
Chapter 1
Introduction

Abstract This chapter describes the importance of dynamic wetting research and
its application in modern industry. Some important physical concepts and principles
involved in dynamic wetting phenomena have been reviewed. This chapter also
reviews and summarizes the new achievements and contributions of recent inves-
tigations in the topics of dynamic wetting by complex fluids. The latest develop-
ment on the research of nanofluid dynamic wetting is also described. In the last part
of this chapter, the research roadmap of this book is provided.

1.1 Backgrounds

Dynamic wetting is a process that one fluid replaces the other fluid on the solid
surfaces, which is a very common natural phenomenon. The dynamic wetting is
widely involved in our daily activities and industrial applications. There are many
examples of wetting in our daily life: the morning dew hanging on the grass, the
rain drops rolling on the windows, the coffee staining the table, the water rising in
the capillaries of a tree. The dynamic wetting also takes place in many industrial
processes, such as coating, oil exploration, film manufacturing, printing, food
production, dyeing, and mineral flotation. In thermal engineering, the flow and
phase change of working mediums are two fundamental processes in many energy
convert and thermal management devices. The dynamic wetting, which relates to
the fluid flow and phase-change behaviors, plays significant roles in these energy
utilization systems. Particularly, the dynamic wetting is very important in various
microfluidic systems, such as the microchips or biochips, in which the surface
tension plays significant roles when the system size reduces.

The contact line motion is the core problem that dynamic wetting deals with. The
relationship between the dynamic contact angle and the contact line velocity
(θD–U), as well as the relationship between the spreading radius and the spreading
time (R–t), is usually used to describe the dynamic wetting of fluids on solid
surfaces. These two relationships not only present the wettability of the fluids on the
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solid surfaces, but also show the energy dissipation mechanisms during the
dynamic wetting process [1–4]. The time-dependent dynamic wetting is of great
practical interest because fluids are usually used in flow devices. The dynamic
wetting process can be divided into two categories: the forced wetting and the
spontaneous wetting. In the forced wetting, the contact line motion is triggered by
the external forces, for example, the dynamic wetting of fluid in the capillary tube is
driven by the external pressure; the other example is the electrowetting, which is
driven by the external electricity field. In the spontaneous wetting, the dynamic
wetting takes place without any external forces (except the gravity). The droplet
spreads outwards to reduce the contact angle to reach the equilibrium stage with the
lowest systemic free energy, corresponding to the equilibrium contact angle.

The dynamic wetting process looks very simple. However, complexity always
hides beneath the simplicity. The complication of dynamic wetting process lies in
several facts: (1) The process is driven by multiple driven forces, such as viscosity
force, inertial force, gravity, and capillary force; (2) the process is affected by
various properties of spreading fluids, such as surface tension, viscosity, or rheol-
ogy; (3) the process is also sensitive to various solid surface properties, such as
surface roughness, porