White White Black White Black Gray

True density (g/cm3) 3.97 2.4 4.8 5.89 ~2.1 3.05–3.30

Thermal 
conductivity 
(W/m.K)

40 7.6 138 < 2 3000 2000

Friction coefficient — — 0.03 ~0.05 — — —

Melting temperature 
(°C)

2200 1600 1185 2715 3127 3727

Table 1. Technical properties of different types of nanoparticles.
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Figure 24. Friction coefficient of different vegetable oils [36].

Figure 25. Polar molecule of the typical vegetable oil [36].

Oil types Ingredient

Palmic acid Stearic acid Oleic acid Linoleic acid Linolenic acid

Peanut oil 6–9 3–6 55–71 13–25 0.5

Soybean oil 7–10 3–5 22–31 49–55 6–11

Maize 9–19 1–3 26–40 44–55 < 1

Castor oil — — 3–9 3–5 Trace

Palm 35–48 4–6 38–41 8–12 Trace

Rapeseed oil 2–4 1–2 40–60 19–20 7–8

Sunflower oil 4–19 3–6 14–35 50–75 0.1

Table 2. Ingredient of various vegetable oil (%) [36].
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provides a more stable oil film in contact zone. Besides, they tightly contaminate to the molec-
ular film and remain on metal surfaces, such as tiny magnets, to form lubricating film for 
anti-friction and anti-wear [39]. Hence, this characteristic gives vegetable oils good lubrication 
property and shows the excellent lubrication effects in the application of MQL fluids. The 
double bonds in unsaturated fatty acids are relatively unstable and easily generate chemical 
reactions, such as oxidization. Moreover, they can also weaken the acting force between mol-
ecules, which leads to poor lubrication properties [36]. Lubrication property of unsaturated 
fatty acids with a higher carbon atom number is stronger than those with a lower carbon atom 
number, and so the friction coefficient decreases as the chain length increases [42].

On the other hand, the selection of proper vegetable oil depends on the climate and soil tex-
ture of each country, but it contributes very little to total manufacturing cost because of very 
small amount of fluids used in MQL techniques. The small quantity lubrication (SQL) grind-
ing process of Inconel 718 using silver and zinc oxide NPs mixed with DI water at cutting 
velocity (V) =18 m/s, table speed (Vw) = 6 m/min, depth of cut (ap) = 10 mm. The flow rates of 
MQL nanofluids are 50, 100, 150, 200, 250 ml/h [40]. Minimum tangential forces have been 
obtained in the case of SQL grinding with nanofluids (seen in Figure 26), which is essentially 
due to better cooling, and lubrication that helps in preserving the cutting ability of the grits 
over a longer period. Additionally, hard NPs under grinding pressure might convert sliding 
to rolling friction.

Vegetable oil evidently has better lubrication property than water-soluble fluid, but the lubri-
cation properties of seven typical vegetable oils also differ. Among these vegetable nanoflu-
ids, castor oil has the best lubrication property, followed by palm oil. In addition, peanut, 
sunflower, soybean, and rapeseed oils also exhibit excellent lubrication properties.

The viscosity of vegetable oils also has a strong influence on the machining performance and 
strongly affects its cooling and lubricating properties. They have a high natural viscosity as 
the machining temperature increases and drops more slowly than that of mineral oils [36]. 
These statements have significant meanings in machining difficult-to-cut materials such as 
hardened steel, tool steel, and so on. The formulation of oil film containing nanoparticles in 
cutting zone plays a key role in reducing the friction, which leads to decrease cutting tempera-
ture and tool wear. This film forms and loses continually, and so the higher the viscosity of 
cutting fluids, the more stable the film on contact faces.

3.2. The types and morphology of nanoparticles

Recently, nanomaterials have attained much attention because of their unique properties and 
tremendous application potentials in a wide range of industries. Currently, more and more 
researchers have been devoted to enhance the lubricant properties by using nanoparticles as 
lubricant additives (also called as nanolubrication or nanofluids). There are numerous types 
of nanoparticles in markets, and they are used in a wide range of industries. For machining 
processes, some types of nanoparticles are mainly used as Al2O3, MoS2, ZrO2, SiO2, CNT, and 
ND. From Table 1, it is clearly seen that the morphology of six different NPs is different, and 
so it causes the various effects on cutting performance. Owing to the high cost of nanopar-
ticles, the appropriate selection of nanoparticle type to suspend in MQL fluid is so important.
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Al2O3 nanoparticles, one of hexagonal close-packed crystal materials, exhibit the good lubri-
cation performance, which is related to its structures and characteristics. Al2O3 nanoparticles 
are spherical (shown in Figure 27) with characteristics of high strength, hardness, and heat 
resistance. The Al2O3 NPs are hard phase (HR = 2700-3000), showing good abrasive resistance 
during the friction process, and can carry some support to friction surface load between the 
area [43]. When Al2O3 nanoparticles are added into cutting fluid, they can easily move into the 
worn area under the compressive stress of nanocutting fluid, and then a self-laminating film 
can be formed, which results in micropolish and can self-mend the friction surface [44, 45]. 
Furthermore, the Al2O3 nanoparticles demonstrate good resistance to high temperature. The 
melting point of oil film can reach 2200°C. The morphology of Al2O3 nanoparticles are mostly 

Figure 26. Grinding forces under different SQL nanofluids [36].
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Al2O3 nanoparticles, one of hexagonal close-packed crystal materials, exhibit the good lubri-
cation performance, which is related to its structures and characteristics. Al2O3 nanoparticles 
are spherical (shown in Figure 27) with characteristics of high strength, hardness, and heat 
resistance. The Al2O3 NPs are hard phase (HR = 2700-3000), showing good abrasive resistance 
during the friction process, and can carry some support to friction surface load between the 
area [43]. When Al2O3 nanoparticles are added into cutting fluid, they can easily move into the 
worn area under the compressive stress of nanocutting fluid, and then a self-laminating film 
can be formed, which results in micropolish and can self-mend the friction surface [44, 45]. 
Furthermore, the Al2O3 nanoparticles demonstrate good resistance to high temperature. The 
melting point of oil film can reach 2200°C. The morphology of Al2O3 nanoparticles are mostly 

Figure 26. Grinding forces under different SQL nanofluids [36].

Micro/Nanofluids in Sustainable Machining
http://dx.doi.org/10.5772/intechopen.75091

183



spherical; therefore, they can play the role of ball bearings that prevent the direct contact of 
friction pairs, and the sliding friction is changed to rolling friction in contact zone, which 
improves the cutting performance and the carrying capacity of lubricant [46].

The SiO2 nanoparticles are spherical (shown in Figure 28), and the surface molecules exhibit 
a 3D network structure. Given the abundant unsaturated vacant bonds on the surface, SiO2 
nanoparticles exert high surface energy and activity, making them easy to sediment onto the 
workpiece friction surface [47]. For such machining processes having the intensive friction as 
grinding, hard turning, hard milling, and so on, the melting point of SiO2 nanoparticles in con-
tact faces decreases under local extremely high temperature and pressure. Therefore, they may 
be melted, semi-melted, or sintered to form the lubrication film. Furthermore, a ceramic-like 

Figure 27. The SEM image of Al2O3 nanoparticles (30 nm) [57].

Figure 28. The SEM image of SiO2 nanoparticles (8 nm) (www.us-nano.com).
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nanofilm can be formed by diffusing and penetrating into machined surface or sub-surface of 
the elements in some SiO2 NPs [48]. This phenomenon prevents direct contact between cutting 
tools and the workpiece, thus reducing the friction and achieving better surface quality.

Molybdenum disulfide or MoS2 has been utilized in machining processes as solid lubricant 
for many years. MoS2 has been considered to be the best solid lubricant material, because 
it can provide low coefficient of friction up to 0.03–0.05 or even lower. The MoS2 nanopar-
ticles are ellipsoidal (shown in Figure 29). The layer structure of MoS2 is a hexagonal crystal 
system combining Mo and S through a covalent bond, and the bond between them is short, 
but the spacing between sulfur atoms is large. Accordingly, the bond between two adjacent 
sulfur atom layers is weak. That is the best explanation why a plane, so called “an easy-to-
slide plane,” will be generated from weak binding of sulfur atoms between molecular layers 
by shearing force caused by cutting processes. The numerous easy-to-slide planes make the 
contact faces sliding relatively to each other and they do not contact directly [43]. This unique 
characteristic makes MoS2 good friction-reducing effect. Moreover, exposure sulfur atoms of 
the crystal surface on the metal surface have a very strong adhesion to form a very solid film, 
therefore lubrication is superior to other general-lubricating materials. When MoS2 particle 
size becomes smaller, it is attached to the surface of the friction material and the coverage has 
increased significantly, and anti-wear friction properties have been significantly improved.

Carbon nanotubes or CNTs are coaxial circular tubes (shown in Figure 30) composed by layers 
and dozens of layers of carbon atoms in hexagonal arrangement. CNTs present a high modu-
lus and strength because carbon atoms in CNTs adopt the sp2 hybridization, which follows 
a higher proportion of S pathways than sp3 hybridization [49]. During machining processes, 
CNTs will not be ground into hard film under high loads and pressure because of its high 
strength and hardness. As such, CNTs can reduce the friction force of the cutting area and 
improve the lubrication effect of nanofluids. Tool-workpiece interface thus provides efficient 
lubrication. Two types of CNTs include the single-walled carbon nanotubes (SWCNT) and 
multi-walled carbon nanotubes (MWCNT). The performance between CNTs found by them 
revealed better performances of MWCNT over the SWCNT in terms of cutting temperature 

Figure 29. The SEM image of MoS2 nanoparticles (135 nm) (www.us-nano.com).
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and cutting force due to higher wettability although MWCNT had lower thermal conduc-
tivity than SWCNT [50]. However, they cannot produce effective rolling like other spherical 
nanoparticles due to their cylinder structures. Therefore, CNTs can only produce limited anti-
friction effect [43]. Furthermore, CNTs possess the highest coefficient of thermal conductivity 
among nanoparticles (Table 1), and so their application can be broadened by additionally 
dispersing other appropriate types of nanoparticles to form hybrid nanofluids [51, 52].

The ZrO2 nanoparticles are mainly spherical (shown in Figure 31). They appear oblique crys-
tal at low temperature and show tetragonal crystal formation at high temperature. ZrO2 is 
soluble in sulfuric acid and hydrofluoric acid and has good thermal-chemical stability due 
to very high melting temperature. When at high temperature, they have good strength and 
toughness. ZrO2 nanoparticles have the lowest coefficient of thermal conductivity among 
nanoparticles (Table 1), but their high surface energy and surface activity tend to be adsorbed 
onto the machined surface establishing a layer of self-healing lubrication film on the friction 
pair surface and achieving good lubrication effect [43].

The nanodiamond or ND exhibits cubic structure, and the morphology of nanoparticles is 
spherical or flaky (shown in Figure 32). ND presents very high hardness (HV = 98 GPa) which 
is superior to that of workpiece materials. Moreover, the ND exhibits extremely large elasticity 
modulus (980 GPa) with a compressive strength of about 13 GPa. With a size less than 1 μm, 
ND has attracted remarkable scientific attention due to their excellent mechanical and optical 
properties, high surface areas, and tunable surface structures. Due to unique properties, the 
excellent performances will certainly influence the lubrication performance in term of reducing 

Figure 30. The SEM image of single-walled carbon nanotube (outside diameter: 1-2 nm; inside diameter: 0.8-1.6 nm) 
(www.us-nano.com).
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friction coefficient, cutting forces, cutting temperature [53–56]. Interestingly, NDs can serve as 
abrasive grains and take part in cutting processes under high pressure like grinding process 
[43]; therefore, if the size of NDs becomes larger, they may deteriorate the surface quality.

3.3. The size of nanoparticles

The size of nanoparticles should not be avoided because it not only influences on the perfor-
mance of nanofluids and cutting processes but also contributes significant amount of nano-
fluid cost. In markets, the smaller the grain size of nanoparticles, the higher their cost will be. 
Figure 33 shows the relationship between the NP size and its cost, and it can be seen that the 

Figure 31. The SEM image of ZrO2 nanoparticles (40 nm) (www.us-nano.com).

Figure 32. The SEM image of ND nanoparticles (50 nm) (ndp.diamonds).
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grain size of nanoparticles strongly influences the cost of NPs. Hence, the NP size is definitely 
needed to optimize while remaining the good performance of nanofluids and the reasonable 
manufacturing cost [58, 59]. The experimental study on nanolubricant of nanographite (0.1 
vol%) was carried out with diffrent particle sizes 5 μm, 450 nm, and 55 nm [60].

From Figure 34, the friction coefficient of nanolubricant of the disc specimen as a function of 
the applied normal force exhibits the much lower values compared to microlubricant and raw 
mineral lubricant. In this test, the fluid with the smallest NP size 55 nm shows the lowest fric-
tion coefficient and reaches stable state when increasing the applied normal force. Moreover, 
the microfluid of the microparticle size 5 μm shows the highest friction coefficient, which is 
also higher than that of pure mineral lubricant.

Figure 34. Friction coefficients of the disc specimen as a function of the applied normal force at different particle sizes [60].

Figure 33. The relationship between 500 g of MoS2 nanoparticle size and its cost.
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The MQL grinding process of hardened AISI 52100 steel with Al2O3 nanofluids was done to 
investigate the effect of size of nanoparticles at grinding wheel speed =0.05 m/s and the grind-
ing depth = 10 μm [61]. The grinding temperature was reduced with the nanofluid of smaller 
NP size (Figure 35). When comparing the surface roughness of Al2O3 nanofluids with NP size 
of 40 nm and 80 nm, it is clearly seen that the better surface roughness can be achieved by 
using NFs with NP size of 40 nm, even in different nanoconcentration (shown in Figure 36).

Another MQL grinding process with Al2O3 nanofluids and nanodiamond was done to inves-
tigate the effect of size of nanoparticles [62]. From Figures 37 and 38, MQL grinding process 
with nanofluids exhibits better surface roughness and reduces grinding forces when com-
pared to those of dry and pure MQL grinding. Considered the NP size among nanofluids, the 
ND with smaller size 30 nm gives the best grinding performance in term of surface roughness 
and grinding forces.

Overall, the nano/microparticle sizes have the strong effects on cutting performance. 
Nanofluids exhibit better machining performance than microfluids. The smaller the NP size 
is, the better surface quality will be. However, the cost of NPs rises with smaller size, and so 
the appropriate nanoconcentration in fluid will be the key parameter affecting the application 
of nanofluids in machining practice.

3.4. The nanoparticle concentration

The nanoparticle concentration has attained a significant attention of many researchers 
because it influences on the performance of nanofluids and directly contributes a large frac-
tion of the NF cost. The experimental study on nanolubricant of nanographite with different 
concentration 0.1% and 0.5% reveals that the lower friction coefficients and average tempera-
ture of lubricated surfaces of the specimens can be achieved in case of nanolubricant with 
larger volume of fraction 0.5% (shown in Figures 39 and 40) [60]. The similar observation can 
be made from Figure 36 by the comparison of Al2O3 nanofluids with three concentrations 1, 
3, and 5%. The value of surface roughness decreases as the nanoconcentration rises from 1 to 

Figure 35. MQL grinding temperature of hardened AISI 52100 steel with Al2O3 nanofluids (grinding wheel speed =0.05 m/s;  
the grinding depth 10 μm) [61].
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Figure 38. Measured grinding forces; (a) normal direction and (b) tangential direction in the cases of dry, pure MQL and 
MQL nanofluid with nanodiamond [62].

Figure 36. Surface roughness of MQL grinding: (a) across the grinding direction; (b) along the grinding direction [61].

Figure 37. Surface roughness of MQL grinding with different nanofluids [62].
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5%. In contrast, when rising the volume fraction of nanodiamond in MQL grinding, the little 
effectiveness on cutting performance can be achieved. From Figure 37a, the value of surface 
roughness increases along with the rise of the concentration of ND.

In summary, the nanoconcentration is necessarily investigated by further research to optimize this key 
parameter, by which the application of nanofluids together with MQL technique cannot be limited 

Figure 39. Friction coefficients of the disc specimen as a function of the applied normal force at different nanoconcentration [60].

Figure 40. Temperature of lubricated surfaces of the specimens as a function of normal force with different nano-
concentration [60].
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by the cost of nanoparticles. Although the volume fraction of nanoparticles in MQL fluid is relatively 
small in each experimental research, it will be large when applied to production line in practice.

3.5. Conclusion

The cost-effective and sustainable manufacturing techniques are being given considerable 
importance these days to ensure economic, societal, and environmental sustainability glob-
ally. The basic parameters of nanofluids are discussed in detail, and they give strong effects 
on their tribological and lubricating characteristics, as well as the cost of NFs. The selection of 
appropriate nanofluids with suitable parameters is the crucial factor for machining processes. 
Especially for hard machining materials using geometrically defined cutting edges (hard 
turning, hard milling, hard drilling, and so on), the effectiveness of nanofluids is evaluated 
in terms of reducing the friction coefficient, enhancing the cutting performance, ensuring the 
tool life, and achieving good surface quality. However, very few records can be seen in the lit-
erature indicating that more experimental research is needed to find the optimal parameters 
in order to ensure maximum performance of using nanofluids in machining.

4. The development trend of nanofluids

The successful application of nanofluids in MQL technique using vegetable oils becomes a big 
step toward sustainable manufacturing. This new trend is well suited to encounter the issue 
of environmental change. MQL machining under nanofluid condition significantly develops 
the cutting processes, which generate large amount of heat such as hard turning, hard milling, 
grinding, and so on. The machining capability and achieved surface integrity of hard cutting 
operations are much improved and equivalent to those of grinding, but the productivity is 
higher. They can replace or supplement to some of grinding processes. The progression of 
hard machining will reach further achievements.

Like the idea coming from composite materials, the use of hybrid nanofluids (two or more different 
types of nanoparticles suspended in fluids) recently gains much attention due to better performance 
when compared to nanofluids [63–65], but the ratio of mixing and the types of nanoparticles will 
be continually studied and proven. On the one hand, the MQCL technique, the novel development 
of the MQL technique will be the future of modern machining processes. MQCL technique has 
overcome the cooling effect, the main drawback of MQL method [66, 67]. MQCL technique with 
nanofluids or hybrid nanofluids definitely brings out novel solutions and develops hard machin-
ing and grinding to the new level in the near future. On the other hand, the development of ice jet 
machining is one of the greatest achievements in the field of modern/advanced machining. It is a 
nondestructive, nonabrasive, residue-free, and environmentally friendly way of machining [68].

Symbols and Abbreviations

ap depth of cut (mm)

v cutting speed (m/min)
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vw table speed (m/min)

f feed rate (mm/rev)

ft feed rate (mm/tooth)

γo rake angle (°)

αo relief angle (°)

λs inclination angle (°)

kr side cutting-edge angle (°)

Fx, Fy, Fz cutting forces (N)

CNT carbon nanotube

CNTs carbon nanotubes

SWCNT single-walled carbon nanotube

MWCNT multi-walled carbon nanotube

MQL minimum quantity lubrication

MQCL minimum quantity cooling lubrication

SQL small quantity lubrication

ND nanodiamond

NF nanofluid

NFs nanofluids

NP nanoparticle

NPs nanoparticles
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Symbols and Abbreviations

ap depth of cut (mm)

v cutting speed (m/min)
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vw table speed (m/min)

f feed rate (mm/rev)

ft feed rate (mm/tooth)

γo rake angle (°)

αo relief angle (°)

λs inclination angle (°)

kr side cutting-edge angle (°)

Fx, Fy, Fz cutting forces (N)

CNT carbon nanotube

CNTs carbon nanotubes

SWCNT single-walled carbon nanotube

MWCNT multi-walled carbon nanotube

MQL minimum quantity lubrication

MQCL minimum quantity cooling lubrication

SQL small quantity lubrication

ND nanodiamond

NF nanofluid

NFs nanofluids

NP nanoparticle

NPs nanoparticles
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Abstract

This study is the subject of precisely addressed (DNA Gene) spray microfluidic chip. It 
is a special chip (ASIC) designed to spray liquid medical wisdom DNA gene sequenc-
ing system technology transfer fabric onto the glass slide. Thermal bubble liquid bead 
generation, it produces a very large thrust bubble in a short time to launch the liquid. It 
forms micro-droplets. It is in the biomedical micro-beads quantitative, it uses the address 
spray liquid crystal structure of the cavity. It uses the principle of ink-jet printer cloth 
DNA liquid onto glass slides. It does DNA sorting for each style. Bubble inkjet technol-
ogy is in the inkjet head position on the wall with heating electrodes. It is by pulsing the 
selected heating element by electrical pulses. It produces ink droplets on the inkjet head. 
It is heated to a certain temperature after the electrode. It makes the droplet a tiny bubble 
and explodes. It is then discharged through the heating chamber through the inkjet head. 
It is attached to the substrate surface. It is printed on the amount of ink droplets depends 
on the temperature control of the heating device.

Keywords: DNA gene, microfluidic chip, addressed

1. Introduction

Introduction and application of inkjet technology, inkjet technology is involved in elec-
tronics, electrical, mechanical, materials, chemical, physics and other fields of expertise. It 
is highly integrated technology. Inkjet technology is in industrial applications with high-
speed operation, quiet, non-contact and computer-controlled features. It does not require 
the use of photomask, process simplification, material utilization, low cost and more envi-
ronmentally friendly. Jetting technology is a widely used technology [1–12]. The principle 
of ink-jet  technology is mainly that the liquid in the chamber is squeezed by an Actuator 
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so that the liquid is squeezed by the pressure to be ejected through the spray hole. It is 
because each jetting hole in the ink jetting device has an independent jetting chamber, an 
actuator and a micron-sized jetting hole. Spray chamber can be filled with a certain amount 
of liquid [13–18]. When the actuator squeezes the liquid in the chamber and then passes 
through the micron-sized orifice, the fixed-size and uniform-size micrometer-sized liquid 
droplets can be jetted, as shown in Figures 1 and 2. This study has established a complete 
jet technology. For example, from the droplet nucleation and flow simulation, spray chip 
design, spray device package, corrosion head design, back pressure control technology, 
micro-droplet detection technology … and so on. It can be the most complete jet design 
for the technology, assembly and testing. It currently except in the relevant technology 
transfer to the industry outside. It also uses this technology in the display, power machin-
ery, bio-chip, printed circuit board (PCB) and other industries in the development of new 
technologies.

It generates surface tension suction. It pulls the new liquid to replenish the liquid ejection 
area. Thermal bubble jet technology is constructed from such integrated cycle technology 
programs and materials.

Figure 2. Spray device spray diagram (side jetting).

Figure 1. Spray device spray diagram (top jetting).

Microfluidics and Nanofluidics202

Jet dispensing wafer technology includes high-voltage drive, low-voltage logic signal process-
ing, and micro-electromechanical structure array. As shown in Figure 3. It drops a small drop of 
liquid onto the paper. It combines imaging with very small droplets, only 50–60 μ (micron, one 
millionth of a meter). It is thinner than the human hair (70 μ). The position of the drip ink is pre-
cisely finely moved by the ink head. Each inch can be up to 1000 points or more. In this research, 
HV-ESD Clamp was integrated into the design and fabrication of monolithic inkjet chips for 
multi-level output integrated circuits. It contains a high-voltage drive power device array, low-
voltage logic circuits, and micro-electromechanical components array structure integrated in a 
silicon substrate process. It is resistant to HBM (±4 kV), MM (±400 V) protection circuit testing.

2. DNA gene spray microfluidic chip technology

Biomedical wafers have many advantages such as trace detection, accurate quantification, 
automatic operation and rapid parallel processing. Compared with traditional biomedical 
testing, biomedicine wafers have great advantages and so far, many breakthroughs have been 
made Technological development. But it cannot be denied that biomedical chips are also fac-
ing many technical challenges that need to be overcome by scientists in different fields.

As the design and manufacture of biomedical wafers are cross-cutting projects that involve the 
operation of microfluidic systems, biomedical reactions and optical signal detection, they are 
quite different from the highly specialized professional division of labor in many traditional 

Figure 3. Monolithic DNA liquid jet integrated ESD multi-level output.
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engineering fields. In addition to professional requirements, biomedical wafer design and man-
ufacturing, attaches great importance to cross-cutting technology and communication skills.

The design of the chip often starts from the system or encapsulation level and starts to reverse 
thinking. Whether the team has sufficient cross-communication between the fields except the 
experts in each field and jointly solve the problems derived from each other is often the relation-
ship between chip design and The key to success or failure Therefore, different from the train-
ing requirements of traditional engineering technology, instead it is able to cross the field of 
micro-electromechanical systems, microfluidics systems, biomedical technology and optoelec-
tronic technology and other fields, it is very important in the development of biomedical wafer.

When the amount of sample used to reduce, then faced with a sharp decline in signal detec-
tion problems. Increasing the signal strength or improving the sensitivity of the sensing 
device are two ways to solve the above problems. In terms of increasing signal intensity, there 
are currently artificial methods of replicating biomedical molecules to increase the weight of 
specimens, such as polymerization and per-chain reaction techniques; for those molecules 
that cannot be artificially increased, the number of markers for their markers or sensitivity, 
or to focus molecules in the detection area for detection. In enhancing the sensitivity of the 
sensing device, more sensitive new sensing technologies are also the focus of development 
besides reducing background noise.

In this project, the hot bubble liquid bead is generated by heating the liquid by using a micro-
heating wire and generating bubbles of great thrust in a short time to push the liquid out to 
form micro-droplets, as shown in Figures 3 and 4 below. In the quantification of biomedi-
cal microbeads, the integrity and cleanliness of the beaded pellets are often quantitatively 

Figure 4. Gene microarray technology.
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accurate or not. The way in which the foamed beads are produced will produce a series of 
beaded beads, that is, in addition to the main beaded beads, Subsequent satellite beads have 
a considerable degree of impact on accurate quantitation. The program has a complete set of 
main bead, quantitative determination of liquid beads, in line with biomedical specimens of 
liquid bead quantitative requirements, this study used to create disease detection and DNA 
sequencing of DNA microarray chip.

DNA micro-array, bio-chip or DNA chip combination of molecular, materials, motors and other 
fields of products. This system can be divided into DNA chip, protein chip, cell chip, tissue chip. 
However, only the first two are commonly used, in which a DNA chip can detect changes in 
the concentration of mRNA in a cell. The biggest advantage of gene microarrays is the ability 
to quickly and accurately provide a large number of genetic tests and to understand the perfor-
mance of these genes. This is a considerable help in understanding the transmission of genes.

The main body of the chip is the use of glass, nylon, silicone, ceramic and other materials. 
Above there are probes made of oligonucleotides or proteins (DNA chip and protein chip, 
respectively). Its main principle is that these probes will adsorb their corresponding DNA or 
RNA species. People want to learn more about these genes or proteins. Currently there are 
three ways to probe the technology, one is the synthesis spotting method, the first synthesis of 
oligonucleotides or oligopeptides, and then the way the pressure on the board. The second is 
to take the light-guided approach, so that oligonucleotide or oligopeptide slowly in the main 
plate synthesis. The third is similar to the inkjet printer operating mechanism, the oligonucle-
otide or oligopeptide materials Yiyi sprayed on the board gradually formed.

Gene microarrays have several uses: piecing together an unknown DNA sequence and under-
standing the performance of a gene. Introduce a relatively simple application. Piece together 
the DNA sequence of the sample.

First, the DNA of the sample is shattered one by one, and the double-stranded DNA is heated 
to single-stranded helical DNA. It is a long piece of DNA into a small short DNA sequence. It 
is the only ATGC single-stranded sequence. It attaches a special sequence of DNA Xs to each 
small piece of DNA (for example, five A at the beginning). It has a small platform with short 
pins that correspond to the DNA sequence of the X sequence. To the above example, is to pick 
five T. In this way, these short DNA sequences are adsorbed onto these short needles.

The system begins to release the same nucleotide one by one and then the next step. For 
example, it frees C to see what needle DNA will react to it. This is a reaction to give a light. It 
can shine a bright needle. It can be learned that the first nucleotide of these DNA sequences on 
these needles is G. The system is constantly repeating this step (of course, to release different 
kinds of nucleotides) to know the DNA sequence on this needle. Then go through a jigsaw 
puzzle-like step (using a computer as an aid) to spell out an entire sequence of DNA.

3. Cell detection

In cancer cell detection, gene microarray technology also has an important place. It can be 
used to compare the difference between normal cells and cancer cells. It can further find out 
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which genes are more in cancer cells for further analysis. The method is to mark normal cells 
and cancer cells in different colors, then break them up and spread on the wafer because the 
DNA corresponding to the nucleotide probes on the wafer will remain on the plate. It looks 
like a colored plaid below.

Take the example on the right, red represents cancer cells and green represents normal cells. 
Next, quantify the color of the statistics and calculate the ratio between them. It will find that 
there is significantly more red in certain areas than in green, or significantly more in green 
than in red. So biologists can take this to know more or less cancer cells than the average 
number of genes. Suppose today we find that the X gene is much more numerous than nor-
mal cells tomorrow. Biologists speculate that the X gene may be a factor in cancer. To test this 
hypothesis, a biologist can make a cell that has an excess of the X gene and use it to produce 
the protein. It can see if he has any cancer cell features. With this method we can find out the 
genes associated with cancer cells. This treatment of cancer cells, whether there is much to be 
considered for help or prevention.

Gene microarray technology is a multi-field combination of technologies as shown in Figure 4.  
It helps us better understand or crack the genetic code. The combination of technologies in 
many areas may be more competitive than traditional single-area research. It can solve some 
difficult problems in a single area.

A biological genome refers to all genetic material on the biological chromosome. Its size 
is often expressed as the number of base pairs. A proteome refers to the entire protein 
product of a gene and its performance. Many genes produce more than one type of pro-
tein after transcription and translation. There are two main reasons for this: First, a single 
gene undergoes alternative splicing when it is transcribed into mRNA. It leads to different 
combinations of exons. It thus produces different proteins. The other is that the trans-
lated protein is modified so that the protein has more different structures and functions. 
Proteasomes are more complicated than the genomes. In addition, a mutation of a single 
nucleotide (A, T, C, G) may occur at about 100–300 bases per billion of the 3 billion bases in 
the human genome. It thus makes the DNA sequence change, known as single nucleotide 
polymorphism (single nucleotide polymorphism, SNP). Therefore, the structure of DNA 
between individuals is very similar. The difference is very large at the micro level. It leads 
to significant differences among individuals. After decoding the human genome, it was 
found that the sequences among different individuals were very similar. It is only 0.1% 
different. These slight differences determine each person’s height, color, size and other 
aspects of the difference. It also determines the different characteristics of our body. It is 
easy to suffer certain diseases.

We use different restriction enzymes to process the DNA. It is unique because of each indi-
vidual’s DNA sequence. DNA is cut into fragments of varying lengths. It is different after 
electrophoresis analysis. This treatment with restriction enzymes gives rise to polymorphism 
in length of different DNA fragments. It is called restriction fragment length polymorphisms 
(RFLPs). It is different from everyone’s RFLPs, just like our fingerprints. Therefore, RFLPs are 
also called DNA fingerprinting. RFLPs technology has been widely used in the identification 
of criminal cases and genetic diseases.

Microfluidics and Nanofluidics206

RFLPs technology can also be applied to genetic screening. Check if embryos, fetuses or new-
borns have a genetic disorder. It is for quick medication. The relatives have genetic disease, 
but their own asymptomatic people. It can also be used by gene scanning to determine if there 
is a mutant gene or is likely to develop the disease. In addition, DNA Test is the most accurate 
way to detect a gene. It directly analyzes DNA mutations. Due to PCR (polymerase chain 
reaction) technology matures. DNA testing requires only a few cells to complete. It applies to 
one or a few mutations caused by the disease. Gene scanning and DNA detection techniques 
are most commonly used to test for sickle-cell disease.

Sickle-shaped erythrocyte disease is a general term for a series of hereditary diseases caused 
by hemoglobin S (HbS). Sickle-anemia is just one of them. It arises from the point mutation 
in the beta-Hemoglobin gene. It causes heme β to be changed from normal glutamic acid to 
valine during translation. It is negatively charged by glutamic acid. Valine is electrically neu-
tral. It makes the hemoglobin structure change. It leads to the formation of elongated needles 
in red blood cells. It causes red blood cells to deform, usually in severe cases. It is more minor 
growth and development.

Sickle-shaped anemia test in two ways: First, amplified by PCR of DNA sequences, MstII 
restriction enzyme cutting. It is run by gel electrophoresis. Its normal sequence is cleaved by 
the restriction enzyme. The molecular weight is smaller and runs farther. Abnormal sequence 
cannot be cut by restriction enzyme, its molecular weight is larger, runs nearer. It can then 
check for mutations in the gene. The other is the use of artificial synthesis of two DNA test 
strips (one for the normal sequence “GGACTCCTC” and the other for the abnormal sequence 
“GGACACCTC”). It binds to normal or mutated DNA sequences amplified by PCR. Change 
in color to identify if there are mutations in the gene.

The human genome has about 3 billion nitrogenous bases. It contains only 5% of the DNA 
sequence. The rest of the sequence is mostly called junk DNA. There are more than 3 million 
repeats in the head. The number of these repetitive sequences varies from person to person. 
We call this variable number of tandem repeats (VNTRs). These repetitive sequences are ubiq-
uitous in the genome. Its function is not yet fully understood. It is currently known to have 
more than ten diseases because of the excess number of repetitions in this area. For example, 
it is fragile X syndrome, Huntington syndrome, and the like. This area is also the main source 
of information for identifying paternity.

The genetic variation between people is only one ten thousandth. The main source of variation 
among individuals is the number of VNTR repeats. The number of repetitions per person varies 
with VNTR. When the restriction enzyme cuts the region, different individuals will produce frag-
ments of varying lengths and numbers. We call this restriction fragment length polymorphism 
(RFLP). These cut-off fragments, it is different molecular weights. It has different mobility. It uses 
electrophoresis to separate DNA of different lengths. It goes through blotting, probe hybridiza-
tion and other processes. It will show the thickness of the stripes. These stripes are called DNA 
fingerprinting. This was developed in 1984 by Dr. Alec Jeffreys in the United Kingdom.

It is passed on to offspring as VNTR follows Mendel’s laws of inheritance. Every pair of 
homologous chromosomes is in each human body. It is one from the father, one from the 
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DNA corresponding to the nucleotide probes on the wafer will remain on the plate. It looks 
like a colored plaid below.

Take the example on the right, red represents cancer cells and green represents normal cells. 
Next, quantify the color of the statistics and calculate the ratio between them. It will find that 
there is significantly more red in certain areas than in green, or significantly more in green 
than in red. So biologists can take this to know more or less cancer cells than the average 
number of genes. Suppose today we find that the X gene is much more numerous than nor-
mal cells tomorrow. Biologists speculate that the X gene may be a factor in cancer. To test this 
hypothesis, a biologist can make a cell that has an excess of the X gene and use it to produce 
the protein. It can see if he has any cancer cell features. With this method we can find out the 
genes associated with cancer cells. This treatment of cancer cells, whether there is much to be 
considered for help or prevention.

Gene microarray technology is a multi-field combination of technologies as shown in Figure 4.  
It helps us better understand or crack the genetic code. The combination of technologies in 
many areas may be more competitive than traditional single-area research. It can solve some 
difficult problems in a single area.

A biological genome refers to all genetic material on the biological chromosome. Its size 
is often expressed as the number of base pairs. A proteome refers to the entire protein 
product of a gene and its performance. Many genes produce more than one type of pro-
tein after transcription and translation. There are two main reasons for this: First, a single 
gene undergoes alternative splicing when it is transcribed into mRNA. It leads to different 
combinations of exons. It thus produces different proteins. The other is that the trans-
lated protein is modified so that the protein has more different structures and functions. 
Proteasomes are more complicated than the genomes. In addition, a mutation of a single 
nucleotide (A, T, C, G) may occur at about 100–300 bases per billion of the 3 billion bases in 
the human genome. It thus makes the DNA sequence change, known as single nucleotide 
polymorphism (single nucleotide polymorphism, SNP). Therefore, the structure of DNA 
between individuals is very similar. The difference is very large at the micro level. It leads 
to significant differences among individuals. After decoding the human genome, it was 
found that the sequences among different individuals were very similar. It is only 0.1% 
different. These slight differences determine each person’s height, color, size and other 
aspects of the difference. It also determines the different characteristics of our body. It is 
easy to suffer certain diseases.

We use different restriction enzymes to process the DNA. It is unique because of each indi-
vidual’s DNA sequence. DNA is cut into fragments of varying lengths. It is different after 
electrophoresis analysis. This treatment with restriction enzymes gives rise to polymorphism 
in length of different DNA fragments. It is called restriction fragment length polymorphisms 
(RFLPs). It is different from everyone’s RFLPs, just like our fingerprints. Therefore, RFLPs are 
also called DNA fingerprinting. RFLPs technology has been widely used in the identification 
of criminal cases and genetic diseases.
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RFLPs technology can also be applied to genetic screening. Check if embryos, fetuses or new-
borns have a genetic disorder. It is for quick medication. The relatives have genetic disease, 
but their own asymptomatic people. It can also be used by gene scanning to determine if there 
is a mutant gene or is likely to develop the disease. In addition, DNA Test is the most accurate 
way to detect a gene. It directly analyzes DNA mutations. Due to PCR (polymerase chain 
reaction) technology matures. DNA testing requires only a few cells to complete. It applies to 
one or a few mutations caused by the disease. Gene scanning and DNA detection techniques 
are most commonly used to test for sickle-cell disease.

Sickle-shaped erythrocyte disease is a general term for a series of hereditary diseases caused 
by hemoglobin S (HbS). Sickle-anemia is just one of them. It arises from the point mutation 
in the beta-Hemoglobin gene. It causes heme β to be changed from normal glutamic acid to 
valine during translation. It is negatively charged by glutamic acid. Valine is electrically neu-
tral. It makes the hemoglobin structure change. It leads to the formation of elongated needles 
in red blood cells. It causes red blood cells to deform, usually in severe cases. It is more minor 
growth and development.

Sickle-shaped anemia test in two ways: First, amplified by PCR of DNA sequences, MstII 
restriction enzyme cutting. It is run by gel electrophoresis. Its normal sequence is cleaved by 
the restriction enzyme. The molecular weight is smaller and runs farther. Abnormal sequence 
cannot be cut by restriction enzyme, its molecular weight is larger, runs nearer. It can then 
check for mutations in the gene. The other is the use of artificial synthesis of two DNA test 
strips (one for the normal sequence “GGACTCCTC” and the other for the abnormal sequence 
“GGACACCTC”). It binds to normal or mutated DNA sequences amplified by PCR. Change 
in color to identify if there are mutations in the gene.

The human genome has about 3 billion nitrogenous bases. It contains only 5% of the DNA 
sequence. The rest of the sequence is mostly called junk DNA. There are more than 3 million 
repeats in the head. The number of these repetitive sequences varies from person to person. 
We call this variable number of tandem repeats (VNTRs). These repetitive sequences are ubiq-
uitous in the genome. Its function is not yet fully understood. It is currently known to have 
more than ten diseases because of the excess number of repetitions in this area. For example, 
it is fragile X syndrome, Huntington syndrome, and the like. This area is also the main source 
of information for identifying paternity.

The genetic variation between people is only one ten thousandth. The main source of variation 
among individuals is the number of VNTR repeats. The number of repetitions per person varies 
with VNTR. When the restriction enzyme cuts the region, different individuals will produce frag-
ments of varying lengths and numbers. We call this restriction fragment length polymorphism 
(RFLP). These cut-off fragments, it is different molecular weights. It has different mobility. It uses 
electrophoresis to separate DNA of different lengths. It goes through blotting, probe hybridiza-
tion and other processes. It will show the thickness of the stripes. These stripes are called DNA 
fingerprinting. This was developed in 1984 by Dr. Alec Jeffreys in the United Kingdom.

It is passed on to offspring as VNTR follows Mendel’s laws of inheritance. Every pair of 
homologous chromosomes is in each human body. It is one from the father, one from the 
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mother. Each person cut the fragment should be at least one of both parents the same. As long 
as it compares to the three-way RFLP, it can confirm the parent-child relationship.

In recent years, due to the development of polymerase chain reaction (PCR) technology. 
DNA identification technology uses PCR to amplify the sample DNA collected. It selects 
mini-satellites DNA with shorter repeat fragments in the VNTR as the target of the assay. 
Single-parent paternity tests can also be confirmed using maternally inherited mitochondrial 
DNA or paternally inherited Y chromosomes. Sperm contained in the mitochondria body is 
very small, most of the mitochondria within the fertilized egg from the egg. It compares the 
mitochondrial DNA in the offspring cells to determine if the relationship is mother-daugh-
ter, mother-daughter, or sibling. The male Y chromosome did not participate in synapsis 
or gene recombination during meiosis. It therefore determines the relatives of father, son, 
brother or paternal relative to the Y chromosome. These can be used as a paternity test to 
determine the relevant evidence.

4. Experiment and results

Micro-injection flow channel design parameters monomer, the impact of the ejection orifice 
thickness also caused performance is very important, its impact may be the effect of differ-
ences in both exit velocity of the droplets and flight direction. It is necessary to know the 
thickness of the sheet discharge orifice (nozzle plate thickness) affect the size ratio between 
the length of the two nozzle diameter caused respect. Through computer simulation can be 
obtained as shown in Figure 5. Simulation of DNA in the orifice thickness reduced from 50 
to 25 μm single-aisle jet chamber. The results can be seen due to the reduced thickness of the 
orifice. Droplet flight directionality deteriorated. The reason is that the effect of the thickness 
of the orifice having rectified so that the flow field velocity with consistent directionality. 
But too thick so that it will produce additional drag exports slowed down. Orifice having a 
different orifice diameter should be of different sheet thicknesses. The calculation results are 
in 200 μs moment, obviously not yet fluid backfill is completed. It causes of reduced thick-
ness orifice, causing the fluid velocity to large-amplitude reduction backfilling, because the 
droplet from the nozzle holes. Droplet tail flight directionality deteriorated. It has already 
begun to overflow orifice surface side. Resulting is in resistance, due to surface tension 
forces led by the great surface. Prevents fluid filled into the interior of the cavity injection 
phenomenon.

Single injection process in real time, and cannot ensure just above the orifice sheet ejection 
orifice center is located in the center of the cavity, it is necessary to simulate the effect of off-
center position when the spray hole caused by the analysis. The results show that the ejected 
by the droplet and will not deviate from the center position of the nozzle holes, caused by 
large droplets tails flying directional radiation deteriorated. The results show the fluid actu-
ally increased after the injection backfilling operation speed, almost complete backfill to the 
surface of the nozzle holes, the reason may be because the orifice is placed away from the 
channel inlet of the injection cavity side wall surface side so that the fluid this reduces while 
reducing internal flow field reflux (circulation) from happening; directly back to fill in one 
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direction from the channel inlet cavity injection, such as speed XY  sectional flow field in an 
instant 200 μs shown can clearly see resistance to the flow field, it is resulting in increased 
velocity of the fluid backfill. Figure 6 is shown Droplet generation control simulation.

Figure 7 is a schematic diagram of a cross-sectional view of a precise overall DNA jet multi-
dimensional drive addressing chip. The amount of each single point DNA sequencing (spray 
volume) is determined by the magnitude of the amplitude power. DNA trace differences can 
be adjusted. Heater also increases the number of pads as the number of thermal resistance 
components increases. DNA jetting system costs also increase proportionally. Therefore, 
Heater thermal resistance components must increase the number of logic multiplexed control 
circuit. It integrates the related process technology. Making the appropriate driver circuit and 
selective switching circuit can dramatically reduce the required number of external Pads and 
reduce manufacturing costs.

Figure 5. The simulation of DNA was calculated on a three-dimensional top view of (a) a three-dimensional side view 
(b) at 10, 20, 30, 40 and 200 μs at a single channel ejection cavity with a hole diameter of 60 μm and a thickness of 25 μm 
at an operating frequency of 5 KHz spray situation.
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mother. Each person cut the fragment should be at least one of both parents the same. As long 
as it compares to the three-way RFLP, it can confirm the parent-child relationship.

In recent years, due to the development of polymerase chain reaction (PCR) technology. 
DNA identification technology uses PCR to amplify the sample DNA collected. It selects 
mini-satellites DNA with shorter repeat fragments in the VNTR as the target of the assay. 
Single-parent paternity tests can also be confirmed using maternally inherited mitochondrial 
DNA or paternally inherited Y chromosomes. Sperm contained in the mitochondria body is 
very small, most of the mitochondria within the fertilized egg from the egg. It compares the 
mitochondrial DNA in the offspring cells to determine if the relationship is mother-daugh-
ter, mother-daughter, or sibling. The male Y chromosome did not participate in synapsis 
or gene recombination during meiosis. It therefore determines the relatives of father, son, 
brother or paternal relative to the Y chromosome. These can be used as a paternity test to 
determine the relevant evidence.

4. Experiment and results

Micro-injection flow channel design parameters monomer, the impact of the ejection orifice 
thickness also caused performance is very important, its impact may be the effect of differ-
ences in both exit velocity of the droplets and flight direction. It is necessary to know the 
thickness of the sheet discharge orifice (nozzle plate thickness) affect the size ratio between 
the length of the two nozzle diameter caused respect. Through computer simulation can be 
obtained as shown in Figure 5. Simulation of DNA in the orifice thickness reduced from 50 
to 25 μm single-aisle jet chamber. The results can be seen due to the reduced thickness of the 
orifice. Droplet flight directionality deteriorated. The reason is that the effect of the thickness 
of the orifice having rectified so that the flow field velocity with consistent directionality. 
But too thick so that it will produce additional drag exports slowed down. Orifice having a 
different orifice diameter should be of different sheet thicknesses. The calculation results are 
in 200 μs moment, obviously not yet fluid backfill is completed. It causes of reduced thick-
ness orifice, causing the fluid velocity to large-amplitude reduction backfilling, because the 
droplet from the nozzle holes. Droplet tail flight directionality deteriorated. It has already 
begun to overflow orifice surface side. Resulting is in resistance, due to surface tension 
forces led by the great surface. Prevents fluid filled into the interior of the cavity injection 
phenomenon.

Single injection process in real time, and cannot ensure just above the orifice sheet ejection 
orifice center is located in the center of the cavity, it is necessary to simulate the effect of off-
center position when the spray hole caused by the analysis. The results show that the ejected 
by the droplet and will not deviate from the center position of the nozzle holes, caused by 
large droplets tails flying directional radiation deteriorated. The results show the fluid actu-
ally increased after the injection backfilling operation speed, almost complete backfill to the 
surface of the nozzle holes, the reason may be because the orifice is placed away from the 
channel inlet of the injection cavity side wall surface side so that the fluid this reduces while 
reducing internal flow field reflux (circulation) from happening; directly back to fill in one 
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direction from the channel inlet cavity injection, such as speed XY  sectional flow field in an 
instant 200 μs shown can clearly see resistance to the flow field, it is resulting in increased 
velocity of the fluid backfill. Figure 6 is shown Droplet generation control simulation.

Figure 7 is a schematic diagram of a cross-sectional view of a precise overall DNA jet multi-
dimensional drive addressing chip. The amount of each single point DNA sequencing (spray 
volume) is determined by the magnitude of the amplitude power. DNA trace differences can 
be adjusted. Heater also increases the number of pads as the number of thermal resistance 
components increases. DNA jetting system costs also increase proportionally. Therefore, 
Heater thermal resistance components must increase the number of logic multiplexed control 
circuit. It integrates the related process technology. Making the appropriate driver circuit and 
selective switching circuit can dramatically reduce the required number of external Pads and 
reduce manufacturing costs.

Figure 5. The simulation of DNA was calculated on a three-dimensional top view of (a) a three-dimensional side view 
(b) at 10, 20, 30, 40 and 200 μs at a single channel ejection cavity with a hole diameter of 60 μm and a thickness of 25 μm 
at an operating frequency of 5 KHz spray situation.
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The original voltage source is a group of DC voltage drop. The voltage divider is divided into 
eight groups by nine resistors, and one group of voltages is selected by three pairs of eight decod-
ers. This circuit architecture can convert the original 5 V logic pulse into the voltage required 
by the circuit system, and output the required voltage through the PN transistor, Smooth 
error compensation process, to achieve the amount of liquid DNA is determined by the size 

Figure 6. Droplet generation control simulation.

Figure 7. A schematic diagram of a cross-sectional view of a precise overall DNA jet (the merging of multi-dimensional 
data registration circuit and DNA jet technologies).
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of the amplitude and power, DNA trace differences can be adjusted action. For the same DNA 
sequence of the password, to be able to get different lengths of continuous fragments, and know 
the end of these fragments corresponding to the A, T, C, G base. Thus, as long as the length of 
these fragments ordered, the original DNA sequence of the complete base to know. As for the 
method of obtaining a large number of fragments; after a large amount of DNA to be sequenced 
is copied first, the DNA is cut at different bases. For example, the restriction will cut off double 
helical DNA at specific base alignments. The effect of cleaving DNA at specific bases can also 
be achieved by chemical reactions that remove bases. Also, copy the DNA that used to contain 
the complete passcode as a template. It is randomly interrupted to interrupt without growth. It 
produces a variety of pieces of different lengths. It sorts DNA fragments of different lengths. It 
is a technique called gel electrophoresis. Gel electrophoresis can distinguish small differences in 
DNA fragments that have been cut off. The rationale is that the flow rate of a molecule fragment 
in the gel is inversely proportional to the logarithm of the number of base pairs. The shorter 
the molecular fragment, the faster it will drift in the colloid. Gel electrophoresis on the length 
of fragment resolution is very high. It is for two DNA fragments that themselves are hundreds 
of units long. The difference between the length of only one nucleotide can be distinguished.

This systematic phase verification follows the DNA droplet addressing requirements. It is 
the first plan to send signals to the output thermal resistance module, as shown in Figure 8. 
Each thermal resistance has a corresponding signal and open pool measurement. It allows 
this signal is generated after the designated system contains quantitative circuits. It can adjust 
the voltage level of the output circuit to accurately quantify DNA. Adjustable jet emits DNA 
flow through the system wafer. DNA jetting system wafer characteristics measurement, pulse 
width modulation (PWM) power corresponding quantitative DNA gene-matching param-
eters, high voltage power transistor driver design compensation. It optimizes the parameters 
of power components to observe the changes of DNA beads under different operating condi-
tions. The DNA liquid tube array and droplets on the carrier is shown in Figure 9.

In the biomedical micro-liquid bead quantitative, the integrity and cleanliness of the liquid 
bead is often about the accuracy of quantitative or not. Hot bubble bead generation, will 
produce a series of beads. It is in addition to the main liquid beads, there are satellite beads 

Figure 8. Open pool printhead chip.
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of the amplitude and power, DNA trace differences can be adjusted action. For the same DNA 
sequence of the password, to be able to get different lengths of continuous fragments, and know 
the end of these fragments corresponding to the A, T, C, G base. Thus, as long as the length of 
these fragments ordered, the original DNA sequence of the complete base to know. As for the 
method of obtaining a large number of fragments; after a large amount of DNA to be sequenced 
is copied first, the DNA is cut at different bases. For example, the restriction will cut off double 
helical DNA at specific base alignments. The effect of cleaving DNA at specific bases can also 
be achieved by chemical reactions that remove bases. Also, copy the DNA that used to contain 
the complete passcode as a template. It is randomly interrupted to interrupt without growth. It 
produces a variety of pieces of different lengths. It sorts DNA fragments of different lengths. It 
is a technique called gel electrophoresis. Gel electrophoresis can distinguish small differences in 
DNA fragments that have been cut off. The rationale is that the flow rate of a molecule fragment 
in the gel is inversely proportional to the logarithm of the number of base pairs. The shorter 
the molecular fragment, the faster it will drift in the colloid. Gel electrophoresis on the length 
of fragment resolution is very high. It is for two DNA fragments that themselves are hundreds 
of units long. The difference between the length of only one nucleotide can be distinguished.

This systematic phase verification follows the DNA droplet addressing requirements. It is 
the first plan to send signals to the output thermal resistance module, as shown in Figure 8. 
Each thermal resistance has a corresponding signal and open pool measurement. It allows 
this signal is generated after the designated system contains quantitative circuits. It can adjust 
the voltage level of the output circuit to accurately quantify DNA. Adjustable jet emits DNA 
flow through the system wafer. DNA jetting system wafer characteristics measurement, pulse 
width modulation (PWM) power corresponding quantitative DNA gene-matching param-
eters, high voltage power transistor driver design compensation. It optimizes the parameters 
of power components to observe the changes of DNA beads under different operating condi-
tions. The DNA liquid tube array and droplets on the carrier is shown in Figure 9.

In the biomedical micro-liquid bead quantitative, the integrity and cleanliness of the liquid 
bead is often about the accuracy of quantitative or not. Hot bubble bead generation, will 
produce a series of beads. It is in addition to the main liquid beads, there are satellite beads 
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followed. It has a considerable degree of impact on accurate quantitation. In this study, a 
complete master bead was used and the beads were quantitatively accurate. It meets the bio-
medical specimen liquid bead quantitative requirements. The study was used to create DNA 
microarray chips for disease detection and gene sequencing.
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Abstract

Progress in technology and industrial developments demands the efficient and suc-
cessful energy utilization and its management in a greater extent. Conventional heat-
transfer fluids (HTFs) such as water, ethylene glycol, oils and other fluids are typically 
low-efficiency heat dissipation fluids. Thermal management is a key factor in diverse 
applications where these fluids can be used, such as in automotive, microelectronics, 
energy storage, medical, and nuclear cooling among others. Furthermore, the miniatur-
ization and high efficiency of devices in these fields demand successful heat management 
and energy-efficient materials. The advent of nanofluids could successfully address the 
low thermal efficiency of HTFs since nanofluids have shown many interesting proper-
ties, and the distinctive features offering extraordinary potential for many applications. 
Nanofluids are engineered by homogeneously suspending nanostructures with average 
sizes below 100 nm within conventional fluids. This chapter aims to focus on a detail 
description of the thermal transport behavior, challenges and implications that involve 
the development and use of HTFs under the influence of atomistic-scale structures and 
industrial applications. Multifunctional characteristics of these nanofluids, nanostruc-
tures variables and features are discussed in this chapter; the mechanisms that promote 
these effects on the improvement of nanofluids thermal transport performance and the 
broad range of current and future applications will be included.

Keywords: nanofluids, thermal conductivity, nanoparticles, challenges, thermal 
transport

1. General overview

With global population rapid growth and industrialization surge, resources have reached 
unprecedented levels. Energy has been pointed out as the most important issue facing 
Humanity in the next years [1]. Energy management becomes crucial for meeting the rising 
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needs of mankind [2]. Nowadays, with increasing pressure of globalized markets and compa-
nies’ profit race, a dramatic search to obtain proper materials performance, optimizing compo-
nents and devices designs, improving efficiencies, reducing tools wear, materials consumption 
and pollution, and obtaining the most possible revenue. In addition to issues regarding materi-
als scrap, maintenance and components wear among others, a hot topic in industry is the heat 
dissipation. Among diverse forms of energy used, over 70% is produced in or through the form 
of heat [2]. Heat transfer is a crucial area of research and study in thermal engineering. Heat is 
transferred either to input energy into a system or to remove the energy produced in a system. 
Hence, reducing energy loss and intensifying heat transfer processes are becoming paramount 
tasks to be addressed. Therefore, thermal management plays a vital factor concerning devices, 
machinery or apparatuses performance; thermal transport role has been subjected to countless 
investigations and is under the scope of the operational useful life of these components and 
devices. Being this an opportunity area for successful heat management and energy efficient 
fluid-based heat transfer systems, with aid of reinforced materials.

Nanotechnology is a science that deals with diverse characteristics and properties of materials 
at a nanometric level (1 nm = 10−9 m). Recently, diverse techniques, equipment, and instru-
mentations have been devised, as well as various relevant and interesting characteristics and 
properties of these materials were sorted out. Hence, with aid of nanotechnology, with novel 
developments linking electronic, optical, mechanical, and magnetic properties, industrial 
devices have emerged, and this trend is certainly continuing in this century. Cooling of electric, 
electronic and mechanical devices has been a hot topic in today’s fast-growing technologies. 
The heat required to be dissipated from systems is continually increasing due to industrial 
and economic trends to miniaturize designs, make better use of resources, obtain more power 
output, develop and use more environmentally friendly materials, and obtain more profits.

2. Introduction to nanofluids

Nanofluids are a new generation of HTFs with anomalous behavior, engineered by homoge-
neously suspending nanometer-sized materials or structures within conventional fluids. In 
other words, nanofluids are nanoscale colloidal suspensions containing condensed nanoma-
terials. Nanofluids have been found to possess enhanced thermo-physical properties such as 
thermal conductivity, thermal diffusivity, viscosity, and convective heat transfer coefficients 
compared to those of base fluids such as water (DiW), ethylene glycol (EG) or oils. They have 
demonstrated great potential applications in many fields such as microelectronics, transpor-
tation, industrial cooling, magnetic sealing, reducing pollution, space and defense, energy 
storage, air conditioning, power transmission systems, medical therapy and diagnosis, antibac-
terial activity nanodrug delivery, fuel cells, components and tools wear, friction reduction and 
nuclear systems cooling, etc. [3–8]. Among diverse techniques to cool down or maintain certain 
temperature in these systems, the use of fins, vanes or radiators as well as forced air/fluids 
through cooling channels are being used, even though these are costly. Diverse machinery and 
devices use inexpensive conventional HTFs to intensify heat dissipation. However, the inherent 
limitation of these fluids is the relatively low thermal conductivity; water for instance, is roughly 
three orders of magnitude less conductive than copper or aluminum (Table 1). What these con-
ventional fluids lack in thermal conductivity however, is compensated by their ability to flow.
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The main mechanism for heat transfer in fluids is convection; its efficacy mostly depends on 
the thermo-physical properties of the conventional fluids. Furthermore, if the thermal con-
ductivity of conventional fluids were enhanced, it would be much more effective. Hence, 
since the solid materials possess several orders of higher thermal conductivities, compared 

Material Thermal conductivity  
(W/m K)

Reference

Conventional fluids Water (DiW) ~0.598–0.609 [9–11]

Ethylene glycol (EG) ~0.251 [12–14]

Engine oil ~0.145 [12, 14]

Mineral oil ~0.115 [3, 15]

Kerosene ~0.139 [16]

R141b refrigerant ~0.089 [17]

Carbon structures Single wall nanotubes (SWCNTs) 3000–6000 [18–21]

Multi wall nanotubes (MWCNTs)

carbon (diamond)

~3000 [22, 23]

900–2320 [24, 25]

Carbon (graphite) 119–165 [24]

Graphene ~3000 [4]

Graphite 130–2000 [26]

Metallic solids Aluminum 237 [27]

Copper 398 [27]

Gold 315 [27]

Silver 424 [27]

Nonmetallic solids Alumina (Al2O3) 31–41 [26, 28]

Aluminum nitride (AlN) 319–550 [29]

Boron nitride (h-BN) ~300 [30, 31]

Boron nitride nanotubes (BNNTs) ~600–960 [32–34]

Cobalt oxide (Co3O4) 12.8 [35]

Copper oxide (CuO) 76.5 [36]

Molybdenum disulfide (MoS2) 34.5 ± 4 [37]

Silicon carbide (SiC) 148–270 [27, 38]

Silicon oxide (SiO2) 1.4–12 [39–42]

Titania (TiO2) 8.4–11.2 [13, 39, 42]

Tungsten disulfide (WS2) 32–124 [43, 44]

Zinc oxide (ZnO) 13–29 [13, 39]

Zirconia (ZrO2) 2.2 [45]

Table 1. Typical thermal conductivities for diverse conventional fluids and solid materials.
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Figure 1. Diverse particle shapes and geometries.

with that of conventional fluids, an idea to introduce conducting particles to fluids was con-
sidered. Among diverse particles geometry, different particle shapes occur naturally or are 
engineered for specific applications, as shown in Figure 1.

Heat transfer using fluids is a very complicated phenomenon, and various factors such as fluid 
stability, composition, viscosity, surface charge, interface, and morphology of the dispersed 
nanostructures influence the observed results [3, 6, 46–59]. Optimization and high efficiency 
of components and devices have gained great importance since these factors play a crucial 
role in diverse fields. Solid materials such as metals, CNTs, oxide/nitride/carbide ceramics, 
semiconductors, and composite materials having higher thermal conductivity can be homo-
geneously suspended and stabilized within conventional fluids, resulting in better thermal 
transport performance composite fluids. Nevertheless, improvement in thermal conductivity 
cannot be achieved by just increasing the solid filler concentration because each system pres-
ents a threshold, in which beyond a certain limit, increasing the filler fraction will also increase 
the viscosity, which will adversely affect the fluid properties and performance.

Most early studies used suspensions of millimeter or micrometer-sized particles, which led to 
countless problems, such as a tendency to rapidly sediment, unless flow rate is increased; not 
only losing the improvements in thermal conductivity, but also forming sludge sediments, 
increasing the thermal resistance and impairing the heat transfer capacity of the conventional 
fluids. Furthermore, fluids of this scale size could have considerably larger pressure drops 
[60–64], thus making flow through small channels much more difficult since diverse param-
eters are critical for device performance, such as morphology and stability of nanostructures, 
fluids composition, viscosity, fast sedimentation, channels clogging, erosion or wear, among 
others, which are often very serious for systems consisting of small channels [3, 65–69].

A revolution in the field of HTFs arose with the advent of nanofluids (NFs), a term introduced 
by Prof. Choi’s research group in the late 1990s at Argonne National Lab [68]. The first inves-
tigations were performed by Masuda et al. [69] for Al2O3 nanoparticles within water, and by 
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Choi-Eastman group [68] for copper nanostructures dispersed in water as well. Nanofluids 
research has been exploited and novel developments have been able to fulfill industrial neces-
sities. This research area has been increasing through time, starting at 5 publications in 2003, 
reaching up to more than 2100 publications by 2017, according to scientific search engine “sci-
encedirect.com” and keyword Nanofluids. Nanofluids are a novel class of stable heat-transfer 
suspensions which are engineered containing homogeneously dispersed solid nanofillers. 
Compared to micro- or millifluids, nanofluids tend to be more stable, since nanofillers possess 
unique properties, such as large surface area to volume ratio, as well as dimension-dependent 
physical properties, which make nanostructures better and more stably dispersed in conven-
tional fluids. Nevertheless, some limitations of the effective incorporation of nanostructures 
within conventional HTFs are dispersion and solubility, because these tend to aggregate and 
sediment over time. In some cases, additives or surfactants are used to stabilize the nanostruc-
tures within the fluids, even though the surfactants could affect and diminish the thermal 
conductivity of the nanofluids, since surfactants introduce defects at the interfaces [70, 71]. 
Therefore, one of the main advantages of nanofluids is that they can be specially engineered to 
optimally fulfill specific objectives, such as enhanced thermal conductivity, a higher thermal 
energy storage capacity, higher heat transfer coefficients, a better temperature stabilization 
and less pressure drop, among others. Hence, search for new nanofillers which can get high 
thermal conductivities at lower filler fractions is important [3, 72].

It has been demonstrated that nanofluids for heat transfer applications have provided better 
thermal performance than conventional fluids [3, 12, 73, 74]. Hence, the advent of nanofluid-
based heat transfer systems can make compact designs with high efficient thermal, physical and 
electrical performance for instruments and devices. Experiments on convection heat transfer of 
nanofluids were conducted by several research groups [75–77], showing significant improve-
ments in heat transfer rates of nanofluids. Meanwhile, the thermal conductivity enhancement 
of nanofluids show a temperature-dependent characteristic and increase of enhancement with 
rising temperature, which makes the nanofluids more suitable for applications at elevated 
temperatures [3, 6, 78–81]. Additionally, previous research has shown that nanofluids display 
better performance in their thermo-physical properties, such as thermal conductivity, thermal 
diffusivity, viscosity, friction, etc., compared to conventional fluids [3, 4, 82–87]. Hence, nano-
fluids could be used for aforesaid engineering applications.

3. Synthesis and preparation of nanofluids

The manipulation of matter on the nanometer scale has become a central focus from both 
fundamental and technological perspectives. Unique, unpredictable, and highly intriguing 
physical, electrical, mechanical, optical and magnetic phenomena result from the confine-
ment of matter into nanoscale features. Morphology control in nanostructures has become a 
key issue in the preparation of electronic or mechanical nanodevices and functional materials 
[88]. A wide variety of combinations of nanostructures and conventional fluids can be used 
to synthesize and prepare stable nanofluids for diverse applications. Nanofluids could be 
manufactured by two methods. The first step method is a process in which, simultaneously, 
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nanostructures are made and dispersed within the base fluid [89–91]. This method avoids 
diverse processes such as particles drying, storage, handling, and dispersion; so, the agglom-
eration of nanoparticles is minimized; therefore, stability of nanofluids is improved [89, 90]. In 
most experimental studies, nanofluids are synthesized in a two-step process [3, 6, 56, 92–96], 
which is a classic synthesis method of nanofluids. Various nanostructures such as nanofi-
bers, nanotubes, nanosheets, among other nanomaterials used in this technique are initially 
produced by mechanical comminuting, chemical reaction, inner gas condensation or decom-
position of organic complex [97–99] and finally obtained as dry powder. Then, it is followed 
by the second step in which the as-produced nanostructures are homogeneously dispersed 
into base conventional fluids through mechanical agitation (stirring) or ultrasonication [6, 97–
102]. Furthermore, this process is an economic method to produce nanofluids at large scale, 
since nanostructures synthesis techniques are readily scaled up to mass production levels. To 
obtain a good stability and homogeneous dispersion of nanostructures within a fluid, sonica-
tion process is used to speed dissolution by breaking intermolecular interactions. The main 
disadvantage of this method is that due to the high surface area and surface attractively, the 
nanostructures tend to agglomerate. The nanostructures agglomeration in the fluid results in 
decreasing the thermal conductivity performance and increasing the settlement and clogging 
of microchannels. Therefore, to reduce these effects, surfactants or additives are widely used 
to stabilize nanostructures within the fluids.

3.1. Nanofluids: Variables and features

The concept and strategies of this work have a significant departure from diverse investiga-
tions in thermal management applications. Even though there have been several investiga-
tions on HTFs with nanoparticles reinforcement, there is still a room for great opportunities 
to continue developments and understand the implications and effects of this technology. 
Diverse challenges regarding nanoparticles effect on thermal transport and energetic perfor-
mance as well as nanofluids industrialization have been studied (Figure 2). The heat transfer 
enhancement in nanofluids has been attributed to many variables, which are presented in the 
following section.

3.1.1. Brownian motion

Researchers have found that Brownian motion, which is the random movement of particles 
(Figure 3), is a key mechanism for the anomalous increase in the heat transport of nanofluids 
[55, 78, 103–108]. Brownian motion tends to move the particles from higher concentration 
areas to the lower concentration areas. Research on fillers motion caused by temperature gra-
dient was studied by Koo and Kleinstreuer [103]; it was shown that the Brownian motion 
has more impact on the thermal properties of nanofluids than to the effects of a temperature 
gradient. Aminfar and Motallebzadeh [108] investigated the concentration distribution and 
velocity field of nanoparticles on water/Al2O3 nanofluid in a pipe. It was observed that the 
Brownian forces have most impact on the nanoparticles filler fraction distribution and the 
velocity field when compared to other forces such as thermophoretic and gravitational forces. 
Brownian motion only exists when the particles within the fluid are extremely small and, as 
the size of the particles gets larger, Brownian motion effects are reduced.
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3.1.2. Nanofiller size

Diverse studies have found that as nanostructures are reduced in size, the effective thermal 
conductivity of the nanofluid increases [13, 109–114]. As the nanoparticle size is reduced, 
Brownian motion is induced. Also, lighter and smaller nanoparticles are better at resisting 
sedimentation, one of the biggest technical challenges in experimenting with nanofluids [77]. 
Li and Peterson [109] investigated the thermal properties of Al2O3/DiW nanofluids with par-
ticle sizes of 36 and 47 nm at various filler fractions. The nanofluid with 36 nm particles 
improved the effective thermal conductivity enhancement at ~35°C, as varying the filler frac-
tion from 0.5 vol.% up to 6.0 vol.% (~7% to ~28%, respectively). Agarwal et al. [115] presented 
the impact of Al2O3 size of nanoparticles on thermal conductivity and the dynamic viscosity 
of kerosene-based nanofluid. Thermal conductivity increases from 1.3% to 9.3% over a parti-
cle filler fraction of 0.01 vol.% to 0.10 vol.%. Thermal conductivity performance and viscosity 
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were found to be higher for smaller size nanoparticles compared to larger size. At 0.50 vol.%, 
nanofluid with 13 nm particle size displays 22% improvement in the effective thermal con-
ductivity, compared to only 17% for 50 nm. Beck et al. [116] investigated Al2O3/water nano-
fluids with diverse particle sizes ranging from 8 nm to ~300 nm in diameter; the thermal 
conductivity enhancement decreases as the particle size decreases below ~50 nm. This behav-
ior was attributed to nanoparticles thermal conductivity, as the particle size becomes small 
enough to be affected by increased phonon scattering [116]. Teng et al. [112] studied on the 
effect of particle size, temperature, and weight fraction on the thermal conductivity ratio of 
Al2O3/water nanofluid with filler fraction up to 2.0 wt.% and different Al2O3 particle nominal 
diameters. The results showed a dependence relationship between high thermal conduc-
tivity ratios and enhanced sensitivity, and small nanoparticle size and higher temperature. 
Nguyen et al. [117] studied the heat transfer enhancement and behavior of Al2O3/water nano-
fluid for microprocessors/electronic purposes. It is found that with smaller nanoparticles 
(36 nm in diameter), nanofluids showed higher convective heat transfer coefficients than 
with larger ones (47 nm in diameter). From Nguyen’s research, thermal transport increased 
40% at 6.8 vol.% filler fraction, as compared to water. He et al. [118] studied the heat transfer 
behavior of TiO2 water nanofluids with diameters of 95 nm, 145 nm and 210 nm at various 
filler fractions. For the 95 nm particle size nanofluid, the thermal conductivity showed an 
increase from 1% to ~5% at 1.0 wt.% and 4.9 wt.%, respectively, compared to water; as filler 
fraction increased, the thermal conductivity increased as well. It was shown that the effec-
tive thermal conductivity decreases as particle size increases. On the other research, Żyła 
et al. [119] studied the effects of TiN nanoparticles within EG at two different particles size, 
20 and 50 nm. It was concluded that the increase in nanoparticle filler fraction led to similar 
trends for nanofluids properties. At same content, thermal conductivity and surface tension 
of nanofluids are higher with smaller nanoparticles. Esfahani et al. [120] observed that ther-
mal conductivity of graphene oxide (GO) NFs depends on both particle-size distribution of 
GO and viscosity of GO NFs. In their work, GO NFs showed enhanced thermal conductivity 
performance as compared to base water.

There have been a few reports on SiC, CeO2, and SiO2 nanoparticles reinforcing conventional 
fluids that stated a decrease of the effective thermal conductivity with increase in particle 
size [47, 121–132]. Beck et al. performed studies on water-based ceria (CeO2) nanofluids [123], 
which showed an increase in the effective thermal conductivity with an increase of nanopar-
ticle size, although only two particle sizes were studied (12 nm and 74 nm). Silica-ethanol 
nanofluid was investigated by Hossein Karimi Darvanjooghi and Nasr Esfahany [132] over 
various particle sizes, temperatures and filler fractions. It was observed that with the increase 
in particle size and temperature, the thermal conductivity performance of silica–ethanol 
nanofluid increases for all the investigated filler fractions. 2D nanostructures have also been 
recently studied; Taha-Tijerina et al. developed a novel nanofluid by adding only 0.10 wt.% 
of exfoliated hexagonal boron nitride (h-BN) 2D-nanosheets within mineral oil (MO) [30]. 
Enhancement in thermal conductivity for 0.10 wt.% h-BN/MO nanofluid was more than 75% 
in comparison with MO. Similarly, Mehrali et al. [133] investigated the effects on thermal 
transport of graphene-based nanofluids. It was found that at 4.0 vol.%, a significant thermal 
conductivity enhancement of ~45% was obtained.
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The nanostructure size effect is apparently due to interlaying mechanism, van der Waals 
forces and the micromotions of nanoparticles are stronger when containing lower-sized 
nanostructures; and the interactions between nanoparticles and fluids are more severe, which 
results in a stronger energy transmission and a higher thermal transport process in nanoflu-
ids. The smaller the particle size, the higher will be the improvement due to the high surface 
area observed. This trend is observed by most researchers and is supported by two mecha-
nisms: Brownian motion and liquid layering around nanostructures. Hence, nanofillers size 
is a determinant variable for heat transfer nanofluids, since, as previously stated, its smaller 
size reduces or avoids critical issues of larger fillers.

3.1.3. Particle shape/surface area

Particle geometry is an important parameter to be considered since it has critical effects on 
nanofluids performance. There have been several efforts to understand the effects of nanoparti-
cles shape regarding the thermal transport phenomena. It has been observed by several studies 
that rod-shaped nanoparticles, such as CNTs, remove more heat than spherical nanoparticles 
[134–139]; this is most probably due to rod-shaped particles’ larger aspect ratio (ratio between 
a particle’s surface area to volume) than spherical nanoparticles. For instance, Elias et al. [134] 
studied various boehmite alumina (γ-AlOOH) nanoparticle shapes (spherical, cylindrical, 
blades, bricks and platelets) dispersed within EG/water mixtures. The best performance was 
achieved by the cylindrical-shaped nanoreinforced fluid, followed by bricks, blades, platelets 
and spherical-shaped nanoparticles, respectively. Thermal conductivity enhancement of cylin-
drical shape nanoparticles is observed to be ~3% higher than the spherical shape at 1.0 vol.% 
concentration. On similar study, Kim et al. [140] investigated the effects of particle shape on 
suspension stability and thermal transport performance of water-based boehmite alumina 
nanofluids. The thermal conductivities of nanofluids with blade, brick and platelet shaped 
particles are maximally enhanced up to 16, 28, and 23% at 7.0 vol.%, respectively.

From various studies, it can be concluded that the rod-shaped nanostructures possess higher 
thermal conductivity performance compared to spherical shape nanoparticles due to larger 
surface area and rapid heat transport along relatively long distances due to the greater length, 
usually of the order of micrometers. However, there is some contradiction observed based on 
studies performed by Xie et al. [141], where thermal conductivity enhancement using spheri-
cal (26 nm average) and cylindrical (600 nm average)-shaped SiC nanoparticles suspended 
within water were evaluated. An enhancement of ~23% at 4.0 vol.% for cylindrical particles 
was observed, but only 16% increase at 4.2 vol.% for spherical particles was reported. Results 
showed higher enhancement at larger particle size. These contradictions with other litera-
ture could be explained by the severe clustering of nanoparticles having smaller particle 
size. Although at a certain level clustering may enhance the thermal conductivity, exces-
sive clustering may create an opposite effect, resulting in the sedimentation of nanoparticles 
[142]. Sudarsana Reddy and Chamkha[139] studied the effects of shape on nanoparticles on 
natural convection magnetohydrodynamic (MHD) fluids. Results reveal that significant heat 
transfer enhancement is noticed as the size of nanoparticles decreases. Moreover, the type of 
the nanoparticles and the type of the base fluid (water/kerosene) also influenced the natural 
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enough to be affected by increased phonon scattering [116]. Teng et al. [112] studied on the 
effect of particle size, temperature, and weight fraction on the thermal conductivity ratio of 
Al2O3/water nanofluid with filler fraction up to 2.0 wt.% and different Al2O3 particle nominal 
diameters. The results showed a dependence relationship between high thermal conduc-
tivity ratios and enhanced sensitivity, and small nanoparticle size and higher temperature. 
Nguyen et al. [117] studied the heat transfer enhancement and behavior of Al2O3/water nano-
fluid for microprocessors/electronic purposes. It is found that with smaller nanoparticles 
(36 nm in diameter), nanofluids showed higher convective heat transfer coefficients than 
with larger ones (47 nm in diameter). From Nguyen’s research, thermal transport increased 
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tive thermal conductivity decreases as particle size increases. On the other research, Żyła 
et al. [119] studied the effects of TiN nanoparticles within EG at two different particles size, 
20 and 50 nm. It was concluded that the increase in nanoparticle filler fraction led to similar 
trends for nanofluids properties. At same content, thermal conductivity and surface tension 
of nanofluids are higher with smaller nanoparticles. Esfahani et al. [120] observed that ther-
mal conductivity of graphene oxide (GO) NFs depends on both particle-size distribution of 
GO and viscosity of GO NFs. In their work, GO NFs showed enhanced thermal conductivity 
performance as compared to base water.

There have been a few reports on SiC, CeO2, and SiO2 nanoparticles reinforcing conventional 
fluids that stated a decrease of the effective thermal conductivity with increase in particle 
size [47, 121–132]. Beck et al. performed studies on water-based ceria (CeO2) nanofluids [123], 
which showed an increase in the effective thermal conductivity with an increase of nanopar-
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various particle sizes, temperatures and filler fractions. It was observed that with the increase 
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of exfoliated hexagonal boron nitride (h-BN) 2D-nanosheets within mineral oil (MO) [30]. 
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in comparison with MO. Similarly, Mehrali et al. [133] investigated the effects on thermal 
transport of graphene-based nanofluids. It was found that at 4.0 vol.%, a significant thermal 
conductivity enhancement of ~45% was obtained.
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convection heat transfer. In another study, Aaiza et al. [143] investigated energy transport 
in MHD nanofluids with different nanoparticles shapes such as cylinders, platelets, blades, 
and bricks. It was observed that elongated structures such as cylinders and platelets result in 
higher viscosity at the same filler fraction due to structural limitation of rotational and tran-
sitional Brownian motion, which resulted in effects on thermal conductivity.

3.1.4. Filler fraction

One of the most extensively considered factor on thermal transport performance, the key 
variable for nanofluids’ improvement, is the nanostructures concentration dispersed within 
conventional fluids. Filler concentration has been stated by weight and volume percentages 
in research, reports, papers and patents. Effective thermal conductivity (keff) among other 
properties of nanofluids improve with increasing nanoparticles filler fraction [144, 145]. 
Nevertheless, as the nanoparticle concentration increases, it may no longer be valid to assume 
well-suspended nanostructures, due to particles agglomeration, sedimentation, stability and 
increase in viscosity, which could cause other problems such as possible abrasion and clog-
ging of microchannels. It has also been observed that pressure drop increases in diverse con-
ventional fluids as filler concentration is increased [10]. This is why it is more effective to use a 
very small filler fraction in nanofluids [3, 146–151]. At low filler fractions, nanostructures have 
more intense Brownian motion at higher temperatures, which can significantly enhance the 
effective thermal conductivity. But at high volume fractions, nanoparticles have high poten-
tial to be agglomerated at high temperatures. Higher concentration of particle shows less sta-
bility which leads to the agglomeration process due to increase in number of molecules within 
the fluid. This causes an increase in weight which cannot be maintained in the suspension by 
Brownian agitation, and settle out of the suspension [152].

Pang et al. [153] studied the effect of Al2O3 and SiO2 nanoparticles dispersed in methanol 
at various concentrations, such as 0.01, 0.10 and 0.50 vol.%. Effective thermal conductivity 
increases with an increase of the nanoparticles volume fraction; for Al2O3, the increments were 
1, 5 and 11%, respectively, compared to pure fluid and, for SiO2, the increments were 6, 11 
and 16%, respectively, as compared to pure fluid, as well. Arulprakasajothi et al. [151] inves-
tigated TiO2 concentrations of 0.1, 0.25, 0.5 and 0.75% using two step method. It was observed 
that as concentration increases, the surface area of particle also increases and exchange more 
heat. The effective thermal conductivity for nanofluid concentrations was increased from 1 to 
6%, respectively. On research conducted by Wang et al. [147], 2D-graphene structures with 
average particle size were 0.5–2.0 μm and thickness of 0.8–1.2 nm. Graphene was dispersed 
uniformly into base oil without any surfactant by ultrasonic oscillation. Graphene/oil nano-
fluids’ concentration was 0.02, 0.05, 0.1, and 0.2 mg/ml. Thermal conductivity for all concen-
trations was raised 4, 8, 17 and 25%, as compared to pure oil, respectively. On this same path, 
according to Taha-Tijerina et al., the superb thermal transport performance of 2D-based nano-
fluid was observed, in which nanosheets of h-BN within MO showed improvements of ~10% 
and ~80% at 0.01 wt.% and 0.1 wt.%, respectively, without significant increase of kinematic 
viscosity [3, 145, 154]. Tiwari et al. [47] investigated CeO2/water nanofluids and its effects 
of filler fraction, ranging from 0.5 to 3.0 vol.%, and temperature. The experimental results 
indicate that the convective heat transfer coefficient increases with increase in nanoparticle 
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filler fraction (up to a threshold-optimum value). It was observed that the increase in particle 
concentration also increases the fluid viscosity, which should result in an increase in the 
boundary layer thickness, which overcomes the convective heat transfer coefficient as well. 
However, significant improvements in thermal conductivity are shown. For instance, at 40°C, 
the thermal conductivity improvements were significant: 7, 11, 13, 16 and 21% at 0.5, 1.0, 1.5, 
2.0 and 3.0 vol.%, respectively. Research by Paul et al. [155] demonstrated that the thermal 
conductivity of water-based SiC nanofluids could be improved by 12% at only 0.1 vol.%. 
Studies on mixtures of water and EG-based SiC nanofluids were performed by Timofeeva 
et al. [121, 156], where nanofluids displayed 1.5–20% thermal conductivity enhancement 
at different filler fraction and nanoparticle sizes. Ferrouillat et al. [157] estimated that heat 
transfer of SiO2/water nanofluid in the particle ranges from 5 wt.% to 34 wt.%, and found an 
improvement of 10–60% compared to pure water. Lee et al. [158] investigated the thermal 
conductivity of DI-water-based SiC nanofluids; a ~7% improvement was observed, compared 
to pure DI-water. Li and Zou [159] prepared homogeneous and stable nanofluids by dispers-
ing SiC nanoparticles within mixtures of ethylene glycol and water. It was observed that 
thermal conductivity of water/EG-based SiC nanofluids increased with SiC concentrations. 
Improvements of ~34% at 1.0 vol.% of SiC were achieved. Pang et al. [153] studied the effect 
of SiO2 nanoparticles within methanol at various concentrations (0.01, 0.10 and 0.50 vol.%). 
Thermal conductivity enhancements were 6, 11 and ~16%, respectively, as compared to pure 
fluid.

3.1.5. Stability/particles agglomeration

A key challenge with nanofluids is that nanoparticles tend to agglomerate due to molecu-
lar interactions, such as van der Waals forces [122, 160]. The agglomeration of nanoparticles 
results not only in the settlement and clogging of microchannels, but also causes the effec-
tive surface area to volume ratio to decrease, which impacts the thermal conductivity perfor-
mance of nanofluids. Nanoparticles agglomeration increases as filler fraction increases, due 
to closer particles and higher Van der Waals attraction. Similarly, this issue generates other 
problems such as viscosity increments (Figure 4).

Figure 4. Scheme of nanoparticles sedimentation over time.
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convection heat transfer. In another study, Aaiza et al. [143] investigated energy transport 
in MHD nanofluids with different nanoparticles shapes such as cylinders, platelets, blades, 
and bricks. It was observed that elongated structures such as cylinders and platelets result in 
higher viscosity at the same filler fraction due to structural limitation of rotational and tran-
sitional Brownian motion, which resulted in effects on thermal conductivity.
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in research, reports, papers and patents. Effective thermal conductivity (keff) among other 
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bility which leads to the agglomeration process due to increase in number of molecules within 
the fluid. This causes an increase in weight which cannot be maintained in the suspension by 
Brownian agitation, and settle out of the suspension [152].
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at various concentrations, such as 0.01, 0.10 and 0.50 vol.%. Effective thermal conductivity 
increases with an increase of the nanoparticles volume fraction; for Al2O3, the increments were 
1, 5 and 11%, respectively, compared to pure fluid and, for SiO2, the increments were 6, 11 
and 16%, respectively, as compared to pure fluid, as well. Arulprakasajothi et al. [151] inves-
tigated TiO2 concentrations of 0.1, 0.25, 0.5 and 0.75% using two step method. It was observed 
that as concentration increases, the surface area of particle also increases and exchange more 
heat. The effective thermal conductivity for nanofluid concentrations was increased from 1 to 
6%, respectively. On research conducted by Wang et al. [147], 2D-graphene structures with 
average particle size were 0.5–2.0 μm and thickness of 0.8–1.2 nm. Graphene was dispersed 
uniformly into base oil without any surfactant by ultrasonic oscillation. Graphene/oil nano-
fluids’ concentration was 0.02, 0.05, 0.1, and 0.2 mg/ml. Thermal conductivity for all concen-
trations was raised 4, 8, 17 and 25%, as compared to pure oil, respectively. On this same path, 
according to Taha-Tijerina et al., the superb thermal transport performance of 2D-based nano-
fluid was observed, in which nanosheets of h-BN within MO showed improvements of ~10% 
and ~80% at 0.01 wt.% and 0.1 wt.%, respectively, without significant increase of kinematic 
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of filler fraction, ranging from 0.5 to 3.0 vol.%, and temperature. The experimental results 
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filler fraction (up to a threshold-optimum value). It was observed that the increase in particle 
concentration also increases the fluid viscosity, which should result in an increase in the 
boundary layer thickness, which overcomes the convective heat transfer coefficient as well. 
However, significant improvements in thermal conductivity are shown. For instance, at 40°C, 
the thermal conductivity improvements were significant: 7, 11, 13, 16 and 21% at 0.5, 1.0, 1.5, 
2.0 and 3.0 vol.%, respectively. Research by Paul et al. [155] demonstrated that the thermal 
conductivity of water-based SiC nanofluids could be improved by 12% at only 0.1 vol.%. 
Studies on mixtures of water and EG-based SiC nanofluids were performed by Timofeeva 
et al. [121, 156], where nanofluids displayed 1.5–20% thermal conductivity enhancement 
at different filler fraction and nanoparticle sizes. Ferrouillat et al. [157] estimated that heat 
transfer of SiO2/water nanofluid in the particle ranges from 5 wt.% to 34 wt.%, and found an 
improvement of 10–60% compared to pure water. Lee et al. [158] investigated the thermal 
conductivity of DI-water-based SiC nanofluids; a ~7% improvement was observed, compared 
to pure DI-water. Li and Zou [159] prepared homogeneous and stable nanofluids by dispers-
ing SiC nanoparticles within mixtures of ethylene glycol and water. It was observed that 
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A key challenge with nanofluids is that nanoparticles tend to agglomerate due to molecu-
lar interactions, such as van der Waals forces [122, 160]. The agglomeration of nanoparticles 
results not only in the settlement and clogging of microchannels, but also causes the effec-
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Figure 4. Scheme of nanoparticles sedimentation over time.
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The stability of nanofluids is considered one of the critical issues, which should be addressed 
before any application [48, 145]. Synthesis of nanoparticles and preparation methods of nano-
fluids play an important role on stability, which effects are observed on nanofluids’ thermal 
transport characteristics. In addition to filler fraction and working temperature, pH has an 
important role in stability of nanofluids. For instance, Nikkhah et al. observed that by control-
ling the pH value, the stability of CuO/water nanofluids (50 nm in diameter) can be increased 
and thus the thermal conductivity performance [161]. Due to nanostructures interlayer adhesion 
forces, nanoparticles become agglomerated and their settlement can be observed due to gravity 
forces. Nanostructures sedimentation overcomes one of the major drawbacks of suspensions; 
nanoparticle aggregates promote settling of particles; hence, the dispersion stability may decay 
with time. To increase the stability of nanofluids, diverse techniques have been employed, such 
as extended ultrasonication [162–164]. Ultrasonic vibration is a possible way to break-up cluster 
formation of nanoparticles and help to scatter the nanostructures within base fluids, so that 
ultrasonication processes were widely used for nanofluid preparation. Furthermore, to enhance 
the stability of nanofluids, surfactants or additives are used; nevertheless, these have impacts on 
thermal characteristics and there could be certain drawbacks by using them.

Timofeeva et al. [122, 165] studied the thermal conductivity and viscosity of Al2O3 nanopar-
ticles dispersed in water and EG. It was observed that the main parameters for controlling 
nanofluids’ thermal conductivity enhancement are the geometry, agglomeration state and 
surface resistance of nanoparticles. Karthikeyan et al. [144] identified that CuO nanoparticles 
and clusters size have a significant influence on thermal conductivity of water and EG. It 
was also found that nanoparticles agglomeration is time-dependent; as time elapsed, agglom-
eration increased, which decreased the thermal conductivity performance. However, some 
reports show aggregation in water-based Al2O3 nanofluids significantly increases the thermal 
conductivity of the fluid [166], such as research by Shima et al. [167], where an increase in 
thermal conductivity with particle sizes of average diameters of 2.8–9.5 nm was observed. For 
5.5 vol.%, the improvement was 5% and 25%, for 2.8 nm and 9.5 nm, respectively. According 
to their studies, interfacial resistance, nature, and aspect ratio of agglomerates dictate heat 
conduction enhancement in nanofluids. Yu et al. observed that stable nanofluids could be 
able to withstand or maintain no significant variation in thermal conductivity with time. This 
was observed for EG-based ZnO nanofluids [168] and kerosene-based Fe3O4 nanofluids [169].

3.1.6. Surfactants/additives

Surfactants have been widely used to stabilize the nanofillers within conventional fluids, even 
though these surfactants may affect the nanofluids performance; since surfactants thermal 
conductivities are generally lower than the base fluids per se, the addition ratios of surfactants 
are generally extremely low to prevent from reducing the thermal conductivity or increasing 
the viscosity of nanofluids. Surfactants could also introduce defects at the molecular inter-
faces [170]. The use of surfactants and dispersion agents has shown to be effective providing 
repulsion between nanoparticles and reducing agglomeration [6, 95, 171]. Additives are also 
incorporated to materials to enhance their mechanical properties. Nevertheless, the function-
ality of the surfactants under high temperature is also a big concern, especially for high-tem-
perature applications [39].
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Utomo et al. [172] concluded that surfactants in high-loading ratios could reduce the effective 
thermal conductivity performance of water-based Al2O3 and TiO2 nanofluids. Khairul et al. 
[173] studied the effects of Al2O3 and CuO nanoparticles, as well as sodium dodecyl benzene 
sulfonate (SDBS) surfactant on viscosity and thermal conductivity of water-based nanofluids. 
It is observed that increasing the SDBS concentration, thermal conductivity for both systems 
tend to rapidly decrease, which is attributed to the increased nanostructures aggregation. 
Murshed et al. [135] observed that low concentration (≤0.02 vol.%) of oleic acid (OA) or a 
cationic surfactant, cetyl trimethyl ammonium bromide (CTAB), as dispersants could greatly 
improve the dispersion stability of TiO2 nanofluids without reducing the thermal conductivity 
of TiO2 nanofluids. From other studies, non-ionic surfactants were found to strongly interact 
with graphite surfaces in case of CNTs stabilization within aqueous suspensions [174]. Quite a 
few results indicated that surfactants played positive roles in the thermal conductivity. Saleh 
et al. [175] found that each of the three kinds of surfactants: CTAB, anionic surfactant, sodium 
dodecyl sulfate (SDS) and nonionic surfactant sorbitan monooleate (Span80) could greatly 
improve the dispersion behavior and thermal conduction performance of TiO2 nanofluids. 
Chen et al. [176] investigated the effects of SiC on saline water, for solar distillation systems. 
Nanofluids with 0.4 vol.% of SiC were dispersed within saline water, and additionally, polyvi-
nyl pyrrolidone (PVP) dispersant was used (0.02 wt.%) to keep nanoparticles homogeneously 
dispersed. It was observed that thermal conductivity of seawater/SiC nanofluids improved 
~5% compared to pure seawater, which confirms the feasibility of nanofluids application in 
solar desalination system. Therefore, it can be concluded that the right amount of surfactant 
can play positive roles in both dispersion and heat conduction performance nanofluids.

3.1.7. Viscosity

Among diverse nanofluid properties, viscosity is a paramount parameter. Viscosity describes 
a fluid’s internal resistance to flow. Many parameters affect the nanofluid’s viscosity, includ-
ing the preparation method, base fluid type, operating temperature, nanostructure size and 
geometry, filler fraction, acidity (pH value), shear rate, usage of additives or surfactants, and 
particle aggregation and sedimentation [3, 93, 177–181]. It has been demonstrated that the vis-
cosity of nanofluids increases with the nanoparticle volume fraction. This property is trouble-
some due to lack of understanding of viscosity mechanisms and lack of general mathematical 
models to predict the viscosity behavior in nanofluids. Nguyen et al. [177] investigated the 
nanostructures size effect for Al2O3 aqueous-based nanofluids and observed that particle size 
effects on viscosity are more significant for high filler concentrations. Yiamsawas et al. [178] 
measured the viscosity of Al2O3/water nanofluids at high filler concentrations and high tem-
peratures. The filler fraction ranges varied from 1.0 vol.% to 8.0 vol.%, while the tempera-
ture evaluation varied between 15°C and 60°C. It was observed that the viscosity decreases 
with a temperature increase. Nanofluids prepared in higher viscosity base fluids exhibit more 
enhancement compared to low viscosity base fluids.

Li et al. [179] investigated EG-based nanofluids containing ZnO nanostructures at different 
concentrations ranging from 1.75 wt.% and 10.5 wt.%. Results showed that viscosity increases 
with increasing the concentration of ZnO nanoparticles and decreases with temperature. 
Attari et al. [180] explored the effects of adding TiO2, Fe2O3 and ZnO nanoparticles to crude 
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Figure 5. Thermophoretic motion of particles. The Brownian motion brings more particles to the colder region of the 
system.

oil at different filler fractions, ranging from 0.5 to 2.0 wt.% at different temperatures. It was 
observed that with the increase in nanoparticle loading, the relative viscosity of ZnO-crude 
oil nanofluid increases. At the mass fraction lower than 1.0 wt.%, the relative viscosity of 
nanofluid decreases slightly with the increase in temperature and the main factor which can 
influence the relative viscosity is nanoparticle type. On research by Jeong et al. [181], the 
viscosity behavior of water-based ZnO nanofluids with two nanoparticle shapes and semi-
rectangular and spherical at various filler fractions ranging from 0.05 to 5.0 vol.% was inves-
tigated. Their results indicated that the viscosity increased from 5.3 to ~70% with increase in 
the filler concentrations. Moreover, the enhancement of the viscosity of the nearly rectangular 
shape nanoparticles was found to be more than 7%, rather than the spherical nanoparticles. 
Williams et al. [182] studied ZrO2-water nanofluid for 60 nm particle size, at small filler frac-
tions (0.2–0.9 vol.%) and found a 54% increase in viscosity, when compared to pure water.

3.1.8. Temperature dependence

Thermophoresis or thermodiffusion is an interesting consequence of the Brownian motion of 
the nanostructures. High energy molecules in a warmer region of a liquid migrate in the direc-
tion opposite the temperature gradient to cooler regions; small particles tend to disperse faster 
in hotter regions and slower in colder regions. Thermophoresis and Brownian motion effects 
are the mass transfer mechanisms which also influence the convective heat transport perfor-
mance of nanofluids [78–81, 183–189]. As Michaelides [189] explained, interparticle collisions 
in the colder regions where the nanostructure concentrations are higher, partly hinder this 
accumulation and a dynamic equilibrium for nanoparticle concentration is established, with 
lower concentrations in the hotter regions and higher concentrations in the colder regions. 
Figure 5 schematically depicts the differential dispersion and the resulting thermophoresis 
which shows the effects of the magnitude of the molecular collisions on small particles.

Diverse theoretical and experimental investigations have been developed. For instance, Wang 
et al. [187] observed the effects of temperature-dependent properties on natural convection 
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of Al2O3 nanofluids; lattice Boltzmann (LB) method was considered for their study. It was 
concluded that for a given nanoparticle filler fraction, the value of the heat transfer enhance-
ment is increased as the temperature increases, and the nanoparticle diameter decreases. On 
the other hand, Das et al. [78], similarly to Lee et al. [190], observed that thermal conductiv-
ity performance of Al2O3 and CuO nanofluids has a temperature-dependent influence; they 
posed motion of reinforced fillers as an important factor for that. Jyothirmayee Aravind and 
Ramaprabhu [184] observed a temperature dependence on graphene nanosheets reinforcing 
EG and DiW. It was observed that thermal conductivity performance increases with increas-
ing filler fraction and operating temperature. The thermal conductivity of the base fluids did 
not show significant improvements as the temperature increases, similar tendency as reported 
by Jha and Ramaprabhu [191]. An enhancement in thermal conductivity of ~2.4% is observed 
at 25°C with a very low filler fraction of 0.008 vol.% of the graphene/EG nanofluid; mean-
while, at 50°C, the increment was ~17%. At 0.14 vol.%, the thermal conductivity improvement 
was 6.5 and 36%, at 25 and 50°C, respectively. On the research conducted by Wen and Ding 
[192], it was observed that thermal conductivity increases with increasing temperature on the 
system, showing a nonlinear dependence after temperatures above 30°C.

The influence of temperature on thermal conductivity on 0.5 vol.% and 1.0 vol.% CeO2—EG 
nanofluids was studied by Rajan et al. [164]; it was observed that an enhancement in thermal 
conductivity increases as filler fraction increases. Thermal conductivity enhancements were 5 
and 10% for the filler fraction studied. Also, by increasing temperature, the thermal conduc-
tivity ratio decreases for both nanofluid concentrations. Li et al. [179] investigated EG-based 
nanofluids containing ZnO nanoparticles at different filler fractions (1.75–10.5 wt.%. The 
thermal conductivity increases with increasing the temperature ranging from 15 to 55°C. The 
thermal conductivity gradually increases with mass fraction and temperature, and it was 
observed that the growth rate decreases at 15°C in the range of 8.75–10.5 wt.%. It was con-
cluded that thermal conductivity performance depends on filler fraction, and it increases 
nonlinearly with the mass fraction of nanoparticles. Kandasamy et al. [107] observed that 
the combined effect of thermophoresis and Brownian motion play a very dominant role on 
heat transfer in the presence of thermal stratification, mainly due to the nanoparticles geom-
etry and size. Although thermophoresis effect is important in heat transport, there are other 
characteristics and parameters that may have effects on nanofluids and should be addressed. 
These effects include the increase in nanofluids viscosity due to the presence of nanoparticles 
and fluid density variation due to variable volume fraction.

3.1.9. Interfacial layering on the liquid-nanostructure interface

Interfaces are ideal templates for assembling nanoparticles into structures by the nature of the 
interfaces. Interfacial layering or nanolayer refers to a phenomenon at the liquid-particle inter-
face where liquid molecules are more ordered than those in the conventional fluids; therefore, 
the interface effect could enhance the thermal conductivity by the layering of the liquid at the 
solid interface (given that crystalline solids possess much better thermal transport that liq-
uids) [193–195], by which the atomic structure of the liquid layer is significantly more ordered 
than that of the conventional liquid. At the interfaces, the nanostructures are mobile, and 
defects could be eliminated [196]. Nanoparticles suspended in base fluids form clusters that 
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Figure 5. Thermophoretic motion of particles. The Brownian motion brings more particles to the colder region of the 
system.
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create a low thermal resistance path which can enhance the thermal conductivity, according 
to Saterlie et al. [197]. The ordered structure could have higher thermal conductivity than that 
of the conventional, therefore an enhancement of the effective thermal conductivity. Various 
researchers have suggested that there is liquid layering on the nanoparticles, which helps to 
enhance the heat transfer properties of nanofluids [197–201]. Yu et al. [200] proved the forma-
tion of layers by the liquid molecules close to a solid surface, even though the thickness and 
thermal conductivity of the nanolayers are not well known yet. According to Elis Josna Mary 
et al. [164], a temperature-dependent, linear variation in thermal conductivity increase with 
filler fraction was observed, which could be attributed to liquid layering.

4. Nanofluids application fields

Diverse studies on nanofluids have been carried out by many researchers. This section deals 
with literature review on nanofluids; nanofluids preparation and characterization, thermo-
physical properties, as well as nanofluids applications, which lays foundation and basis for 
further investigations.

4.1. Thermal performance of nanofluids

Heat transfer is classified into various mechanisms, such as thermal conduction, thermal con-
vection and thermal radiation. In diverse fields, thermal transport is a critical parameter to 
obtain efficient performance of machinery and devices. Heat convection occurs when bulk 
flow of a fluid (liquid or gas) carries heat along with the flow of matter in the fluid, this 
process could be “forced,” where fluid motion is generated by an external source such as a 
pump, fan or other mechanical means, or “natural,” by density differences in the fluid occur-
ring due to temperature gradients. Radiation heat transfer is the transfer of energy by means 
of photons in electromagnetic waves in much the same way as electromagnetic light waves 
transfer light. On the other hand, heat conduction is the direct microscopic exchange of kinetic 
energy of particles through the boundary between two systems. When an object is at a differ-
ent temperature from another body or its surroundings, heat flows so that the body and the 
surroundings reach the same temperature, at which point they are in thermal equilibrium. 
The thermal conductivity (k) of liquids can be successfully measured if the time taken to mea-
sure k is very small so that the convection current does not develop [202].

Diverse techniques have been proposed to measure nanofluids thermal conductivity over the 
past years. The most common techniques to measure the effective thermal conductivity of nano-
fluids are the transient hot-wire method [3, 147, 202–207], steady-state method [109, 208–210], 
cylindrical cell method [211], temperature oscillation method [183, 212, 213], and 3-ω method 
[40, 214–216] to name some. Eastman et al. reported a 40% enhancement with only 0.40 vol.% 
of copper oxide (CuO) particles [217], while Choi et al. reported a remarkable 160% increase in 
thermal conductivity of MWCNTs/engine oil nanofluid at 1.0 vol.% filler fraction of nanotubes 
[218]. Ilyas et al. [58] study a commercial brand oil (THO) with incorporation of MWCNTs 
where significant thermal conductivity improvement of ~22 and ~30% was achieved at 35 
and 60°C, respectively, at 1.0 wt.%. Hwang et al. [41] investigated the thermal conductivity of 
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DiW- and EG-based nanofluids reinforced with MWCNTs, CuO and SiO2. It was observed that 
thermal conductivity was improved almost linearly as filler fraction increased. For DiW-based 
systems, the addition of SiO2, CuO and MWCNTs at 1.0 vol.% filler fraction showed an increase 
of 3, 5 and ~12%, respectively. Also, CuO/EG nanofluid at 1.0 vol.% showed an increase of ~9%. 
Wen and Ding et al. [192] also investigated the effects of MWCNTs within DiW, with addition 
of 0.25 wt.% gum Arabic (GA) dispersant with respect to DiW. For MWCNTs at 0.50 wt.% and 
1.0 wt.%, an increase in thermal conductivity enhancement was achieved up to ~30% and ~38% 
at 25°C, and ~35% and ~80% at 30°C, respectively. It was found that these improvements were 
slightly higher than the results reported by Liu et al. [14], Assael et al. [219], Wen et al. [220], and 
Xie et al. [221], but lower than the results showed by Choi et al. [218]. There are diverse factors 
that cause these discrepancies among the different groups; as mentioned by Sing [55], these 
discrepancies should rely on the dependency of thermal conductivity is on diverse important 
factors such as the structure and properties of the CNTs, their aspect ratio, clustering, addition 
of dispersants, temperature and the experimental errors involved as well.

Nanodiamonds (NDs) dispersed in EG and mineral oil (with addition of OA) were studied by 
Branson et al. [222]. It was observed that addition of 0.88 vol.% of NDs enhanced the thermal 
conductivity by ~12%. In MO, for instance, an enhancement of ~6% and ~11% is achieved at 
NDs loading of 1.0 vol.% and 1.9 vol.%, respectively. According to Branson et al., the differences 
on enhancement efficiencies are attributable to divergence in thermal boundary resistance at 
nanoparticle/surfactant interfaces [222]. Research by Khairul et al. [173] on the effects of Al2O3 
and CuO nanoparticles filler fraction and use of SDBS surfactant on viscosity and thermal con-
ductivity of water-based nanofluids was performed. It was observed that thermal conductiv-
ity of the nanofluids increased nonlinearly with increasing nanoparticles filler fraction, with a 
maximum increase of 10 and 14% for Al2O3 and CuO, respectively, at 0.15 wt.%, similar to what 
Kong et al. found for the maximal enhancement for Al2O3 nanofluids [223]. On the field of oxide 
nanostructures, Yiamsawasd et al. [224] reported a maximum thermal conductivity enhance-
ment of 20% for TiO2/water nanofluid. Elis Josna Mary et al. [164] investigated CeO2/EG nano-
fluid and observed a temperature effect on thermal conductivity rise of 17% and ~11% at 10 and 
30°C, respectively. Serebryakova et al. [225] investigated the effects of dispersing Al2O3 within 
EG/water mixtures. It was observed that thermal conductivity performance was improved by 
5% at 1.5 vol.%. Mariano et al. [226] estimated thermal conductivity behavior and rheological 
properties of Co3O4/EG nanofluids and obtained thermal conductivity enhancement of 27% at 
5.0 wt.%. Aluminum nitrides (AlN) can also find many applications in the heat exchange pro-
cess. Thermal conductivity performance of AlN/ethanol nanofluid was investigated by Hu et al. 
[227]. Results showed a 20% increase in the thermal conductivity of ethanol with 4.0 vol.% at 
room temperature. Furthermore, a strong temperature dependence of the thermal conductiv-
ity was observed in this research. Yu et al. [228] thermal conductivity of AlN dispersed in two 
different conventional fluids, such as EG and propylene glycol (PG), was investigated. It was 
found a 39 and 40% thermal conductivity improvement for EG and PG, respectively, having the 
same particle size and nanoparticles filler fraction.

A great improvement on 2D-nanostructure-based nanofluids was obtained by Taha-Tijerina 
et al. [3], where exfoliated h-BN and graphene were homogeneously dispersed within mineral 
oil with superb thermal conductivity increase up to ~80% at very low filler fractions (<0.10 wt.%) 
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create a low thermal resistance path which can enhance the thermal conductivity, according 
to Saterlie et al. [197]. The ordered structure could have higher thermal conductivity than that 
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tion of layers by the liquid molecules close to a solid surface, even though the thickness and 
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4. Nanofluids application fields
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DiW- and EG-based nanofluids reinforced with MWCNTs, CuO and SiO2. It was observed that 
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1.0 wt.%, an increase in thermal conductivity enhancement was achieved up to ~30% and ~38% 
at 25°C, and ~35% and ~80% at 30°C, respectively. It was found that these improvements were 
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discrepancies should rely on the dependency of thermal conductivity is on diverse important 
factors such as the structure and properties of the CNTs, their aspect ratio, clustering, addition 
of dispersants, temperature and the experimental errors involved as well.

Nanodiamonds (NDs) dispersed in EG and mineral oil (with addition of OA) were studied by 
Branson et al. [222]. It was observed that addition of 0.88 vol.% of NDs enhanced the thermal 
conductivity by ~12%. In MO, for instance, an enhancement of ~6% and ~11% is achieved at 
NDs loading of 1.0 vol.% and 1.9 vol.%, respectively. According to Branson et al., the differences 
on enhancement efficiencies are attributable to divergence in thermal boundary resistance at 
nanoparticle/surfactant interfaces [222]. Research by Khairul et al. [173] on the effects of Al2O3 
and CuO nanoparticles filler fraction and use of SDBS surfactant on viscosity and thermal con-
ductivity of water-based nanofluids was performed. It was observed that thermal conductiv-
ity of the nanofluids increased nonlinearly with increasing nanoparticles filler fraction, with a 
maximum increase of 10 and 14% for Al2O3 and CuO, respectively, at 0.15 wt.%, similar to what 
Kong et al. found for the maximal enhancement for Al2O3 nanofluids [223]. On the field of oxide 
nanostructures, Yiamsawasd et al. [224] reported a maximum thermal conductivity enhance-
ment of 20% for TiO2/water nanofluid. Elis Josna Mary et al. [164] investigated CeO2/EG nano-
fluid and observed a temperature effect on thermal conductivity rise of 17% and ~11% at 10 and 
30°C, respectively. Serebryakova et al. [225] investigated the effects of dispersing Al2O3 within 
EG/water mixtures. It was observed that thermal conductivity performance was improved by 
5% at 1.5 vol.%. Mariano et al. [226] estimated thermal conductivity behavior and rheological 
properties of Co3O4/EG nanofluids and obtained thermal conductivity enhancement of 27% at 
5.0 wt.%. Aluminum nitrides (AlN) can also find many applications in the heat exchange pro-
cess. Thermal conductivity performance of AlN/ethanol nanofluid was investigated by Hu et al. 
[227]. Results showed a 20% increase in the thermal conductivity of ethanol with 4.0 vol.% at 
room temperature. Furthermore, a strong temperature dependence of the thermal conductiv-
ity was observed in this research. Yu et al. [228] thermal conductivity of AlN dispersed in two 
different conventional fluids, such as EG and propylene glycol (PG), was investigated. It was 
found a 39 and 40% thermal conductivity improvement for EG and PG, respectively, having the 
same particle size and nanoparticles filler fraction.

A great improvement on 2D-nanostructure-based nanofluids was obtained by Taha-Tijerina 
et al. [3], where exfoliated h-BN and graphene were homogeneously dispersed within mineral 
oil with superb thermal conductivity increase up to ~80% at very low filler fractions (<0.10 wt.%) 
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Filler Type of oil Nanoparticles 
morphology

Filler fraction TC enhancement Ref.

Al2O3 Engine oil Spherical ~80 nm diam. 0.5 vol.%

1.0 vol.%

~9%

~12%

[194]

Al2O3 Engine oil Spherical ~28 nm diam. 5.0 vol.%

7.5 vol.%

~26%

~30%

[209]

Al Engine oil Spherical ~80 nm diam. 1.0 vol.%

3.0 vol.%

~20%

~37%

[194]

AlN Mineral oil Spherical ~50 nm diam. 0.05 vol.% ~8% [244]

CeO2 Transformer oil @ 
50C

Spherical ~3–7 nm diam. 0.7 vol.% ~15% [203]

CuO Mineral oil Spherical ~100 nm diam. 2.5 vol.%

5.0 vol.%

~12%

~23%

[245]

Diamond Mineral oil Spherical ~<10 nm diam. 1.0 vol.%

1.9 vol.%

~5%

~11%

[222]

Graphene Mineral oil (50°C) 2D-sheets ~500 by 500 nm

~8–10 atomic layer thick

0.01 wt.%

0.10 wt.%

~10%

~80%

[3]

Graphene Heat-transfer oil 2D sheets ~0.5–2.0 μm

~0.8–1.2 nm thick

0.05 wt.%

0.10 wt.%

0.20 wt.%

8%

17%

25%

[147]

h-BN Mineral oil (50°C) 2D sheets ~500 by 500 nm

~5 atomic layers thick

0.01 wt.%

0.05 wt.%

0.10 wt.%

~9%

~10%

~80%

[3]

h-BN Synthetic fluid 2D sheets ~500 by 500 nm

~5 atomic layers thick

0.10 wt.% 8% [6]

with no significant increase in viscosity. Continuing with 2D structures, several research stud-
ies have developed graphene-based nanofluids with high nanoparticle stability and significant 
enhancements [229–235]. Shaikh et al. studied the effect of exfoliated graphite dispersed within 
PAO oil at various concentrations, ranging from 0.10 vol.% up to 1.0 vol.%. It was observed that 
addition of 2D-structures improved the thermal conductivity from 18% up to ~130%, respec-
tively [230]. Hadadian et al. [236] prepared highly stable graphene oxide (GO)-based nanofluid. 
Thermal transport of EG increased by 30% with 0.07 GO mass fraction. Other EG-based nano-
fluids synthesized by Yu et al. [237, 238] have shown better enhancements of 61 and 86% with 
GO [237] and graphene nanosheets [238], respectively, at 5.0 vol.% loading.

Diverse theories explain the mechanisms that could affect the behavior of nanofluids; the 
most accepted being Brownian motion [40, 104, 239, 240], percolation theory [55, 104, 198, 241, 
242], micro convection cell model [104, 198, 239–242], and liquid layering theory [55, 104, 193, 
198, 242, 243]. Table 2 shows the influence of oil-based nanofluids on thermal conductivity. 
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Similarly, Table 3 shows the results from diverse investigations on other water-based nano-
fluids; and various materials and sizes used as reinforced nanoparticles. Table 4 shows the 
influence of various nanofluids in thermal management properties as well.

Filler Type of oil Nanoparticles 
morphology

Filler fraction TC enhancement Ref.

MWCNT Engine oil (15 W-40) Rods ~length: 0.3–10 μm

Diameter: 10–50 nm

0.25 vol.%

0.5 vol.%

1.0 vol.%

~10%

~17%

~45%

[18]

MWCNT Mineral oil Rods ~length: 10–50 μm

Diameter: 10–30 nm

0.5 vol.% ~8.5% [92]

MWCNT Synthetic PAO oil Rods ~length: 50 μm

Diameter: 25 nm

1.0 vol.% 160% [218]

MWCNT Poly-α-olefin (PAO) Rods ~length: 1–100 μm

Diameter: 20–300 nm

1.0 vol.% ~175% [19]

Notes: if not specified, measurements were conducted at room temperature.

Table 2. Influence of oil-based nanofluids in thermal management.

Filler Nanoparticles morphology Filler fraction TC enhancement Ref.

Al2O3 Spherical ~60 nm diam. 5.0 vol.% ~20% [141]

Al2O3 Spherical ~131 nm diam. 1.0 vol.%1

4.0 vol.%

4.0 vol.%1

~11%

~10%

~25%

[246]

Al2O3 Spherical ~27–56 nm diam. 1.6 vol.% ~10% [247]

Al2O3 Brick ~20 × 40 × 40 nm 7.0 vol.% 16% [140]

Al2O3 Platelet ~15 nm diam., 5 nm thick 7.0 vol.% 28% [140]

Al2O3 Blade ~8 × 15 nm, 5 nm thick 7.0 vol.% 23% [140]

Au Spherical ~10–20 nm diam. 0.00026 vol.% ~8% [11]

Ag Spherical ~60–80 nm diam. 0.001 vol.% ~5% [11]

CeO2 Spherical 74 nm diam. 2.0 vol.%

3.0 vol.%

~9%

~14%

[123]

CeO2 Spherical 30 nm diam. 1.0 vol.%

2.0 vol.%

3.0 vol.%

11%

16%

21%

[47]

Cu3 Spherical ~60–100 nm diam. 1.0 vol.% ~48% [197]

CuO Spherical ~36 nm diam. 1.0 vol.%

5.0 vol.%

~12%

~60%

[12]

Thermal Transport and Challenges on Nanofluids Performance
http://dx.doi.org/10.5772/intechopen.72505

233



Filler Type of oil Nanoparticles 
morphology

Filler fraction TC enhancement Ref.
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~9%
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[194]
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7.5 vol.%

~26%

~30%

[209]
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3.0 vol.%

~20%

~37%

[194]

AlN Mineral oil Spherical ~50 nm diam. 0.05 vol.% ~8% [244]

CeO2 Transformer oil @ 
50C

Spherical ~3–7 nm diam. 0.7 vol.% ~15% [203]

CuO Mineral oil Spherical ~100 nm diam. 2.5 vol.%

5.0 vol.%

~12%

~23%

[245]

Diamond Mineral oil Spherical ~<10 nm diam. 1.0 vol.%

1.9 vol.%

~5%

~11%

[222]

Graphene Mineral oil (50°C) 2D-sheets ~500 by 500 nm

~8–10 atomic layer thick

0.01 wt.%

0.10 wt.%

~10%

~80%

[3]

Graphene Heat-transfer oil 2D sheets ~0.5–2.0 μm

~0.8–1.2 nm thick

0.05 wt.%

0.10 wt.%

0.20 wt.%

8%

17%

25%

[147]

h-BN Mineral oil (50°C) 2D sheets ~500 by 500 nm

~5 atomic layers thick

0.01 wt.%

0.05 wt.%

0.10 wt.%

~9%

~10%

~80%

[3]

h-BN Synthetic fluid 2D sheets ~500 by 500 nm

~5 atomic layers thick

0.10 wt.% 8% [6]

with no significant increase in viscosity. Continuing with 2D structures, several research stud-
ies have developed graphene-based nanofluids with high nanoparticle stability and significant 
enhancements [229–235]. Shaikh et al. studied the effect of exfoliated graphite dispersed within 
PAO oil at various concentrations, ranging from 0.10 vol.% up to 1.0 vol.%. It was observed that 
addition of 2D-structures improved the thermal conductivity from 18% up to ~130%, respec-
tively [230]. Hadadian et al. [236] prepared highly stable graphene oxide (GO)-based nanofluid. 
Thermal transport of EG increased by 30% with 0.07 GO mass fraction. Other EG-based nano-
fluids synthesized by Yu et al. [237, 238] have shown better enhancements of 61 and 86% with 
GO [237] and graphene nanosheets [238], respectively, at 5.0 vol.% loading.

Diverse theories explain the mechanisms that could affect the behavior of nanofluids; the 
most accepted being Brownian motion [40, 104, 239, 240], percolation theory [55, 104, 198, 241, 
242], micro convection cell model [104, 198, 239–242], and liquid layering theory [55, 104, 193, 
198, 242, 243]. Table 2 shows the influence of oil-based nanofluids on thermal conductivity. 
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Similarly, Table 3 shows the results from diverse investigations on other water-based nano-
fluids; and various materials and sizes used as reinforced nanoparticles. Table 4 shows the 
influence of various nanofluids in thermal management properties as well.

Filler Type of oil Nanoparticles 
morphology

Filler fraction TC enhancement Ref.

MWCNT Engine oil (15 W-40) Rods ~length: 0.3–10 μm

Diameter: 10–50 nm

0.25 vol.%

0.5 vol.%

1.0 vol.%

~10%

~17%

~45%

[18]

MWCNT Mineral oil Rods ~length: 10–50 μm

Diameter: 10–30 nm

0.5 vol.% ~8.5% [92]

MWCNT Synthetic PAO oil Rods ~length: 50 μm

Diameter: 25 nm

1.0 vol.% 160% [218]

MWCNT Poly-α-olefin (PAO) Rods ~length: 1–100 μm

Diameter: 20–300 nm

1.0 vol.% ~175% [19]

Notes: if not specified, measurements were conducted at room temperature.

Table 2. Influence of oil-based nanofluids in thermal management.

Filler Nanoparticles morphology Filler fraction TC enhancement Ref.

Al2O3 Spherical ~60 nm diam. 5.0 vol.% ~20% [141]

Al2O3 Spherical ~131 nm diam. 1.0 vol.%1

4.0 vol.%

4.0 vol.%1

~11%

~10%

~25%

[246]

Al2O3 Spherical ~27–56 nm diam. 1.6 vol.% ~10% [247]

Al2O3 Brick ~20 × 40 × 40 nm 7.0 vol.% 16% [140]

Al2O3 Platelet ~15 nm diam., 5 nm thick 7.0 vol.% 28% [140]

Al2O3 Blade ~8 × 15 nm, 5 nm thick 7.0 vol.% 23% [140]

Au Spherical ~10–20 nm diam. 0.00026 vol.% ~8% [11]

Ag Spherical ~60–80 nm diam. 0.001 vol.% ~5% [11]

CeO2 Spherical 74 nm diam. 2.0 vol.%

3.0 vol.%

~9%

~14%

[123]

CeO2 Spherical 30 nm diam. 1.0 vol.%

2.0 vol.%

3.0 vol.%

11%

16%

21%

[47]

Cu3 Spherical ~60–100 nm diam. 1.0 vol.% ~48% [197]

CuO Spherical ~36 nm diam. 1.0 vol.%

5.0 vol.%

~12%

~60%

[12]
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Filler Nanoparticles morphology Filler fraction TC enhancement Ref.

CuO Spherical ~24 nm diam. 1.0 vol.%

1.0 vol.%1

4.0 vol.%

4.0 vol.%1

~14%

~29%

~15%

~36%

[78]

CuO Spherical ~100 nm diam. 2.5 vol.%

5.0 vol.%

7.5 vol.%

~24%

~55%

~78%

[245]

CuO Spherical ~25 nm diam. 0.10 vol.%

0.30 vol.%

~7%

~12%

[248]

Graphene Sheets, 1 μm lateral 0.40 vol.% ~9% [232]

GO Sheets, range of 200 nm to 
1000 nm

0.01 wt.%

0.10 wt.%

~9%

~19%

[120]

Graphene + 
MWCNTs

G sheets, 1 μm lateral;

MWCNTs ~19 nm diam.

0.40 vol.% ~11% [232]

SiC Spherical ~26 nm 4.2 vol.% 16% [141]

SiC Cylindrical ~600 nm 4.0 vol.% 23% [141]

SiC Spherical ~37–110 nm diam. 0.1 vol.% ~12% [155]

SiO2 Spherical ~12 nm diam. 1.0 vol.% ~3% [92]

TiO2 Spherical ~15 nm diam. 1.0 vol.%

5.0 vol.%

~18%

~30%

[135]

TiO2 Spherical ~95 nm diam. 1.0 wt.%

4.9 wt.%

~1%

~5%

[118]

CNTs Rods ~length: 35 μm

Diam.: 20 nm

0.01 wt.%

0.10 wt.%2

0.10 wt.%2

~38%

~126%

~288%

[249]

MWCNTs Rods ~length: 30 μm

Diam.: 15 nm

1.0 vol.% ~7% [221]

ZnO Semi-rectangular (90–210 nm) 1.0 vol.%

3.0 vol.%

10%

21%

[181]

ZnO Spherical, 20–40 nm diam. 1.0 vol.%

3.0 vol.%

9%

18%

[181]

Notes: if not specified, measurements were conducted at room temperature.
1At 50°C.
2At 60°C.
3With addition of CTAB.

Table 3. Influence of water-based nanofluids in thermal management.
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5. Summary

The heat required to be dissipated from systems is continually increasing due to industrial 
and economic trends to miniaturize designs, make better use of resources, obtain more power 

Filler Conventional fluid Nanoparticles 
morphology

Filler fraction TC 
enhancement

Ref.

Al2O3 Ethylene glycol Spherical ~10 nm 
diam.

5.0 vol.% ~18% [217]

AlN Ethylene glycol Spherical ~50 nm 
diam.

5.0 vol.%

10.0 vol.%

~20%

~40%

[228]

Au Toluene Spherical ~10–20 nm 
diam.

0.011 vol.% ~9% [11]

CuO Ethylene glycol Spherical ~35 nm 
diam.

4.0 vol.% ~22% [190]

CuO Ethylene glycol Spherical ~23 nm 
diam.

~15.0 vol.% ~55% [209]

Fe3O4 Kerosene Spherical ~15 nm 
diam.

0.50 vol.%

1.0 vol.%

~15%

~34%

[169]

Graphene Ethylene glycol @ 
20°C

Ethylene glycol @ 
50°C

2D sheets ~500 × 
600 nm

0.14 vol.% 0.14 vol.% 6.5%

36%

[184]

h-BN Stamping lubricant 
@ 50°C

2D sheets ~500 × 
500 nm

~5 atomic layer thick

0.01 wt.%

0.10 wt.%

~25%

~30%

[6]

h-BN Metal cutting fluid 
@ 50°C

2D sheets ~500 × 
500 nm

~5 atomic layer thick

0.01 wt.%

0.10 wt.%

~14%

~18%

[6]

MWCNT Ethylene glycol Rods length: 30 μm

Diam.: 15 nm

0.05 vol.%

1.0 vol.%

~7%

~13%

[67]

MWCNT Ethylene glycol Rods length: μm 
range

Diam.: ~20–30 nm

0.50 vol.%

1.0 vol.%

~8%

~13%

[14]

SiO2 Ethanol Spherical ~23 nm 
diam.

1.0 vol.% ~5% [40]

SiO2 Ethylene glycol Spherical ~23 nm 
diam.

1.0 vol.% ~4% [40]

TiO2 Ethylene glycol/water 
(20/80%)

Spherical ~21 nm 
diam.

4.0 vol.% ~15% [224]

Notes: if not specified, measurements were conducted at room temperature.

Table 4. Influence of diverse nanofluids in thermal management.
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Filler Nanoparticles morphology Filler fraction TC enhancement Ref.
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Diam.: 20 nm
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Notes: if not specified, measurements were conducted at room temperature.
1At 50°C.
2At 60°C.
3With addition of CTAB.

Table 3. Influence of water-based nanofluids in thermal management.
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5. Summary

The heat required to be dissipated from systems is continually increasing due to industrial 
and economic trends to miniaturize designs, make better use of resources, obtain more power 

Filler Conventional fluid Nanoparticles 
morphology

Filler fraction TC 
enhancement

Ref.

Al2O3 Ethylene glycol Spherical ~10 nm 
diam.

5.0 vol.% ~18% [217]

AlN Ethylene glycol Spherical ~50 nm 
diam.

5.0 vol.%

10.0 vol.%

~20%

~40%

[228]

Au Toluene Spherical ~10–20 nm 
diam.

0.011 vol.% ~9% [11]

CuO Ethylene glycol Spherical ~35 nm 
diam.

4.0 vol.% ~22% [190]

CuO Ethylene glycol Spherical ~23 nm 
diam.

~15.0 vol.% ~55% [209]

Fe3O4 Kerosene Spherical ~15 nm 
diam.

0.50 vol.%

1.0 vol.%

~15%

~34%

[169]

Graphene Ethylene glycol @ 
20°C

Ethylene glycol @ 
50°C

2D sheets ~500 × 
600 nm

0.14 vol.% 0.14 vol.% 6.5%

36%

[184]

h-BN Stamping lubricant 
@ 50°C

2D sheets ~500 × 
500 nm

~5 atomic layer thick

0.01 wt.%

0.10 wt.%

~25%

~30%

[6]

h-BN Metal cutting fluid 
@ 50°C

2D sheets ~500 × 
500 nm

~5 atomic layer thick

0.01 wt.%

0.10 wt.%

~14%

~18%

[6]

MWCNT Ethylene glycol Rods length: 30 μm

Diam.: 15 nm

0.05 vol.%

1.0 vol.%

~7%

~13%

[67]

MWCNT Ethylene glycol Rods length: μm 
range

Diam.: ~20–30 nm

0.50 vol.%

1.0 vol.%

~8%

~13%

[14]

SiO2 Ethanol Spherical ~23 nm 
diam.

1.0 vol.% ~5% [40]

SiO2 Ethylene glycol Spherical ~23 nm 
diam.

1.0 vol.% ~4% [40]

TiO2 Ethylene glycol/water 
(20/80%)

Spherical ~21 nm 
diam.

4.0 vol.% ~15% [224]

Notes: if not specified, measurements were conducted at room temperature.

Table 4. Influence of diverse nanofluids in thermal management.
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output, environmentally friendly materials, and obtain more profits. The present work offers 
a general overview of the recent research and development on preparation and characteriza-
tion of nanofluids for thermal management applications, with emphasis on experimental 
data, variables and features. Nowadays, many technologies search for the highest efficiency 
mainly for energy savings, particularly on cooling or heat dissipation challenges within 
devices and machinery components. Many interesting properties of nanofluids have been 
reported in the past decades. Several efforts have been made trying to homogeneously dis-
perse nanostructures within conventional HTFs to improve their properties. Nanofillers size 
has positive effects on conventional HTFs performance, i.e., compared to larger dispersed 
solid particles making flow through microchannels much easier, also since diverse param-
eters are critical for devices performance, such as morphology and stability of dispersed 
nanostructures, fluids composition, viscosity, fast sedimentation, channels clogging, erosion, 
wear, among others, which are often very serious for systems consisting of small channels. 
It is noted that nature of enhancement in thermal transport with nanoparticles concentration 
and temperature increment differs from fluid to fluid, which is comprehensible due to many 
factors such as fluids composition, viscosity, nature of fluids (morphology as well as interac-
tion between fluid and nanofillers), etc.

It is found that factors such as temperature and filler fraction are more sensitive in deter-
mining the effective thermal conductivity in low viscosity fluids. The lower the filler con-
centration, the higher the stability (but lower thermal conductivity improvement), which 
means that a medium must be found between the two to prevent nanoparticles sedimenta-
tion/agglomeration, the free phonon/electron movement is affected by these defects, and 
hence a surfactant-free stable suspension can provide much better thermal conductivity. 
Nanofluids stability is a key factor to evaluate the quality of the nanofluids, and is consider-
ably valued in the industrial applications. Additives or surfactants could be used to promote 
nanoparticles stabilization, but with some main drawbacks such as decrease of thermal con-
ductivity, since surfactants could introduce defects at the solution/particle interfaces. Some 
nanofluids are currently expensive, partly due to the difficulty in manufacturing either 
the nanostructures to be afterward dispersed within conventional fluids or the nanofluids 
by themselves. Optimum layer thickness and filler fraction are important parameters in 
research of thermal transport, electrical and physical behavior and general aspects of both 
fundamental and applied characteristics. Mass production of nanostructures could further 
reduce the costs, and also using low filler fractions is another way to make nanofluids more 
affordable. Although nanofluids have displayed paramount and exciting potential applica-
tions, some vital hinders also exist before regular commercialization and industrialization 
of nanofluids.
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tion of nanofluids for thermal management applications, with emphasis on experimental 
data, variables and features. Nowadays, many technologies search for the highest efficiency 
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devices and machinery components. Many interesting properties of nanofluids have been 
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perse nanostructures within conventional HTFs to improve their properties. Nanofillers size 
has positive effects on conventional HTFs performance, i.e., compared to larger dispersed 
solid particles making flow through microchannels much easier, also since diverse param-
eters are critical for devices performance, such as morphology and stability of dispersed 
nanostructures, fluids composition, viscosity, fast sedimentation, channels clogging, erosion, 
wear, among others, which are often very serious for systems consisting of small channels. 
It is noted that nature of enhancement in thermal transport with nanoparticles concentration 
and temperature increment differs from fluid to fluid, which is comprehensible due to many 
factors such as fluids composition, viscosity, nature of fluids (morphology as well as interac-
tion between fluid and nanofillers), etc.

It is found that factors such as temperature and filler fraction are more sensitive in deter-
mining the effective thermal conductivity in low viscosity fluids. The lower the filler con-
centration, the higher the stability (but lower thermal conductivity improvement), which 
means that a medium must be found between the two to prevent nanoparticles sedimenta-
tion/agglomeration, the free phonon/electron movement is affected by these defects, and 
hence a surfactant-free stable suspension can provide much better thermal conductivity. 
Nanofluids stability is a key factor to evaluate the quality of the nanofluids, and is consider-
ably valued in the industrial applications. Additives or surfactants could be used to promote 
nanoparticles stabilization, but with some main drawbacks such as decrease of thermal con-
ductivity, since surfactants could introduce defects at the solution/particle interfaces. Some 
nanofluids are currently expensive, partly due to the difficulty in manufacturing either 
the nanostructures to be afterward dispersed within conventional fluids or the nanofluids 
by themselves. Optimum layer thickness and filler fraction are important parameters in 
research of thermal transport, electrical and physical behavior and general aspects of both 
fundamental and applied characteristics. Mass production of nanostructures could further 
reduce the costs, and also using low filler fractions is another way to make nanofluids more 
affordable. Although nanofluids have displayed paramount and exciting potential applica-
tions, some vital hinders also exist before regular commercialization and industrialization 
of nanofluids.
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1. Introduction

The idea of fractional order calculus is as old as traditional order calculus. The pioneering
systematic studies are devoted to Riemann-Liouville and Leibniz [1]. The subject is growing
day by day and its applications have been utilized in different fields, for example, viscoelasticity,
bioengineering, biophysics and mechatronics [2]. The applications of non-integer order calculus
have also been encountered in different areas of science despite mathematics and physics dras-
tically [3–5]. In fluid dynamics, the fractional order calculus has been broadly used to describe
the viscoelastic behaviour of the material. Viscoelasticity of a material is defined it deforms
evince both viscous and elastic behaviour via storage of mechanical energy and simultaneous
behaviour. Mainardi [6] examined the connections among fractional calculus, wave motion and
viscoelasticity. It is increasingly seen as an efficient tool through which useful generalization of
physical concepts can be obtained. Hayat et al. [7] studied the periodic unidirectional flows of a
viscoelastic fluid with the Maxwell model (fractional). Qi and Jin [8] analyzed the unsteady
rotating flows of viscoelastic fluid with the fractional Maxwell model between coaxial cylinders.
Many other researchers used the idea of fractional calculus and published quite number of
research papers in some reputable journals [9–11].

Several versions of fractional derivatives are now available in the literature; however, the
widely used derivatives are the Riemann-Liouville fractional derivatives and Caputo/frac-
tional derivative [12, 13]. However, the researchers were facing quite number of difficulties in
using them. For example, the Riemann-Liouville derivative of a constant is not zero and the
Laplace transform of Riemann-Liouville derivative contains terms without physical signifi-
cance. Though the Caputo fractional derivative has eliminated the short fall of Riemann-
Liouville derivative, its kernal has singularity point. Ali et al. [14] reported the conjugate effect
of heat and mass transfer on time fraction convective flow of Brinkman type fluid using the
Caputo approach. Shahid et al. [15] investigated the approach of Caputo fractional derivatives
to study the magnetohyrodynamic (MHD) flow past over an oscillating vertical plate along
with heat and mass transfer. Recently, Caputo and Fabrizio (CF) have initiated a fractional
derivative with no singular kernel [16]. However, Shah and Khan [17] analyzed that heat
transfer analysis in a grade-two fluid over an oscillating vertical plate by using CF derivatives.
Ali et al. [18] studied the application of CF derivative to MHD free convection flow of gener-
alized Walter’s-B fluid model. Recently, Sheikh et al. [19] applied CF derivatives to MHD flow
of a regular second-grade fluid together with radiative heat transfer.

However, the idea of fractional calculus is very new in nanoscience, particularly in nanofluid
also called smart fluid [20]. In this study, we have applied the fractional calculus idea more
exactly, the idea of CF derivatives to a subclass of differential type fluid known as the second-
grade fluid with suspended nanoparticles in spherical shape of molybdenum disulphide
(MoS2). Generally, the purpose of nanoparticles when dropped in regular fluid/base fluid/host
fluid is to enhance the thermal conductivity of the host fluid. The inclusion of nanomaterial not
only increases the thermal conductivity but also increases the base fluid viscosity (Wu et al.
[21], Wang et al. [22], Garg et al. [23] and Lee et al. [24]). For this purpose, several types of
nanomaterials, such as carbides, oxides and iron, and so on, are available in the market with
their specific usage/characteristics and applications. For example, nanomaterial can be used as
a nanolubricants, friction reductant, anti-wear agent and additive to tribological performance.
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Oxides, such as copper CuO2ð Þ and titanium oxides TiO2ð Þ, can be used as an additive to
lubricants. The combustion of fossil fuels produces injurious gases (CO and NO) that cause air
pollution and global warming. To save natural recourses and produce environment-friendly
products, currently, nanomaterials are used to enhance the fuel efficiency of the oils [25].

Among the different types of nanomaterial, there is one called molybdenum disulphide nano-
material MoS2, used very rarely in nanofluid studies. Although MoS2 nanoparticles are not
focused more, they have several interesting and useful applications. Applications of molybde-
num disulphide can be seen inMoS2-based lubricants such as two-stroke engines, for example,
motorcycle engines, automotive CV and universal joints, bicycle coaster brakes, bullets and ski
waxes [26]. Moreover, the MoS2 has a very high boiling point and many researchers have
investigated it as a lubricant The first theoretical study onMoS2-based nanofluid was performed
by Shafie et al. [27], where they studied the shape effect of MoS2 nanoparticles of four different
shapes (platelet, cylinder, brick and blade) in convective flow of fluid in a channel filled with
saturated porous medium.

By keeping in mind the importance of MoS2 nanoparticles, this chapter studies the joint
analysis of heat and mass transfer in magnetite molybdenum disulphide viscoelastic
nanofluid of grade two. The concept of fractional calculus has been used in formulating the
generalized model of grade-two fluid. MoS2 nanoparticles of spherical shapes have been
used in engine oil chosen as base fluid. The problem is formulated in fractional form and
Laplace transform together. CF derivatives have been used for finding the exact solution of
the problem. Results are obtained in tabular and graphical forms and discussed for rheolog-
ical parameters.

2. Solution of the problem

Let us consider heat and mass transfer analysis in magnetite molybdenum disulphide nanofluid
of grade two with viscosity and elasticity effects.MoS2 nanoparticles in powder form of spherical
shape are dissolved in engine oil chosen as base fluid. MoS2 nanofluid is taken over an infinite
plate placed in xy-plane. The plate is chosen in vertical direction along x-axis, and y-axis is
transverse to the plate. Electrically conducting fluid in the presence of uniform magnetic B0 is
considered which is taken normal to the flow direction. Magnetic Reynolds number is chosen
very small so that induced magnetic field can be neglected. Before the time start, both the fluid
and plate are stationary with ambient temperature T∞ and ambient concentration C∞. At time
t = 0+, both the plate and fluid starts to oscillate in its own direction with constant amplitude U
and frequency ω. Schematic diagram is shown in Figure 1.

Under these assumptions, the problem is governed by the following system of differential
equations:

ρnf
∂u
∂t

¼ μnf
∂2u
∂y2

þ α1
∂3u
∂t∂y2

� σnf B2
0uþ g ρβT

� �
nf T � T∞ð Þ þ g ρβC

� �
nf C� C∞ð Þ, (1)

ρcp
� �

nf
∂T
∂t

¼ knf
∂2T
∂y2

, (2)
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∂C
∂t

¼ Dnf
∂2C
∂y2

, (3)

where ρnf , σnf ,μnf βT
� �

nf , βC
� �

nf , knf , ρCp
� �

nf , Dnf are the density, electrical conductivity, viscos-

ity, thermal expansion coefficient, coefficient of concentration, thermal conductivity, heat capacity
and mass diffusivity of nanofluid. α1 shows second two parameters, and g denotes acceleration
due to gravity.

The appropriate initial and boundary conditions are

u y; 0ð Þ ¼ 0 T y; 0ð Þ ¼ T∞ C y; 0ð Þ ¼ C∞ y > 0,
u 0; tð Þ ¼ UH tð Þ cosωt T 0; tð Þ ¼ Tw C 0; tð Þ ¼ Cw t > 0,
u ∞; tð Þ ¼ 0 T ∞; tð Þ ¼ T∞ C ∞; tð Þ ¼ C∞ as y ! ∞, t > 0:

(4)

For nanofluids, the expressions for ρnf , μnf ,ρβnf , ρcp
� �

nf are given by:

μnf ¼
μf

1� ϕ
� �2:5 , ρnf ¼ 1� ϕ

� �
ρf þ ϕρs, ρβT

� �
nf ¼ 1� ϕ

� �
ρβ
� �

f þ ϕ ρβ
� �

s,

ρβC
� �

nf ¼ 1� ϕ
� �

ρβ
� �

f þ ϕ ρβ
� �

s, ρcp
� �

nf ¼ 1� ϕ
� �

ρcp
� �

f

þϕ ρcp
� �

s, σnf ¼ σf 1þ 3 σ� 1ð Þϕ
σþ 2ð Þ � σ� 1ð Þϕ

� �
,

σ ¼ σs
σf

,
knf
kf

¼ ks þ 2kf
� �� 2ϕ kf � ks

� �

ks þ 2kf
� �þ ϕ kf � ks

� � , Dnf ¼ 1� ϕ
� �

Df : (4a)

Figure 1. Schematic Diagram of the flow.
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where ϕ describes the volume fraction of nanoparticles. The subscripts s and f stands for solid
nanoparticles and base fluid, respectively. The numerical values of physical properties of
nanoparticle and base fluid are mentioned in Table 1.

Introducing the following dimensional less variables

v ¼ u
U
, ξ ¼ U

ν
y, τ ¼ U2

ν
t, θ ¼ T � T∞

Tw � T∞
, Φ ¼ C� C∞

Cw � C∞
:

into Eqs. (1)–(4), we get

∂v
∂τ

¼ 1
Re

∂2v
∂ξ2

þ β
a1

∂3v
∂τ∂ξ2

�M1vþ Grϕ2θþ Gmϕ3Φ, (5)

Prϕ4

λnf

∂θ
∂τ

¼ ∂2θ

∂ξ2
, (6)

∂Φ
∂τ

¼ 1
a4

∂2Φ

∂ξ2
: (7)

v ξ; 0ð Þ ¼ 0 θ ξ; 0ð Þ ¼ 0 Φ ξ; 0ð Þ ¼ 0

v 0; τð Þ ¼ cosωτ θ 0; τð Þ ¼ 1 Φ 0; τð Þ ¼ 1

v ∞; τð Þ ¼ 0 θ ∞; τð Þ ¼ 0 Φ ∞; τð Þ ¼ 0,

(8)

where

Re ¼ 1� ϕ
� �2:5a1, M1 ¼ Mϕ1

a1
, ϕ1 ¼ 1þ 3 σ� 1ð Þϕ

σþ 2ð Þ � σ� 1ð Þ ,

ϕ2 ¼ 1� ϕ
� �

ρf þ ϕρs
βTs
βTf

, ϕ3 ¼ 1� ϕ
� �

ρf þ ϕρs
βCs
βCf

,

ϕ4 ¼ 1� ϕ
� �þ ϕ

ρcp
� �

s

ρcp
� �

f

, λnf ¼
knf
kf

, a1 ¼ 1� ϕ
� �þ ϕ

ρs

ρf
, a4 ¼ Sc

1� ϕ
� � ,

where Re is the Reynolds number, β ¼ α1U2

ρf ν
2 is the non-dimensional second-grade parameter,

M ¼ σf B2
0ν

ρf U
2 shows the Hartmann number (magnetic parameter), Gr ¼ gνβTf

U3 Tw � T∞ð Þ is the

Model ρ kgm�3
� �

Cp Jkg�1K�1� �
Cp Jkg�1K�1� �

β� 10�5 K�1� �

Engine oil 863 2048 0.1404 0.00007
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∂C
∂t

¼ Dnf
∂2C
∂y2

, (3)

where ρnf , σnf ,μnf βT
� �

nf , βC
� �

nf , knf , ρCp
� �

nf , Dnf are the density, electrical conductivity, viscos-

ity, thermal expansion coefficient, coefficient of concentration, thermal conductivity, heat capacity
and mass diffusivity of nanofluid. α1 shows second two parameters, and g denotes acceleration
due to gravity.

The appropriate initial and boundary conditions are

u y; 0ð Þ ¼ 0 T y; 0ð Þ ¼ T∞ C y; 0ð Þ ¼ C∞ y > 0,
u 0; tð Þ ¼ UH tð Þ cosωt T 0; tð Þ ¼ Tw C 0; tð Þ ¼ Cw t > 0,
u ∞; tð Þ ¼ 0 T ∞; tð Þ ¼ T∞ C ∞; tð Þ ¼ C∞ as y ! ∞, t > 0:

(4)

For nanofluids, the expressions for ρnf , μnf ,ρβnf , ρcp
� �

nf are given by:

μnf ¼
μf

1� ϕ
� �2:5 , ρnf ¼ 1� ϕ

� �
ρf þ ϕρs, ρβT

� �
nf ¼ 1� ϕ

� �
ρβ
� �

f þ ϕ ρβ
� �

s,

ρβC
� �

nf ¼ 1� ϕ
� �

ρβ
� �

f þ ϕ ρβ
� �

s, ρcp
� �

nf ¼ 1� ϕ
� �

ρcp
� �

f

þϕ ρcp
� �

s, σnf ¼ σf 1þ 3 σ� 1ð Þϕ
σþ 2ð Þ � σ� 1ð Þϕ

� �
,

σ ¼ σs
σf

,
knf
kf

¼ ks þ 2kf
� �� 2ϕ kf � ks

� �

ks þ 2kf
� �þ ϕ kf � ks

� � , Dnf ¼ 1� ϕ
� �

Df : (4a)

Figure 1. Schematic Diagram of the flow.
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where ϕ describes the volume fraction of nanoparticles. The subscripts s and f stands for solid
nanoparticles and base fluid, respectively. The numerical values of physical properties of
nanoparticle and base fluid are mentioned in Table 1.

Introducing the following dimensional less variables

v ¼ u
U
, ξ ¼ U

ν
y, τ ¼ U2

ν
t, θ ¼ T � T∞

Tw � T∞
, Φ ¼ C� C∞

Cw � C∞
:

into Eqs. (1)–(4), we get

∂v
∂τ

¼ 1
Re

∂2v
∂ξ2

þ β
a1

∂3v
∂τ∂ξ2

�M1vþ Grϕ2θþ Gmϕ3Φ, (5)

Prϕ4

λnf

∂θ
∂τ

¼ ∂2θ

∂ξ2
, (6)

∂Φ
∂τ

¼ 1
a4

∂2Φ

∂ξ2
: (7)

v ξ; 0ð Þ ¼ 0 θ ξ; 0ð Þ ¼ 0 Φ ξ; 0ð Þ ¼ 0

v 0; τð Þ ¼ cosωτ θ 0; τð Þ ¼ 1 Φ 0; τð Þ ¼ 1

v ∞; τð Þ ¼ 0 θ ∞; τð Þ ¼ 0 Φ ∞; τð Þ ¼ 0,

(8)

where

Re ¼ 1� ϕ
� �2:5a1, M1 ¼ Mϕ1

a1
, ϕ1 ¼ 1þ 3 σ� 1ð Þϕ

σþ 2ð Þ � σ� 1ð Þ ,

ϕ2 ¼ 1� ϕ
� �

ρf þ ϕρs
βTs
βTf

, ϕ3 ¼ 1� ϕ
� �

ρf þ ϕρs
βCs
βCf

,

ϕ4 ¼ 1� ϕ
� �þ ϕ

ρcp
� �

s

ρcp
� �

f

, λnf ¼
knf
kf

, a1 ¼ 1� ϕ
� �þ ϕ

ρs

ρf
, a4 ¼ Sc

1� ϕ
� � ,

where Re is the Reynolds number, β ¼ α1U2

ρf ν
2 is the non-dimensional second-grade parameter,

M ¼ σf B2
0ν

ρf U
2 shows the Hartmann number (magnetic parameter), Gr ¼ gνβTf

U3 Tw � T∞ð Þ is the

Model ρ kgm�3
� �

Cp Jkg�1K�1� �
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β� 10�5 K�1� �

Engine oil 863 2048 0.1404 0.00007
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thermal Grashof number, Gm ¼ gνβCf
U3 Cw � C∞ð Þ is the mass Grashof number, Pr ¼ μcpð Þf

k is the

Prandtl number and Sc ¼ ν
Df

is the Schmidt number.

3. Exact solution

In order to develop the generalized second-grade nanofluid model, we replace the partial
derivative with respect to τ by CF fractional operator of order α, and Eqs. (5)–(7) can bewritten as

Dα
τv ξ; τð Þ ¼ 1

Re
∂2v
∂ξ2

þ β
a1

Dα
τ

∂3v
∂τ∂ξ2

�M1vþ Grϕ2θþ Gmϕ3Φ, (9)

Prϕ4

λnf
Dα

τθ ¼ ∂2θ

∂ξ2
, (10)

a4Dα
τΦ ¼ ∂2Φ

∂ξ2
, (11)

where Dα
τ (.) is known as Caputo-Fabrizio time fractional operator and is defined as:

Dα
τ f ðτÞ ¼

1
1� α

ðτ

0

exp
�αðτ� tÞ
1� α

� �
f }

0 ðτÞdt; for 0 < α < 1 (12)

Applying Laplace transform to Eqs. (9)–(11) and using the corresponding initial conditions
from Eq. (8), we have:

d2θ ξ; qð Þ
dξ2

� b1q
qþ γ1

θ ξ; qð Þ ¼ 0, (13)

d2Φ ξ; qð Þ
dξ2

� a2q
qþ γ1

Φ ξ; qð Þ ¼ 0, (14)

d2v ξ; qð Þ
dξ2

�M4 qþM3ð Þ
qþ d1ð Þ v ξ; qð Þ ¼ �Grϕ2θ ξ; qð Þ � Gmϕ3Φ ξ; qð Þ: (15)

where b1 ¼ Prϕ4
λnf

γ0, γ1 ¼ αγ0, a2 ¼ a4γ0, M4 ¼ M1þγ0
d0

, M3 ¼ M1γ1
M1þγ0

, d1 ¼ a1γ1
a1þRe βγ0

, γ0 ¼ 1
1�α and

d0 ¼ a1þReβγ0
Rea1

:

Boundary conditions are transformed to:

θ 0; qð Þ ¼ 1
q
, θ ∞; qð Þ ¼ 0, (16)

Φ 0; qð Þ ¼ 1
q
, Φ ∞; qð Þ ¼ 0, (17)
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v 0; qð Þ ¼ q
q2 þ ω2 , v ∞; qð Þ ¼ 0: (18)

Upon solving Eqs. (13)–(15) and using the boundary conditions from Eqs. (16)–(18), we get:

θ ξ; qð Þ ¼ 1
q
exp �ξ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
b1q

qþ γ1

s !
, (19)

Φ ξ; qð Þ ¼ 1
q
exp �ξ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
a2q

qþ γ1

r� �
, (20)

v ξ; qð Þ ¼ 1
2
χ ξ

ffiffiffiffiffiffiffi
M4

p
; q;�iω;M3; d1

� �
þ 1
2
χ ξ

ffiffiffiffiffiffiffi
M4

p
; q; iω;M3; d1

� �

þGr3χ ξ
ffiffiffiffiffiffiffi
M4

p
; q; 0;M3; d1

� �þ R0χ ξ
ffiffiffiffiffiffiffi
M4

p
; q; d2;M3; d1

� �

þR1χ ξ
ffiffiffiffiffiffiffi
M4

p
; q; d3;M3; d1

� �þ Gm3χ ξ
ffiffiffiffiffiffiffi
M4

p
; q; 0;M3; d1

� �

þR2χ ξ
ffiffiffiffiffiffiffi
M4

p
; q; d4;M3; d1

� �þ R3χ ξ
ffiffiffiffiffiffiffi
M4

p
; q; d5;M3; d1

� �

�Gr3χ ξ
ffiffiffiffiffi
b1

p
; q; 0; 0;γ1

� �� R0χ ξ
ffiffiffiffiffi
b1

p
; q; d2; 0;γ1

� �

�R1χ ξ
ffiffiffiffiffi
b1

p
; q; d3; 0;γ1

� �� Gm3χ ξ
ffiffiffiffiffi
a2

p
; q; 0; 0; d1

� �

�R2χ ξ
ffiffiffiffiffi
a2

p
; q; d4; 0; d1

� �� R3χ ξ
ffiffiffiffiffi
a2

p
; q; d5; 0; d1

� �
,

(21)

χ ξ; q; a; b; cð Þ ¼ 1
qþ a

exp �ξ

ffiffiffiffiffiffiffiffiffiffiffi
qþ b
qþ c

s !
: (22)

Eqs. (19) and (20) are written in simplified form

θ ξ; qð Þ ¼ χ ξ
ffiffiffiffiffi
b1

p
; q; 0; 0; γ1

� �
, (23)

Φ ξ; qð Þ ¼ χ ξ
ffiffiffiffiffi
a2

p
; q; 0; 0;γ1

� �
, (24)

where

Gr3 ¼ Gr2γ1
2

d2d3
, Gm3 ¼ Gm2γ1

2

d4d5
, Gr2 ¼ Gr1

δ1
, Gm2 ¼ Gm1

δ6
, R0 ¼ �d22Gr2 þ 2d2Gr2γ1 � Gr2γ1

2

d2 � d3
,

R1 ¼ �d32Gr2 � 3d3Gr2γ1 þ Gr2γ1
2

d2 � d3
, R2 ¼ �d42Gm2 þ 2d4Gm2γ1 � Gm2γ1

2

d4 � d5
,

R3 ¼ d52Gm2 � 3d5Gm2γ1 þ Gm2γ1
2

d4 � d5
, d2 ¼ δ4

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ42 þ 4δ5

2

s
, d3 ¼ δ4

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ42 þ 4δ5

2

s
,

d4 ¼ δ8
2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ82 þ 4δ9

2

s
, d5 ¼ δ8

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ82 þ 4δ9

2

s
, Gr1 ¼ Grϕ2

d0
, Gm1 ¼

Gmϕ3

d0
, δ1 ¼ b1M4,
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thermal Grashof number, Gm ¼ gνβCf
U3 Cw � C∞ð Þ is the mass Grashof number, Pr ¼ μcpð Þf

k is the

Prandtl number and Sc ¼ ν
Df

is the Schmidt number.

3. Exact solution

In order to develop the generalized second-grade nanofluid model, we replace the partial
derivative with respect to τ by CF fractional operator of order α, and Eqs. (5)–(7) can bewritten as

Dα
τv ξ; τð Þ ¼ 1

Re
∂2v
∂ξ2

þ β
a1

Dα
τ

∂3v
∂τ∂ξ2

�M1vþ Grϕ2θþ Gmϕ3Φ, (9)

Prϕ4

λnf
Dα

τθ ¼ ∂2θ

∂ξ2
, (10)

a4Dα
τΦ ¼ ∂2Φ

∂ξ2
, (11)

where Dα
τ (.) is known as Caputo-Fabrizio time fractional operator and is defined as:

Dα
τ f ðτÞ ¼

1
1� α

ðτ

0

exp
�αðτ� tÞ
1� α

� �
f }

0 ðτÞdt; for 0 < α < 1 (12)

Applying Laplace transform to Eqs. (9)–(11) and using the corresponding initial conditions
from Eq. (8), we have:

d2θ ξ; qð Þ
dξ2

� b1q
qþ γ1

θ ξ; qð Þ ¼ 0, (13)

d2Φ ξ; qð Þ
dξ2

� a2q
qþ γ1

Φ ξ; qð Þ ¼ 0, (14)

d2v ξ; qð Þ
dξ2

�M4 qþM3ð Þ
qþ d1ð Þ v ξ; qð Þ ¼ �Grϕ2θ ξ; qð Þ � Gmϕ3Φ ξ; qð Þ: (15)

where b1 ¼ Prϕ4
λnf

γ0, γ1 ¼ αγ0, a2 ¼ a4γ0, M4 ¼ M1þγ0
d0

, M3 ¼ M1γ1
M1þγ0

, d1 ¼ a1γ1
a1þRe βγ0

, γ0 ¼ 1
1�α and

d0 ¼ a1þReβγ0
Rea1

:

Boundary conditions are transformed to:

θ 0; qð Þ ¼ 1
q
, θ ∞; qð Þ ¼ 0, (16)

Φ 0; qð Þ ¼ 1
q
, Φ ∞; qð Þ ¼ 0, (17)
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v 0; qð Þ ¼ q
q2 þ ω2 , v ∞; qð Þ ¼ 0: (18)

Upon solving Eqs. (13)–(15) and using the boundary conditions from Eqs. (16)–(18), we get:

θ ξ; qð Þ ¼ 1
q
exp �ξ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
b1q

qþ γ1

s !
, (19)

Φ ξ; qð Þ ¼ 1
q
exp �ξ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
a2q

qþ γ1

r� �
, (20)

v ξ; qð Þ ¼ 1
2
χ ξ

ffiffiffiffiffiffiffi
M4

p
; q;�iω;M3; d1

� �
þ 1
2
χ ξ

ffiffiffiffiffiffiffi
M4

p
; q; iω;M3; d1

� �

þGr3χ ξ
ffiffiffiffiffiffiffi
M4

p
; q; 0;M3; d1

� �þ R0χ ξ
ffiffiffiffiffiffiffi
M4

p
; q; d2;M3; d1

� �

þR1χ ξ
ffiffiffiffiffiffiffi
M4

p
; q; d3;M3; d1

� �þ Gm3χ ξ
ffiffiffiffiffiffiffi
M4

p
; q; 0;M3; d1

� �

þR2χ ξ
ffiffiffiffiffiffiffi
M4

p
; q; d4;M3; d1

� �þ R3χ ξ
ffiffiffiffiffiffiffi
M4

p
; q; d5;M3; d1

� �

�Gr3χ ξ
ffiffiffiffiffi
b1

p
; q; 0; 0;γ1

� �� R0χ ξ
ffiffiffiffiffi
b1

p
; q; d2; 0;γ1

� �

�R1χ ξ
ffiffiffiffiffi
b1

p
; q; d3; 0;γ1

� �� Gm3χ ξ
ffiffiffiffiffi
a2

p
; q; 0; 0; d1

� �

�R2χ ξ
ffiffiffiffiffi
a2

p
; q; d4; 0; d1

� �� R3χ ξ
ffiffiffiffiffi
a2

p
; q; d5; 0; d1

� �
,

(21)

χ ξ; q; a; b; cð Þ ¼ 1
qþ a

exp �ξ

ffiffiffiffiffiffiffiffiffiffiffi
qþ b
qþ c

s !
: (22)

Eqs. (19) and (20) are written in simplified form

θ ξ; qð Þ ¼ χ ξ
ffiffiffiffiffi
b1

p
; q; 0; 0; γ1

� �
, (23)

Φ ξ; qð Þ ¼ χ ξ
ffiffiffiffiffi
a2

p
; q; 0; 0;γ1

� �
, (24)

where

Gr3 ¼ Gr2γ1
2

d2d3
, Gm3 ¼ Gm2γ1

2

d4d5
, Gr2 ¼ Gr1

δ1
, Gm2 ¼ Gm1

δ6
, R0 ¼ �d22Gr2 þ 2d2Gr2γ1 � Gr2γ1

2

d2 � d3
,

R1 ¼ �d32Gr2 � 3d3Gr2γ1 þ Gr2γ1
2

d2 � d3
, R2 ¼ �d42Gm2 þ 2d4Gm2γ1 � Gm2γ1

2

d4 � d5
,

R3 ¼ d52Gm2 � 3d5Gm2γ1 þ Gm2γ1
2

d4 � d5
, d2 ¼ δ4

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ42 þ 4δ5

2

s
, d3 ¼ δ4

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ42 þ 4δ5

2

s
,

d4 ¼ δ8
2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ82 þ 4δ9

2

s
, d5 ¼ δ8

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ82 þ 4δ9

2

s
, Gr1 ¼ Grϕ2

d0
, Gm1 ¼

Gmϕ3

d0
, δ1 ¼ b1M4,
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δ2 ¼ b1d1 �M4γ1 �M4M3, δ3 ¼ M4M3γ1, δ4 ¼ δ2
δ1

, δ5 ¼ δ3
δ1

, δ6 ¼ a2 �M4,

δ7 ¼ a2d1 �M4γ1 �M4M3, δ8 ¼ δ7
δ6

, δ9 ¼ δ3
δ6

:

Now, inverse Laplace transform of Eqs. (21), (23) and (24) is:

v ξ; τð Þ ¼ 1
2
χ ξ

ffiffiffiffiffiffiffi
M4

p
; τ;�iω; M3; d1

� �
þ 1
2
χ ξ

ffiffiffiffiffiffiffi
M4

p
; τ; iω;M3; d1

� �

þ Gr3χ ξ
ffiffiffiffiffiffiffi
M4

p
; τ; 0 ;M3; d1

� �
þ R0χ ξ

ffiffiffiffiffiffiffi
M4

p
; τ; d2;M3; d1

� �

þ R1χ ξ
ffiffiffiffiffiffiffi
M4

p
; τ; d3;M3; d1

� �
þ Gm3χ ξ

ffiffiffiffiffiffiffi
M4

p
; τ; 0 ;M3; d1

� �

þ R2χ ξ
ffiffiffiffiffiffiffi
M4

p
; τ; d4 ;M3; d1

� �
þ R3χ ξ

ffiffiffiffiffiffiffi
M4

p
; τ; d5;M3; d1

� �
� Gr3χ ξ

ffiffiffiffiffi
b1

p
; τ; 0; 0;αγ0

� �

� R0χ ξ
ffiffiffiffiffi
b1

p
; τ; d2; 0;αγ0

� �
� R1χ ξ

ffiffiffiffiffi
b1

p
; τ; d3; 0;αγ0

� �
� Gm3χ ξ

ffiffiffiffiffi
a2

p
; τ; 0; 0; d1ð Þ

� R2χ ξ
ffiffiffiffiffi
a2

p
; τ; d; 0; d1ð Þ � R3χ ξ

ffiffiffiffiffi
a2

p
; τ; d5; 0; d1ð Þ,

(25)

θ ξ; τð Þ ¼ χ ξ
ffiffiffiffiffi
b1

p
; τ; 0; 0;γ1

� �
, (26)

Φ ξ; τð Þ ¼ χ ξ
ffiffiffiffiffi
a2

p
; τ; 0; 0;γ1

� �
, (27)

where

χ ξ; q; a; b; cð Þ ¼ 1
qþ a

exp �ξ

ffiffiffiffiffiffiffiffiffiffiffi
qþ b
qþ c

s !
, (28)

χ ξ; τ; a; b; cð Þ ¼ e�aτ�ξ � ξ
ffiffiffiffiffiffiffiffiffiffi
b� c

p

2
ffiffiffiffi
π

p
ð∞

0

ðτ

0

eaτffiffiffi
τ

p exp aτ� cτ� ξ2

4u
� u

� �
I1 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b� cð Þut

p
Þdtdu:

�
(29)

Skin friction, Nusselt number and Sherwood number.

Skin friction, Nusselt number and Sherwood number are defined as:

Cf ¼ 1

1� ϕ
� �2:5

∂v
∂ξ

þ β
∂2v
∂ξ∂τ

����
ξ¼0

, (30)

Nu ¼ ∂θ
∂ξ

����
ξ¼0

, (31)
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Sh ¼ ∂Φ
∂ξ

����
ξ¼0

: (32)

Velocity field for regular grade-two fluid without mass transfer.

For Gm ¼ ϕ ¼ 0 in Eq. (22) reduce to the following form:

v ξ; τð Þ ¼ 1
2
χ ξ

ffiffiffiffiffiffiffi
M4

p
; τ;�iω; M3; d1

� �
þ 1
2
χ ξ

ffiffiffiffiffiffiffi
M4

p
; τ; iω;M3; d1

� �
þ Gr3χ ξ

ffiffiffiffiffiffiffi
M4

p
; τ; 0 ;M3; d1

� �

þ R0χ ξ
ffiffiffiffiffiffiffi
M4

p
; τ; d2;M3; d1

� �
þ R1χ ξ

ffiffiffiffiffiffiffi
M4

p
; τ; d3;M3; d1

� �
� Gr3χ ξ

ffiffiffiffiffi
b1

p
; τ; 0; 0;αγ0

� �

� R0χ ξ
ffiffiffiffiffi
b1

p
; τ; d2; 0;αγ0

� �
� R1χ ξ

ffiffiffiffiffi
b1

p
; τ; d3; 0;αγ0

� �
,

(33)

where b1 ¼ Prγ0, M4 ¼ Mþγ0
d0

, M3 ¼ Mγ1
Mþγ0

, d1 ¼ γ1
d0
, d0 ¼ 1þ βγ0, Gr1 ¼ Gr

d0
,

which is quite identical to the solution of Sheikh et al. [19] for 1
k ¼ R ¼ 0.

Figure 2. Velocity profile for different values of β when M ¼ 1, Gr ¼ Gm ¼ 2,Pr ¼ 5, Sc ¼ 5 and ϕ ¼ 0:02.
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δ2 ¼ b1d1 �M4γ1 �M4M3, δ3 ¼ M4M3γ1, δ4 ¼ δ2
δ1

, δ5 ¼ δ3
δ1

, δ6 ¼ a2 �M4,

δ7 ¼ a2d1 �M4γ1 �M4M3, δ8 ¼ δ7
δ6

, δ9 ¼ δ3
δ6

:

Now, inverse Laplace transform of Eqs. (21), (23) and (24) is:

v ξ; τð Þ ¼ 1
2
χ ξ

ffiffiffiffiffiffiffi
M4

p
; τ;�iω; M3; d1

� �
þ 1
2
χ ξ

ffiffiffiffiffiffiffi
M4

p
; τ; iω;M3; d1

� �

þ Gr3χ ξ
ffiffiffiffiffiffiffi
M4

p
; τ; 0 ;M3; d1

� �
þ R0χ ξ
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Skin friction, Nusselt number and Sherwood number.

Skin friction, Nusselt number and Sherwood number are defined as:
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Sh ¼ ∂Φ
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����
ξ¼0

: (32)

Velocity field for regular grade-two fluid without mass transfer.

For Gm ¼ ϕ ¼ 0 in Eq. (22) reduce to the following form:
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(33)

where b1 ¼ Prγ0, M4 ¼ Mþγ0
d0

, M3 ¼ Mγ1
Mþγ0

, d1 ¼ γ1
d0
, d0 ¼ 1þ βγ0, Gr1 ¼ Gr

d0
,

which is quite identical to the solution of Sheikh et al. [19] for 1
k ¼ R ¼ 0.

Figure 2. Velocity profile for different values of β when M ¼ 1, Gr ¼ Gm ¼ 2,Pr ¼ 5, Sc ¼ 5 and ϕ ¼ 0:02.
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4. Graphical discussion

A fractional model for the outflow of the second-grade fluid with nanoparticles over an isother-
mal vertical plate is studied. The coupled partial differential equations with Caputo-Fabrizio
time-fractional derivatives are solved analytically via Laplace transform method. Furthermore,
the influence of different embedded parameters such as α, ϕ, β, M, t Gr, Gm and Sc is shown
graphically.

Figures 2–7 depict the effect of α on v ξ; τð Þ for two different values of time. It is clear from the
figures that for smaller value of τ, when (τ = 0.2) fractional velocity is larger than classical
velocity and for larger value of τ, when (τ =2) fractional velocity is less than classical velocity.
Clearly, increasing values of α decrease v ξ; τð Þ.
Figure 2 represents the influence of β on both the velocity and microrotation profiles. A
decreasing behaviour is observed for increasing values of β in both cases. In this figure, the
comparison of second-grade fluid velocity with Newtonian fluid velocity is plotted. It is

Figure 3. Velocity profile for different values of ϕ when M ¼ 1, Gr ¼ Gm ¼ 2,Pr ¼ 5, Sc ¼ 5 and β ¼ 0:3.
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obvious that the boundary layer thickness of second-grade fluid velocity is greater as com-
pared to boundary layer thickness of Newtonian fluid. More clearly, the velocity of second-
grade fluid is smaller than Newtonian fluid.

Figure 3 shows the influence of ϕ on the flow. It was found that the velocity of fluid decreases
with the increase in ϕ due to the increase in viscosity. Because by increasing volume fraction,
the fluid becomes more viscous, which leads to a decrease in the fluid velocity.

Figures 4 and 5 show the influence of thermal Grashof number Gr and mass Grashof number
Gm on velocity and microrotation. Increasing values of both of these parameters are responsi-
ble for the rise in buoyancy forces and reducing viscous forces, which result in an increase in
fluid velocity and magnitude of microrotation.

Figure 6 depicts the MHD effect on velocity. In this type of flows, magnetic force results
in achieving steady state much faster than the non-MHD flows. Moreover, increasing values of
M enhances the Lorentz forces, as a result decelerates the fluid velocity. Figure 7 illustrates
variations in velocity for different values of Schmidt number, Sc. It shows that velocity decreases

Figure 4. Velocity profile for different values of Gr when M ¼ 1,ϕ ¼ 0:02, Gm ¼ 2,Pr ¼ 5, Sc ¼ 5 and β ¼ 0:3.
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when Sc value increases. The effect of Schmidt number on velocity is identical to that of the
magnetic parameter. The influence of phase angle ωτ on the velocity profile is shown in Figure 8.
The velocity is showing fluctuating behaviour.

In order to show the effect of α, τ and ϕ on the temperature profile in Figure 9, it is found that
temperature increasing with increasing value of ϕ: Figure 10 shows the effect of α and τ on
temperature profile. This figure shows the effect of α on the temperature profile for two
different values of τ: For smaller value of τ τ ¼ 0:2ð Þ, classical temperature is less than
fractional temperature, and for larger value, when τ ¼ 2, then the graph shows opposite
behaviour. Figure 11 shows the comparison of present solution with published result of
Sheikh et al. [19]. It is noted that in the absence of porosity and radiation, the present result
is similar to those obtained in [19. See Figure 9], which shows the validity of our obtained
results.

Variations in skin friction, Nusselt number and Sherwood number are shown in Tables 2–4.
The effect of β,α, Gr, Gm,M, Sc,ϕ,ωτ and τ on the skin friction is studied in Table 2. It is found

Figure 5. Velocity profile for different values of Gm when M ¼ 1, Gr ¼ 2,ϕ ¼ 0:02,Pr ¼ 5, Sc ¼ 5 and β ¼ 0:3.
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that skin friction increases when there is an increase in α, Gr, Gm,M, Sc,ωτ and τ:but it is
noticed that for increasing value of β and ϕ, skin friction decreases. It is due to the fact
that when ϕ increases, it gives rise to lubricancy of the oil. Table 3 represents the effect of
α,ϕ and τ on Nusselt number. As values of α,ϕ and τ increase, Nusselt number decreases.
From Table 4, it is clear that when Sc increases, Sherwood number increases, and an increase
in τ decreases Sherwood number.

5. Conclusion remarks

Unsteady MHD flow of generalized second-grade fluid along with nanoparticles has been
analyzed. The exact solution has been obtained for velocity, temperature and concentration
profile via the Laplace transform technique. The effects of various physical parameters are
studied in various plots and tables with the following conclusions:

Figure 6. Velocity profile for different values of M when ϕ ¼ 0:02, Gr ¼ Gm ¼ 2,Pr ¼ 5, Sc ¼ 5 and β ¼ 0:3.
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Figure 7. Velocity profile for different values of Sc when M ¼ 1, Gr ¼ Gm ¼ 2,Pr ¼ 5,ϕ ¼ 0:02 and β ¼ 0:3.

Figure 8. Velocity profile for different values of ω.
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Figure 9. Temperature profile for different values of ϕ when Pr ¼ 5.

Figure 10. Temperature profile for different values of time parameter.
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Figure 8. Velocity profile for different values of ω.
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Figure 9. Temperature profile for different values of ϕ when Pr ¼ 5.

Figure 10. Temperature profile for different values of time parameter.
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Figure 11. Comparison of this study with Sheikh et al. [19], when 1
k ¼ R ¼ 0.

Table 2. Effect of various parameters on the skin friction.

Table 3. Effect of various parameters on the Nusselt number.
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• With increase in volume friction ϕ of nanofluid, lubricancy of the fluid increases.

• An increase in second-grade parameter β leads to a decrease in fluid velocity.

• The velocity profile shows different behaviour for fractional parameter for different values
of time.

• In limited cases, the obtained solutions reduced to the solution of Sheikh et al. [19].
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Abstract

In this chapter, we will discuss the increase of heat transfer as well as the increase in
pressure drop to determine whether nanofluid is feasible for use in practical applications.
Addition of nanoparticles will change the thermal properties of the cooling fluid, by
calculation with performance evaluation criterion (PEC). If PEC < 1, then the heat transfer
performance is less than the pumping power, so the system is not feasible for use in
increasing heat transfer. If PEC = 1, then the heat transfer performance is smaller equal to
the pumping power so that the system does not have an impact on increasing heat
transfer. If PEC > 1, then the heat transfer performance is higher than the energy used to
drive the fluid or pumping power, and then it can be accepted as a solution to the problem
of increasing heat transfer, so that the system is feasible for use in practical applications.

Keywords: nanofluid, performance evaluation criterion, heat transfer enhancement,
pressure drop

1. Introduction

Today, energy becomes very important in human life; it is used to help human beings activity
every day. Without energy, humans will be paralyzed and cannot do anything. Energy savings
are a challenging topic to be investigated by scientists. The heat exchanger is a device widely
used in the chemical, automotive, electronic, and food industries and involves heat transfer
processes that directly influence the economy of these industries. Enhancement of heat transfer
is one of the ways used for energy saving. Various methods have been done for the use of energy
savings; both are the passive and active methods [1–3]. Passive enhancement methods include a
surface coating, rough and finned surfaces, insertion devices, curved geometry, and nanofluid.
Active method enhancement needed external energy to maintain the enhancement of the mech-
anism. Active methods include surface vibration, fluid fibration, electrohydrodynamics (EHD),
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and the use of the magnetic field. Over the past few decades, the effect of high electric fields on
the rate of heat transfer is widely known as electrohydrodynamics (EHD), [4] and the effect of the
magnetic field on magnetic iron oxide particle (Fe3O4) numerically has been investigated using
control volume finite element method (CVFEM) [5]. However, when the available space is
limited by the process, it is interesting to use the device with the same size or smaller with better
performance. It can be achieved by modifying the cooling with higher thermal conductivity to
enhance the heat transfer coefficient when compared with that of conventional fluids for the
same geometry.

The objective of this chapter is to how to decrease the size of the thermal system or to increase
their transferred thermal power using nanofluid. Nanofluids are colloidal suspensions of
nanoparticles which are engineered to have the thermal conductivity higher than that of the
base fluid and which can be used for this purpose [6, 7]. However, together with thermal
conductivity enhancement, the viscosity is increased, and the gain in transferred heat is paid
regarding pumping power. There is a competition between heat transfer rate and pumper
power.

2. Nanofluids

The cooling process is the process of heat transfer from a heat source and removed to the
environment (heat sink) at the lower temperature. In forced convection heat transfer occurs at
high-temperature to low-temperature fluids, which are separated by pipe walls. Increased heat
dissipation is done by increasing the convection surface area, i.e., using fins. This method has
been abandoned because of the higher the dimensions, and the more massive the equipment
consequently the price becomes expensive. The second way is to increase the fluid flow rate,
but it will have an impact on the greater use of energy, which causes the system to be inefficient.

The new method to increase heat transfer is to improve thermal properties of fluids especially
heat conductivity. This way is by adding solid particles with high thermal conductivity into the
cooling fluid with low thermal conductivity as shown in Figure 1.

Started by Maxwell as the pioneer [8], adding solid particles of micro size into the fluid is
expected to improve thermal properties of fluids, especially heat conductivity. Because the
particle size is large enough, the particles quickly agglomerate and cause clogging the channel.
Later, Choi [6] introduced the term nanofluid defined as colloids made of a base fluid and
nanoparticle size (1–100 nm). The properties of the fluid increase especially the heat conduc-
tivity (k), viscosity (μ), and density (r) increase in proportion to the increased particle volume
concentration, whereas the specific heat (Cp) decreases proportionally to the increase in vol-
ume concentration. The effect of nanoparticle concentration on the physical properties of
nanofluid has been studied by describing the variation in the ratio of physical properties of
nanofluid to pure water as a function of nanoparticle volume concentration [9]. Figure 2 shows
the effect of nanoparticles Al2O3 of nanoparticle concentration on the physical properties of
nanofluid, i.e., viscosity, density, and thermal conductivity, which have increased, while the
specific heat is slightly decreased compared to the base fluid.

Microfluidics and Nanofluidics278

Figure 1. Comparison of thermal conductivity for different materials.

Figure 2. Dimensionless physical properties of nanofluids in comparison to those of pure water.
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At first, the researchers only investigated the effect of particle volume concentration on ther-
mal conductivity enhancement. Three possible approaches have been pursuing the study of
nanofluid: experimental, empirical, and numerical.

2.1. Preparation methods of nanofluid

For producing high quality of nanofluids, some special conditions are prerequisites, e.g., stable
suspension, permanent suspension, no particle agglomeration, and no chemical change of the
fluids. Nanofluid preparation is a critical task with the use of nanoparticles for improving the
thermal conductivity of base fluid. Fundamentally, there are two methods for producing
nanofluids, i.e., (1) two-step method and (2) one-step method.

2.1.1. Two-step method

The two-step method is widely used in producing nanofluid synthesis considering the limita-
tions of nanoparticle supplies commercially by some companies. In this means, nanoparticles are
first created and then dispersed in the base fluids. Ultrasonic vibration is used to reduce the
agglomeration of particles intensively. Making nanofluids utilizing the two-step processes is
challenging because individual particles tend to quickly agglomerate. This agglomeration is due
to attractive van derWaals forces between nanoparticles, and the agglomeration is a critical issue
in all nanopowder technology, including nanofluid technology, and a crucial step to success in
achieving high-performance heat transfer nanofluids [9]. The methods to prevent the agglomer-
ation of particles, usually using a surfactant that regulates acidity (pH) of the base fluids.

2.1.2. One-step method

This method simultaneously generates and disperses the nanoparticles into the fluid base,
while the first method deploys previously manufactured nanoparticles into the base fluid.
Both methods involve reduction reactions or ion exchange.

Ions and other reactions products are then dispersed in the base fluid together with the
nanoparticles since they are almost impossible to separate from their surroundings. For
nanofluids containing high thermal conductivity, a one-step method is preferred to prevent
particle oxidation. The advantage of a one-step technique is that nanoparticle agglomeration is
the minimum, while the disadvantage is that very little nanofluid is produced. The one-step
method has produced nanofluids in small quantities for research purposes only, and it is
challenging to produce nanofluids commercially by this method [9]. They will be difficult to
do for two reasons: firstly, a process that requires a vacuum significantly and slows the
production of nanofluid, thereby limiting the production rate, and, secondly, producing
nanofluids by this methods is expensive [10].

While most nanofluid productions to date have used one of the above techniques, other
techniques are available depending on the particular combination of nanoparticle material
and fluids [11]. The early studies on nanofluids focused on the measurement of the thermal
conductivity. Later, more experiment regarding the convective heat transfer of nanofluids has
been developed continuously.
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3. Thermal properties of nanofluid

Thermophysical property, especially the thermal conductivity, is a vital issue in nanofluid heat
transfer phenomena. Prediction of thermal conductivity has been a severe challenge until now
because many parameters affect the thermal conductivity values. Temperature, type of the base
fluid, nanoparticle material, shape, size, volumetric fraction, production, and mixing methods
may significantly change the thermal conductivity. The literature research on thermal conductiv-
ity of nanofluids is a guide to understand how different parameters affect the value and what
kind of thermal conductivity model is selected for the calculation heat transfer enhancement.

Secondly, the viscosity is also crucial in nanofluid heat transfer performance, as the usage of
nanofluid viscosity also increases. Prediction of the viscosity of nanofluids is also a challenging
topic because of its increase in the pumping power. The similar parameters that affect thermal
conductivity affect viscosity value.

3.1. Thermal conductivity of nanofluid

Researchers have widely studied nanofluid thermal conductivity. Investigation the increase of
analytical thermal conductivity a solid-liquid mixture by adding solid particles of micro-size
balls into a liquid known as the Maxwell model.

knf ¼
kp þ 2kb þ 2φ kp � kb

� �

kp þ 2kb � φ kp � kb
� � kb (1)

where φ is the volume fraction of the nanofluid, kb is the thermal conductivity of the base fluid,
and kp is the thermal conductivity of the nanoparticles.

Hamilton and Crosser [13] proposed a model for nonspherical particles by introducing a shape
factor n given by n = 3/φ. The thermal conductivity is expressed as follows:

knf ¼
kp þ n� 1ð Þkb � n� 1ð Þφ kb � kp

� �

kp þ n� 1ð Þkb � φ kb � kp
� � kb (2)

A modified Maxwell’s model was proposed by Xuan and Li [14] by considering the Brownian
motion of the particles in the base fluid for the thermal conductivity enhancement given as

knf ¼
kp þ 2kb þ 2 kb � kp

� �
φ

kp þ 2kb � kb � kp
� �

φ
kb þ

rφCp

2

ffiffiffiffiffiffiffiffiffiffiffiffi
kBT
3πrcμ

s
(3)

where kB is the Boltzmann constant, rc is the apparent radius of the cluster, and μ is a dynamic
viscosity.

Figure 3 shows the variation of knf =kb as a function of alumina volume fraction with and
without CTAB along with its best fits with and without interfacial resistance. The knf =kb value
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of 70 CMC surfactant is also shown. The effective medium theory (EMT) fits on the experi-
mental data indicated by the solid line, which shows a perfect agreement with empirical data.
It can be seen that the value of knf/kb with pure surfactant was negative, while it was positive
at all other concentrations of nanoparticles [15]. In general the higher the particle volume
fraction, the higher the nanofluid thermal conductivity of nanofluids.

3.2. Viscosity of nanofluid

Besides the thermal conductivity of the nanofluid, another important thermophysical property
is viscosity. Viscosity describes the internal resistance of a fluid to flow, and it is an essential
property for all thermal applications involving fluids [10]. In laminar flow, the pressure drop is
directly proportional to viscosity. Furthermore, convective heat transfer coefficient is influenced
by viscosity. Hence, viscosity is as essential as thermal conductivity in engineering systems
involving fluid flow. There has been a lot of research done about nanofluids but mostly related
to heat transfer [16]. The increase in viscosity doubled, and energy is required to move the fluid
to fourfold so that fluid viscosity plays a significant role in the use of energy in the cooling
system.

Most of the viscosity enhancement studies obtained with the dispersion of nanoparticles in
the base fluid correlated with the effect of volume fraction, size, and temperature were avail-
able in the literature. The rheological behavior of nanofluid categorized into four groups [17,
18], nanofluids with volume concentration less than 0.1 vol.% whose viscosity fits with the
Einstein equation, semi-dilute nanofluids with 0.1–5 vol.% with aggregation of nanoparticles,

Figure 3. Variation of knf =kb as a function of alumina nanoparticle volume fraction with and without CTAB and its best fit
with an interfacial resistance.
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semi-concentrated nanofluids with 5–10 vol.% with aggregation of nanoparticles, and concen-
trated nanofluid with 10 vol.% concentration, is out of the usual nanofluids [19–21].

Theoretical investigations.

There are some existing theoretical formulas to estimate the viscosity of nanofluid. Among
them, equation suggested by Einstein [22] is a pioneer in determining the viscosity equation.
The assumptions based on the linear viscous fluid containing spherical particles and low
particle volume fractions (φ < 0.02). The suggested formula is as follows:

μnf ¼ μb 1þ 2:5φð Þ (4)

where μnf is the viscosity of nanofluid, μb is the viscosity of the base fluid, and φ is the volume

fraction. It is a linear increase of the viscosity with increasing volume concentration. This
formula has a limitation that is very small particle concentration. Later on, many researchers
contributed to correct this formula [16].

In 1952, Brinkman [23] extended Einstein’s formula to be used with moderate particle concen-
trations, and this correlation has more acceptance among the researchers. For particle concen-
trations less than 4%, the expression is as follows:

μnf ¼ μb 1� φð Þ2:5 (5)

Considering the effect due to the Brownian motion of particles on the bulk stress of an
approximately isotropic suspension of rigid and spherical particles, Batchelor [24] proposed
the following formula in 1977:

μnf ¼ μb 1þ 2:5φþ 6:5φ2� �
(6)

It is clear from the above two relations that, if the second or higher order of φ is ignored, then
these formulas will be the same as Einstein’s equation has been validated for a particle volume
fraction up to φ < 0:1 [16].

Nguyen et al. [17] showed that both the Brinkman [23] and Batchelor [24] equations severely
underestimate nanofluid viscosities, except at very low particle volume fractions (lower than
1%). They have proposed two correlations for nanofluids consisting 47 and 36 nm of Al2O3

nanoparticles with water, respectively, as follows:

μnf ¼ μb � 0:904e0,1842φ (7)

μnf ¼ μb 1þ 0:025φþ 0:015φ2� �
(8)

Both of these models determine the viscosity by only considering base fluid viscosity and the
particle volume fraction. Furthermore, they proposed a correlation for computing CuO water
viscosity as shown in Eq. (9) [16]:
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μnf ¼ μb 1:475� 0:319φþ 0:051φ2 þ 0:009φ3� �
(9)

Most of the equations have been developed to express viscosity as a function of volume
fraction of nanoparticles. However, the temperature is an important factor in nanofluid viscos-
ity, and, consequently, several equations have been created to investigate the temperature
effect on viscosity. Some literature is available about the temperature effect over nanofluid
viscosity [16]. Yang et al. [25] experimentally measured temperature effect of viscosity with
four temperatures (35, 43, 50, and 70�C) for four nanofluid solutions taking graphite as
nanoparticles. They experimentally showed that kinematic nanofluid viscosity decreases with
the increase of temperature. Anoop et al. [26] studied the viscosity of CuO-ethylene glycol,
Al2O3-ethylene glycol, and Al2O3-water for the temperature range of 20–50�C with a volume
concentration of 0.5, 1, 2, 4, and 6 vol.%. They found that viscosity reduces with an increase in
temperature. Investigation studies by Duangthongsuk and Wongwises [27] with TiO2 and
water for a temperature range of 15–50�C have found that viscosity of nanofluids decreases
with the rise in temperatures.

A correlation between viscosity and temperature for pure fluids was presented by Reid et al. [28]:

μnf ¼ Aexp
B
T

� �
(10)

where A and B are the functions of concentrations and T is temperature that is written by Yaws
[29] as

μ

log nfð Þ ¼ Aþ BT�1 þ CT þDT2 (11)

where A, B, C, and D are the fitting parameters.

Some correlations have also been suggested taking into account both temperature and volume
fraction effects on viscosity [16]. In 2006, Kulkarni et al. [30] proposed correlations that relate
viscosity of copper oxide nanoparticles suspended in water with a temperature range of 5–50�C:

lnμnf ¼ A
1
T

� �
� B (12)

here, A and B are functions of volume fraction φ. This correlation is mainly for aqueous
solution and is not applicable to nanofluids in the subzero temperature range.

The application for nanofluid with low viscosity (high temperature) and high thermal conduc-
tivity (small volume fraction) is promising for the future.

4. Heat transfer enhancement

Enhancement of heat transfer is a favorite and an important topic that is highly relevant to
current and future energy systems and renewable energy systems as well as for energy

Microfluidics and Nanofluidics284

conservation and environmental protection. The increase in heat transfer statement is usually
expressed by increasing the heat transfer coefficient of a system. The purposes of improving
the heat transfer rate are to reduce the size and simultaneously increase the capacity of the
thermal system.

The thermal system is expressed by thermal performance, which is the increase of heat transfer
coefficient (h) and hydraulic performance, that is, the amount of energy required to circulate
fluid within the system. The thermohydraulic performance is used as the performance indica-
tor of heat exchange tool. The heat exchanger performance test means comparing the charac-
teristics of the heat transfer coefficient and pressure loss (pressure drop) on a device of the
same dimension.

Heat transfer enhancement is the process of increasing the effectiveness of heat exchanger. It
can be achieved when the heat transfer power of a given device increased or when the pressure
losses generated by the device are reduced.

5. Performance evaluation criteria (PEC)

The main advantage of the nanofluid is it has a high thermal conductivity, which is used for
improving the efficiency of the thermal system. Adding small particles to the base fluid liquid
increases the viscosity of nanofluid [31], which also increases the pressure drop on the systems.
Due to the increased pressure drop, the operational costs of a system will be high due to the
increase in pumping power. Hence, the viscosity of nanofluid is a significant parameter for
determining the feasibility of nanofluid for heat transfer applications, depending on the signif-
icant increase in both thermophysical-properties of thermal conductivity and increased viscos-
ity [19].

As heat transfer and pressure drop are the most critical factors, they can be compared to
several approaches. It is defined as the ratio of heat transferred to the required pumping power
in the test section. To evaluate the benefits provided by the enhanced properties of the
nanofluids studied, an energetic performance evaluation criterion (PEC) is defined as heat
transfer and hydrodynamics are the most critical factors. They can be compared to a global
energy approach using the PEC defined as the ratio of heat flow rate transferred to the
required pumping power in the system [32]:

PEC ¼ mCp Ti � Toð Þ
vΔP

(13)

5.1. Pressure drop

Additionally, the heat transfer rate of nanofluids increased due to increased thermal conduc-
tivity, and the pressure drop also increased due to the increase in the nanofluid viscosity.

The pressure drop (Δp ¼ p1 � p2) is directly related to the pumping power to maintain flow;
for laminar flow the pressure drop is shown in Eq. (14):
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Δp ¼
32μLVavg

D2 (14)

The pressure drop due to viscous effects represents an irreversible pressure loss, and it is called
pressure loss ΔpL in circular tube that can be determined from the pressure drop using the
Darcy-Weisbach equation below:

ΔpL ¼ f
L
D
rU2

2
(15)

But mass flow rate is �m ¼ rAU, and the pressure drop from Eq. (15) is

Δp ¼ f
L
D
r �m

AU

� �2
2

¼ f
L
D
4�mr

πD2 ¼ f
L
D3

4�mr

π
(16)

Performance evaluation criteria by Lee [33] obtained a boundary line for laminar flow using
thermal conductivity and viscosity of nanofluids to compared than base fluid. The method has
been used to analyze the performance of nanofluid in a microchannel heat sink. A
microchannel heat sink as a passive method can be a cooling device by dissipating heat into
the surrounding air. The microchannel heat sink consists of N number of circular channels,
each with diameter d, as shown in Figure 4. The total channel width W is constant
(W ¼ N � d).

Assume a constant heat flux boundary condition for all channel, and the flow is hydrodynam-
ically and thermally fully developed. The heat transfer flow rate for convection heat transfer as
Newton’s law of cooling is

Q ¼ hAΔT (17)

The difference in temperature between the surface wall temperature and the local bulk fluid
temperature is

Q ¼ Tw � Tm ¼ Q
NπdLh

¼ Q
w
d

� �
dL

1
kNu

(18)

Figure 4. A schematic of a microchannel heat sink.
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The pressure drop for a channel with length L as follows:

ΔP ¼ f
LrU2

2d
(19)

For laminar flow, f ¼ 64=ℜ

ΔP ¼ 128μ V
N

� �
L

πd4
¼ 128μVL

πWd3
(20)

The above equation can be written to d as follows:

d ¼ 128μVL
πWΔP

� �1=3

(21)

Therefore, at a fixed volume flow rate, fixed pumping power, and a given channel length, the
following correlation can be obtained for laminar flow with constant a Nusselt number:

ΔT ¼ Q
WπLNu

128μVL
WπΔP

� �1=3

∞
μ

1
3

k
(22)

If the nanofluid is more efficient than their base fluids, the difference between the wall and
bulk fluid temperature should be smaller than the temperature using base fluids:

ΔTbf > ΔTnf (23)

and

knf
kbf

>
μnf

μbf

 !1=3

(24)

Eq. (24) shows that nanofluids are effective as long as the thermal conductivity enhancement is
more than the one-third power of the viscosity enhancement for laminar flow regime. The
boundary line for the performance of nanofluids in laminar flow regime is shown in Figure 5a.
The thermal conductivity and viscosity ratios of Al2O3 and multiwalled carbon nanotube
(MWCNT) nanofluids are measured in the work of Wu et al. [34] plotted in Figure 5. Alumina
nanofluids can provide better performance than base fluids under laminar flow regime,
whereas the tested MWCNT nanofluids are very unfavorable.

If a ratio nanofluid viscosity to the base fluid
μnf

μbf
is equal to two, the ratio thermal conductivity

of nanofluid to thermal conductivity base fluids must be more than 1259 as shown in Figure 4a.

Figure 6 shows the optimization of the preparation of nanofluid, starting with the measure-
ment of the stability of nanofluid, if it fast agglomerates necessary additional treatment, for
high stability by adding surfactant or surface modifier.
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Viscosity measurements were performed to determine the viscosity value of nanofluid, for
high viscosity nanofluid required special treatment to decrease viscosity, i.e., nanofluid used at
the temperature above room temperature. Following the above discussion with an increasing
temperature, the viscosity of nanofluid decreases.

When the viscosity of the nanofluid is low, and the thermal conductivity of the nanofluid is
high, nanofluids can be used in practical applications.

Figure 5. The boundary line for the performance of nanofluid at fixed volume flow rate and fixed pumping power:
(a) laminar flow regime and (b) turbulent flow regime. The alumina and MWCNT nanofluids measured in Wu et al.
correlation [32].
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6. Conclusion

The above discussion can be concluded that the application for nanofluid with low viscosity
(high temperature) and high thermal conductivity (small volume fraction) is promising for the
future.

Nanofluid can be used as a fluid that has a high-performance increase of heat transfer suitable
only for the cooling process, as hot fluids with low particle volume fraction.

Figure 6. Optimization fabrication of nanofluid.
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of fouling on a continuous basis. Fouling is the unwanted accumulation of substances on the 
membrane surface. There are five types of fouling including scaling (by divalent ions), heavy 
metal fouling, organic fouling, colloidal fouling, and biofouling [1, 2]. Among these fouling 
types, biofouling is the most severe since it is a dynamic process and is also the most con-
fronted one, and can contribute as much as 45% of the total fouling [1].

Biofouling due to biofilms (matrix-encapsulated bacterial colonies) and colloidal materials 
act as the main components of membrane fouling [2]. Moreover, biofilms have a significant 
impact on the membranes used for different types of water filtration such as brackish and 
seawater. Once a cell is attached to the membrane surface, it decreases membrane permeabil-
ity by forming a gel layer [3]. Biological substances always remain in the membrane. Even if 
99.9% of these materials are removed by pre-treatment, the remaining 0.1% can grow expo-
nentially by using biodegradable substances in the feed (waste) water [4].

1.2. Biofouling due to bacterial colonization

Biofouling occurs due to the adsorption of the biological cells on a membrane surface [5]. 
Biological organisms are usually identified by their length scale. Microorganisms, which lie 
within very small length scales (1–200 μm), include bacteria, fungi, and algae. Furthermore, 
length scale >200 μm is referred to macro-organisms such as larvae, barnacles, hydroids, 
tubeworms, mussels, and bivalves [1]. Bacteria are a common biofouling agent and are found 
extensively in nature. Bacterial colonization of a surface is an extremely complex process, 
where several phenomena can take place at multiple length and time scales [6–8]. Colonization 
on the surface starts with adhesion of bacteria to a solid-liquid interface. The interaction of 
bacteria with the surface leads to the formation of extracellular polymeric substance (EPS), 
where bacterial cells are embedded in a matrix. These matrix-encapsulated, surface-associated 
bacterial communities are referred to as a biofilm [9, 10]. EPS, the binding material of biofilms, 
is composed of long-chain biomolecules such as polysaccharides, nucleic acids, protein, DNA 
and lipids [11–14]. Biofilms can play an important role in chronic infections [1]. Moreover, they 
are prevalent in industrial and shipping environment, causing significant problems related to 
environmental impacts and health risks [15].

2. Background

2.1. Biofouling due to biofilm on membrane

Biofilm is one of the most challenging issues in membrane technology [16–18]. The adsorption 
of bacteria cell on the membrane surface depends on membrane properties such as membrane 
materials, hydrophobicity, and roughness [19]. The adhesive nature of EPS is considered as 
the most severe problem in membrane biofouling [20, 21]. Biofilm on the membrane surface 
reduces the permeate flux and salt rejection [22–24]. In membrane technology, the flux and 
salt rejection are the two primary criteria for characterizing of membrane performance. The 
more the flux and salt rejection, better the membrane performance is. The volume flux (J) of 
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porous membrane is usually calculated by Hagen-Poseuille equation where the pores are 
assumed to have the same radius,

  J =   ε  r   2  ___ 8𝜂𝜂𝜂𝜂     ΔP ___ Δx    (1)

Where,  Δx  is the membrane thickness,  ΔP  is pressure difference across the membrane,  η  is the 
viscosity,  τ  is tortuosity,  r  is the radius of the pore, and  ε  is the porosity of the membrane. 
Porosity can be calculated by,

  ε =   
 n  P   π  r   2 

 _____  A  m      (2)

  A  
m
    is the membrane surface area and   n  

P
    is the number of pores. Tortuosity is defined by:

  τ =     (2 − ε)    2  _____ ε    (3)

Matin et al. Provided a list of typical bacteria species that can cause biofilm formation on the 
membrane surface as well as a reduction in flux decline and salt rejection due to the formation 
of biofilm on the membrane surface [25]. They observed that, without bacterial adhesion, the 
membrane was able to reject (R) 98.2% salt. The rejection was decreased by 4.6% because of 
the biofouling on the membrane.

Biofilm is a complex structure due to the viscoelastic nature of EPS that can lead to the for-
mation of memory effect in a material [10, 26]. Rheological measurement of the biofouling 
layer on the membrane surface is required to understand the EPS nature. Patsios et al. [27] 
performed some rheological measurements of the biofouling layer on the membrane. They 
obtained nonlinear behavior of shear stress and strain of the EPS. They claimed that EPS 
shows more elastic nature than viscous on the membrane surface. The storage modulus Gˊ, 
the elastic part, was higher than the loss modulus Gˊˊ that is the viscous component. [25].

2.2. Microfluidic approach in biofouling study

In wastewater treatment, microfiltration membranes with the pore sizes lying between 0.1 and 
10 μm are used to remove bacteria. Membranes are usually part of an opaque setup, where 
only the input and the output can be measured. Advancements in micro-/nano-technologies, 
for example, microfluidic devices can be employed to study membrane processes at the pore-
scale. An example of this is the use of microfluidic-based membrane mimics, which are being 
used to explore a wide variety of membrane related issues, including biofouling. An essential 
advantage of microfluidic membrane mimics in studying biofouling is that they make real-
time microscopy of biofouling possible. Figure 1 shows a basic schematic difference between 
membrane filtration mode and microfluidic approach. The pillars are shown in Figure 1b are 
solid in structures and usually made of polydimethylsiloxane (PDMS). The gap between the 
pillars is considered as the pore. The coverslip is used to seal the device.
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Design and fabrication are the initial steps to work with microfluidic devices. Different types 
of fabrication techniques include photolithography, electron lithography, hot embossing and 
injection molding, etc. Photolithography is a common technique when feature sizes larger 
than 1 μm are desired. The nanoscale feature can also be fabricated by e-beam lithography 
where the minimum resolution could go down to 10 nm [28, 29].

2.3. Bacterial streamer due to biofouling

The impact of hydrodynamic flow on biofilms is the large time-dependent deformations that 
can result in nonlinear phenomena. An example of such phenomena is the bacterial streamer. 
Streamers form in flowing water and attach to the surface by the upstream “head” while the 
downstream “tail” can oscillate [6, 10, 30–32]. Streamers in a microfluidic system are typically 
tethered at one end to the pillar walls while the rest of the body is suspended in the down-
stream direction. Their filamentous structure can extend significantly with the flow [6, 33, 34]. 
Drescher et al. [35] revealed that streamers can cause a sudden and rapid clog in the fluid flow 
system in comparison with the biofilm attached to the surface. Surface hugging biofilms have 
a very modest effect on the flow rate whereas; streamers can drastically decrease the flow rate 
in a very short period [31].

Rusconi et al. [36] reported streamer formation in the microfluidic channel under laminar flow 
conditions. They observed formation of a single streamer in the middle of the channel con-
necting the inner corners of the channel. They also claimed that secondary flows in the curved 
edge of the channel were responsible for the location of the streamer, which was located at the 
mid-plane. They further investigated the streamer formation behavior by changing the radius 
of the curvature of a zigzag microchannel and discovered that streamer formation depends on 
the geometric angle of microchannel [37].

Valiei et al. [6] observed streamers through the height of the channel with 50 × 8 array of 
micro-pillars and mentioned it as a ‘web’ of the streamers. They claimed that flow rate has a 
significant impact on the number of streamer formation. A higher number of streamer forma-
tions was reported in the middle of channel height. Figure 2 shows the formation of bacterial 
streamers in a microfluidic device with an array of micropillars. The white arrow indicates the 

Figure 1. Schematics of (a) membrane filtration where feed is wastewater and permeate is the clean water and (b) 
microfluidic filtration mode.
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flow direction, and the red and yellow ellipses show the formed streamers attached between 
two pillars. As can be seen, the thickness of the streamers increased with the increase of time 
of the streamer. Fluorescence microscopy was used to capture the image where only bacteria 
cells are visible (green). The fluid media and the EPS appear dark.

Marty et al. [33, 34] studied the effect of different pore sizes and filtration modes on the lengths 
of streamers that formed in a microfluidic membrane mimic system. They fabricated a microflu-
idic device with 25 straight, interconnected and staggered PDMS pillars to observe the nature 
of biofouling in a membrane mimic. The width and height of pillars were 10 and 50 μm respec-
tively, and the mimic membrane pore size was 10 μm. They found that flow configuration and 
presence of tortuosity in a microchannel has a significant impact on streamer formation.

3. Basic overview of fabrication techniques

3.1. Membrane fabrication

Membrane process is an emerging separation technology. The membrane itself is the heart of a 
membrane process. It can be classified as polymeric and inorganic, porous and dense, isotropic 
and anisotropic, hydrophilic and hydrophobic, etc. Figure 3 gives an overview of types and 
preparation process of the polymeric membranes. Phase inversion (phase separation) and track 
etching are the most widely used techniques for the preparation of porous membranes [38].

In phase inversion process method, the polymer is transformed in a controlled manner from 
liquid to solid state by changing the thermodynamic state of the polymer, solvent and the solu-
tion [38, 39]. Symmetric porous phase inversion membranes are made by using water vapor as 
the coagulant. For making asymmetric membranes by phase inversion temperature increase 
and a liquid nonsolvent is used to precipitate the polymer (Figure 3). In track etching method, 
a high energy particle radiation is applied to the polymeric film, to damage the polymeric 
matrix and create tracks. By etching the polymeric material along the track uniform cylindrical  

Figure 2. Streamer formation in a microfluidic channel. Figures are reproduced with permission from Ref [6].
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pores can be obtained. Dense membranes (symmetric and asymmetric) are mainly synthe-
sized by solution casting and interfacial polymerization of two monomers on a substrate. A 
detailed explanation of membrane preparation techniques is available in the literature [38].

Membrane 
process

Polymer used in the 
fabrication process

Fabrication 
technique

Pore size Pressure 
range 
(bar)

Flux 
range 
(l.m−2.
h−1.bar−1)

Application

Microfiltration 
(MF)

Polyvinylidene 
fluoride (PVDF), poly 
(tetraflurethylene) 
(PTFE), polypropylene 
(PP), Polyethylene (PE), 
polyethersulfone (PES)

Phase inversion, 
stretching track 
etching

Porous 
10−1–10 μm

0.1–2.0 >50 Separation of 
macromolecular 
to cellular 
size particles 
(Bacteria/ fat and 
some proteins)

Ultrafiltration 
(UF)

Polyacrylonitrile (PAN), 
polysulfone (PS), poly 
(phthazine ether sulfone 
ketone) (PPESK), poly 
(vinyl butyral) PVDF PES

Phase inversion, 
solution 
wet-spinning

Porous 
10−2–10−1 μm

1.0–5.0 10–50 Separation of 
molecular to 
macromolecular 
size particles (all 
proteins)

Nanofiltration 
(NF)

Polyamides, polysulfones, 
polyols, polyphenols

Interfacial 
polymerization, 
layer-by-layer 
deposition Phase 
inversion

Porous 
10−3–10−2 μm

5.0–20 1.4–12 Separation of 
Ionic molecular 
size particles 
(Lactose)

Reverse 
osmosis (RO)

Cellulose acetate/
triacetate aromatic 
polyamide, polypiperzine, 
polybenziimidazoline

Phase inversion 
Solution casting

Dense/
Porous 
10−4–10−3 μm

10–100 0.05–1.4 Separation 
of ions (all 
minerals)

Table 1. Summary of different types of pressure-driven membrane processes [38–41].

Figure 3. Preparation methods of polymeric membrane.
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A summary of different types of pressure-driven membrane processes with their fabrication 
technique, separation principle, pore morphology, pressure and flux ranges are given in the 
Table 1. Scanning electron microscopy (SEM) images of different types of membranes are 
presented in Figure 4.

3.2. Microfluidic device fabrication

There are many types of fabrication techniques available for making micro/nano devices such 
as photolithography, etching, soft lithography, hot embossing, injection molding, E-beam 
lithography, and micro-stereolithography. Photolithography and etching are two popular fab-
rication techniques. Soft lithography is a well-known method for microfabrication. McDonald 
et al. [42] fabricated microfluidic system with PDMS by a soft lithography technique to make 
20–100 μm microfluidic structure. This technique has also worked well on hydrogel polymers 
(calcium alginate) to fabricate microfluidic network of 100 μm wide and 200 μm deep and 
25 × 25 μm cross-section [43]. A complex structure with feature sizes larger than 20 μm can 
be achieved by using rapid prototyping [44]. The fabrication of 500–2000 μm diameters and 
200–1000 μm height cylindrical columns [45] is possible by hot embossing technique. A sche-
matic diagram of a microfluidic device is shown in Figure 5. This device is used to observe 
the biofilm behavior and the change of hydrodynamics of the fluid flow through the channel 
[6]. The chip has one inlet and one outlet and is made by traditional photolithography using 
polydimethylsiloxane (PDMS).

Figure 4. (a) Surface SEM image of (a) a phase inversion porous membrane, (b) cross-sectional SEM image of an isotropic 
phase inversion membrane, (c) cross-sectional SEM image of an anisotropic phase inversion membrane, (d) surface SEM 
image of thin film composite (TFC) dense membranes, (e) cross-sectional SEM image of a TFC membrane, and (f) cross-
sectional SEM image of a TFC membrane.
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pores can be obtained. Dense membranes (symmetric and asymmetric) are mainly synthe-
sized by solution casting and interfacial polymerization of two monomers on a substrate. A 
detailed explanation of membrane preparation techniques is available in the literature [38].

Membrane 
process

Polymer used in the 
fabrication process

Fabrication 
technique

Pore size Pressure 
range 
(bar)

Flux 
range 
(l.m−2.
h−1.bar−1)

Application
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Polyvinylidene 
fluoride (PVDF), poly 
(tetraflurethylene) 
(PTFE), polypropylene 
(PP), Polyethylene (PE), 
polyethersulfone (PES)

Phase inversion, 
stretching track 
etching

Porous 
10−1–10 μm

0.1–2.0 >50 Separation of 
macromolecular 
to cellular 
size particles 
(Bacteria/ fat and 
some proteins)

Ultrafiltration 
(UF)

Polyacrylonitrile (PAN), 
polysulfone (PS), poly 
(phthazine ether sulfone 
ketone) (PPESK), poly 
(vinyl butyral) PVDF PES

Phase inversion, 
solution 
wet-spinning

Porous 
10−2–10−1 μm

1.0–5.0 10–50 Separation of 
molecular to 
macromolecular 
size particles (all 
proteins)

Nanofiltration 
(NF)

Polyamides, polysulfones, 
polyols, polyphenols

Interfacial 
polymerization, 
layer-by-layer 
deposition Phase 
inversion

Porous 
10−3–10−2 μm

5.0–20 1.4–12 Separation of 
Ionic molecular 
size particles 
(Lactose)

Reverse 
osmosis (RO)

Cellulose acetate/
triacetate aromatic 
polyamide, polypiperzine, 
polybenziimidazoline

Phase inversion 
Solution casting

Dense/
Porous 
10−4–10−3 μm

10–100 0.05–1.4 Separation 
of ions (all 
minerals)

Table 1. Summary of different types of pressure-driven membrane processes [38–41].

Figure 3. Preparation methods of polymeric membrane.
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A summary of different types of pressure-driven membrane processes with their fabrication 
technique, separation principle, pore morphology, pressure and flux ranges are given in the 
Table 1. Scanning electron microscopy (SEM) images of different types of membranes are 
presented in Figure 4.

3.2. Microfluidic device fabrication

There are many types of fabrication techniques available for making micro/nano devices such 
as photolithography, etching, soft lithography, hot embossing, injection molding, E-beam 
lithography, and micro-stereolithography. Photolithography and etching are two popular fab-
rication techniques. Soft lithography is a well-known method for microfabrication. McDonald 
et al. [42] fabricated microfluidic system with PDMS by a soft lithography technique to make 
20–100 μm microfluidic structure. This technique has also worked well on hydrogel polymers 
(calcium alginate) to fabricate microfluidic network of 100 μm wide and 200 μm deep and 
25 × 25 μm cross-section [43]. A complex structure with feature sizes larger than 20 μm can 
be achieved by using rapid prototyping [44]. The fabrication of 500–2000 μm diameters and 
200–1000 μm height cylindrical columns [45] is possible by hot embossing technique. A sche-
matic diagram of a microfluidic device is shown in Figure 5. This device is used to observe 
the biofilm behavior and the change of hydrodynamics of the fluid flow through the channel 
[6]. The chip has one inlet and one outlet and is made by traditional photolithography using 
polydimethylsiloxane (PDMS).

Figure 4. (a) Surface SEM image of (a) a phase inversion porous membrane, (b) cross-sectional SEM image of an isotropic 
phase inversion membrane, (c) cross-sectional SEM image of an anisotropic phase inversion membrane, (d) surface SEM 
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Microfluidic Membrane Filtration Systems to Study Biofouling
http://dx.doi.org/10.5772/intechopen.75006

299



4. Membranes in microfluidic devices

4.1. Direct incorporation of membranes into microfluidic devices

The commercial membrane can be incorporated into the microfluidic devices directly. The 
membrane can be fabricated as per the requirement by following the traditional membrane 
fabrication techniques described above and then bonded to the microfluidic chip. Russo et al. 
[46] directly incorporated polymeric membrane into silicon-based lab-on-chip device. Silicon 
substrate coated with a thin nitride film was used to serve as a support structure for the 
track-etched membrane. Patterning was conducted by UV exposure through chrome glass 
mask and CF4 reactive ion etching to transfer the pattern to the nitride layer. The process was 
repeated on the other side of the wafer by using the second mask with pores on it. The mem-
brane was finally incorporated into the PDMS device.

The membrane can be placed between two microfluidic chips and make a sandwiched struc-
ture. This is also another way of using a membrane directly in the microfluidic devices. By using 
this technique, a three-dimensional microfluidic network was designed by Ismagilov et al. [47] 
to investigate the interactions of chemical and biochemical reagents. They used a polycarbonate 
membrane between two PDMS microfluidic devices to make the sandwiched structure.

Membrane integrated with microfluidic device plays an essential role in the medical appli-
cation [48–51]. To study the complex phenomena inside the vascular system different types 

Figure 5. (a) Schematic of an microfluidic chip, (b) top view of the micropillar array, and (c) SEM image of micropillars 
of the equal diameter of 50 μm. Figures are taken with permission from Ref. [6].
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of membrane with the microfluidic devices are used. A microfluidic device was fabricated by 
sandwiching polyester membrane between microfluidic chips and used to study the interac-
tion of cancer cells with a vascular endothelium and to prevent the metastatic disease [49]. A 
membrane with microfluidic device was also used to demonstrate the lungs injury [50] by toxic 
substances [51]. Huh et al. made a microfluidic airway system with an approximate diameter 
of respiratory bronchioles (narrowest airways of the lungs) to explore the cellular-level lung 
injury [50]. To make a sandwich structure of a membrane in a microfluidic device, bonding 
of the membrane and the device is a critical issue to deal with the leakage. PDMS mortar film, 
which is made by mixing PDMS and toluene, can be used to effectively make the bond [52, 53]. 
Young et al. [52] fabricated such kind of devices to measure the biomolecule permeability across 
the porous membrane. PDMS prepolymer was cured, and 3 mm diameter holes were punched 
through the cured PDMS. PDMS mortar layer was then generated on a glass support, and the 
PDMS substrate was placed on the support so that the holes were not in contact with the mortar 
layer. On the other side, the membrane was pressed down into the mortar layer. Finally, the 
membrane was placed between two substrates and bonded with PDMS mortar layer. Using an 
additional PDMS separator with the membrane can be another way to prevent the leakage [54].

4.2. Membrane fabrication as a part of the microfluidic device fabrication

The membrane can be fabricated as a part of a microfabrication process instead of using the 
traditional membrane fabrication technique. Karnik et al. fabricated a composite membrane 
of copper, aluminum, spin-on-glass (SOG), and palladium for the water gas shift reaction 
experiment [55]. Silicon nitride was deposited on both sides of silicon wafers by chemical 
vapor deposition process. A thin layer of aluminum acted as an adhesive layer of the pal-
ladium. Photolithography and wet etching were used to pattern holes on the copper-alumi-
num layer and to obtain a microchannel. Ookawara et al. [56] fabricated a microchannel as 
a microseparator for oil and water separation. They made 10 mm curved radius and 112 μm 
width slits on 80 μm thick SUB308 plates by photolithography. A stack was made by putting 
the plates with and without slits in turn and diffusion bonded to make microchannel feature. 
Heyderman et al. [28] fabricated nanopore membrane chip by combining the techniques of 
hot embossing and photolithography. Silicon (Si) master mold with nanopore arrays was fab-
ricated by using electron beam lithography, and the pores were replicated on PMMA by a hot 
embossing technique. Various etching processes were used to transfer the pores on Si3N4 to 
fabricate the final nanopore membrane. Though they used PMMA resist with chromium, Si, 
and silicon nitride (Si3N4), the final membrane they obtained was made of Si3N4. The pores 
diameter varied from 100 nm to 450 nm of Si3N4 nanopore membrane. To analyze and separate 
the biological cell Dong et al. fabricated micromachined separator with soft magnetic micro-
pillar arrays that could act as a membrane to observe the performance of the cell separation 
[57]. A membrane with embedded channel was used to study the hydrodynamic behavior 
and the fouling formation on the membrane during filtration of synthetic wastewater made 
of polystyrene particle [58]. They used square-shaped silica capillaries to template the mem-
brane. Polyvinylpyrrolidone (PVP) and N-methylpyrrolidone (NMP) were used as polymer 
and solvent for membrane preparation, respectively. The silica capillaries were glued to a 
glass plate and the polymer solution was cast on the glass plate at room temperature. The 
structured membrane was then kept in a vapor bath and tap water bath for coagulation and 
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of membrane with the microfluidic devices are used. A microfluidic device was fabricated by 
sandwiching polyester membrane between microfluidic chips and used to study the interac-
tion of cancer cells with a vascular endothelium and to prevent the metastatic disease [49]. A 
membrane with microfluidic device was also used to demonstrate the lungs injury [50] by toxic 
substances [51]. Huh et al. made a microfluidic airway system with an approximate diameter 
of respiratory bronchioles (narrowest airways of the lungs) to explore the cellular-level lung 
injury [50]. To make a sandwich structure of a membrane in a microfluidic device, bonding 
of the membrane and the device is a critical issue to deal with the leakage. PDMS mortar film, 
which is made by mixing PDMS and toluene, can be used to effectively make the bond [52, 53]. 
Young et al. [52] fabricated such kind of devices to measure the biomolecule permeability across 
the porous membrane. PDMS prepolymer was cured, and 3 mm diameter holes were punched 
through the cured PDMS. PDMS mortar layer was then generated on a glass support, and the 
PDMS substrate was placed on the support so that the holes were not in contact with the mortar 
layer. On the other side, the membrane was pressed down into the mortar layer. Finally, the 
membrane was placed between two substrates and bonded with PDMS mortar layer. Using an 
additional PDMS separator with the membrane can be another way to prevent the leakage [54].

4.2. Membrane fabrication as a part of the microfluidic device fabrication

The membrane can be fabricated as a part of a microfabrication process instead of using the 
traditional membrane fabrication technique. Karnik et al. fabricated a composite membrane 
of copper, aluminum, spin-on-glass (SOG), and palladium for the water gas shift reaction 
experiment [55]. Silicon nitride was deposited on both sides of silicon wafers by chemical 
vapor deposition process. A thin layer of aluminum acted as an adhesive layer of the pal-
ladium. Photolithography and wet etching were used to pattern holes on the copper-alumi-
num layer and to obtain a microchannel. Ookawara et al. [56] fabricated a microchannel as 
a microseparator for oil and water separation. They made 10 mm curved radius and 112 μm 
width slits on 80 μm thick SUB308 plates by photolithography. A stack was made by putting 
the plates with and without slits in turn and diffusion bonded to make microchannel feature. 
Heyderman et al. [28] fabricated nanopore membrane chip by combining the techniques of 
hot embossing and photolithography. Silicon (Si) master mold with nanopore arrays was fab-
ricated by using electron beam lithography, and the pores were replicated on PMMA by a hot 
embossing technique. Various etching processes were used to transfer the pores on Si3N4 to 
fabricate the final nanopore membrane. Though they used PMMA resist with chromium, Si, 
and silicon nitride (Si3N4), the final membrane they obtained was made of Si3N4. The pores 
diameter varied from 100 nm to 450 nm of Si3N4 nanopore membrane. To analyze and separate 
the biological cell Dong et al. fabricated micromachined separator with soft magnetic micro-
pillar arrays that could act as a membrane to observe the performance of the cell separation 
[57]. A membrane with embedded channel was used to study the hydrodynamic behavior 
and the fouling formation on the membrane during filtration of synthetic wastewater made 
of polystyrene particle [58]. They used square-shaped silica capillaries to template the mem-
brane. Polyvinylpyrrolidone (PVP) and N-methylpyrrolidone (NMP) were used as polymer 
and solvent for membrane preparation, respectively. The silica capillaries were glued to a 
glass plate and the polymer solution was cast on the glass plate at room temperature. The 
structured membrane was then kept in a vapor bath and tap water bath for coagulation and 
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phase separation. After making the final structured membrane the silica capillary is placed in 
the channel of the membrane. The membrane was then placed between two lamination sheets 
to seal the chip.

4.3. Microfluidic membrane mimic

The microfluidic membrane mimic can be defined as a part of the device with pillars or 
curvature or any designed structured and the tiny gap between the structures that serve as 
a porous membrane. The design of the microseparator can be changed to mimic the differ-
ent pore sizes and shapes for the membrane study in a microfluidic device. For instance, 
Hassanpourfard et al. [59] designed and developed a detailed fabrication protocol for 
making microfluidic device that mimics the porous media to study the biofilm formation. 
Bacchin et al. [60] used different shapes of PDMS microseparator to ensure the uniform 
flow of the suspension over the width of the filtering part and to study the fouling. Derekx 
et al. [61] investigated the fouling behavior in a PDMS microfluidic mimic membrane by 

Figure 6. Schematic of microfluidic device with the mimic membrane structure [30]. The dimensions are d = 50 μm, 
w1 = 60 μm, w2 = 104 μm and P = 10 μm. The scale bar is 50 μm.
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the experiment and computer simulation. The research on microfluidic membrane mimic 
has been mainly focused on fouling phenomena in porous media. For instance, Marty et al. 
[34] fabricated microfluidic devices with straight, interconnected and staggered channels 
to observe the biofouling nature in the microfluidic device due to biofilm. They studied the 

Different materials and 
polymers used in the 
fabrication process

Membrane pore size Fabrication 
technique of 
membrane

Incorporate 
membrane in 
microfluidic 
device

Different types of 
applications

Cellulose acetate [46] MWCO: 350 Da [46] Casting Direct 
casting and 
sandwich the 
membrane in 
between the 
microfluidic 
devices

1. Biological analysis

2. Investigate chemical or 
biochemical interaction

3. Medical Application

4. Fouling characterization

Polyetherimide (PEI), 
Polyvinylpyrrolidone 
(PVP), and 
N-methylpyrrolidone 
(NMP) [58]

3–8 μm [58]

Polycarbonate [47, 53] 0.1–1 μm vertical pore

10 μm thick [47]

Commercial 
membrane

Polyester [49, 50, 53] 400 nm [49, 50]

10 μm thick and 3 μm 
and 20 μm pore [53]

Polyamide [54] RO: MWCO: 200DA [54]

Polyethylene 
terephthalate (PET) [48]

8 μm [48] Track etching

Cyclopore polycarbonate 
regular and thin clear, 
nuclepore polycarbonate 
[52]

1 μm [52]

PDMS [51] 10 μm thick and 10 μm 
effective diameter [51]

Soft lithography

Copper, aluminum and 
palladium [55]

60, 200 and 500 nm [55] Composite 
membrane and 
MEMS fabrication

Membrane 
fabrication 
as a part of 
microfluidics 
device 
fabrication

1. Oil-water separator

2. Magnetic micro separator

3. Fouling analysis

4. Biofouling study

PMMA, Si3N4, Si, Si3N4 
and Cr [28]*

Micro-slit, 112 μm [28] Hot embossing &

photolithography
SUS304 Plate[56] 500, 330, 140 nm [56]

PDMS [33, 34, 60] width: 10 μm, Length: 
200 μm or 170 μm and 
Depth: 50 μm [33, 34]

Constriction: 20 μm 
smallest width: 50 μm 
[60]

Soft lithography

Cellulose ester [61] 5 μm [61] Commercial 
membrane

Table 2. Summary of different types of microfluidic membrane device fabrication.

Microfluidic Membrane Filtration Systems to Study Biofouling
http://dx.doi.org/10.5772/intechopen.75006

303



phase separation. After making the final structured membrane the silica capillary is placed in 
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to observe the biofouling nature in the microfluidic device due to biofilm. They studied the 
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effect of different pore sizes and dead-end and pseudo cross-flow filtration modes on the 
biofouling during filtration. In subsequent work, they also reported that pore tortuosity and 
secondary flows have a significant impact on biofouling formation in the mimic system [33]. 
In the pseudo filtration mode, they did not work on the effect of pressure difference on the 
biofouling formation during filtration.

Biswas et al. [30] designed a microfluidic membrane mimic by using photolithography tech-
nique to investigate the biofouling under different flow condition. The minimum pore size con-
sidered was 10 μm and the micropillars were distributed in a staggered pattern. Figure 6 shows 
the schematic of their microfluidic device with the mimic membrane structure [30]. Transparent 
PDMS microsystem is used to mimic the membrane to study the bacteria transfer in the porous 
interface. The diameter and depth (in z-direction) of the micropillars are 50 μm. Their primary 
focus was to study the deformation mechanism of bacterial streamer that occur at the down-
stream location of the membrane during filtration process. They did not focus on the effect of 
pressure on the biofouling formation. Table 2 shows a summary of different microfluidic mem-
brane fabrication techniques with pore information and their application.

5. Conclusion

Membrane processes have been widely used in various industries for water and gas treat-
ment. Pressure-driven membrane processes for water treatment are typically categorized by 
their rejection ability into MF, UF, NF, and RO. Biofouling on the membrane surface is the 
most severe fouling among all fouling phenomena including colloidal fouling, scaling, and 
organic material fouling. The dynamic behavior and viscoelastic nature of biofouling make 
it more complicated. Hence, it is very important to observe the real-time phenomenon that 
is occurring during biofouling. Microfluidic devices have therefore become essential tools 
to study the biological growth in a flow regime. Integrating membranes with microfluidic 
devices has become very popular over the past decade. There are several ways to incor-
porate membrane into the microfluidic device. The commercial membrane can be bonded 
to the device directly, or the membrane can be fabricated as a part of a fabrication pro-
cess. Microfluidic devices equipped with membranes have been widely used in the medical 
application to study the complex permeability of macromolecular, drug or other protein. 
Such devices have recently used to study the fouling phenomenon in porous media. In this 
chapter, a thorough literature review was also provided about the microfluidic membrane 
filtration for biofouling study.
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brane fabrication techniques with pore information and their application.

5. Conclusion

Membrane processes have been widely used in various industries for water and gas treat-
ment. Pressure-driven membrane processes for water treatment are typically categorized by 
their rejection ability into MF, UF, NF, and RO. Biofouling on the membrane surface is the 
most severe fouling among all fouling phenomena including colloidal fouling, scaling, and 
organic material fouling. The dynamic behavior and viscoelastic nature of biofouling make 
it more complicated. Hence, it is very important to observe the real-time phenomenon that 
is occurring during biofouling. Microfluidic devices have therefore become essential tools 
to study the biological growth in a flow regime. Integrating membranes with microfluidic 
devices has become very popular over the past decade. There are several ways to incor-
porate membrane into the microfluidic device. The commercial membrane can be bonded 
to the device directly, or the membrane can be fabricated as a part of a fabrication pro-
cess. Microfluidic devices equipped with membranes have been widely used in the medical 
application to study the complex permeability of macromolecular, drug or other protein. 
Such devices have recently used to study the fouling phenomenon in porous media. In this 
chapter, a thorough literature review was also provided about the microfluidic membrane 
filtration for biofouling study.
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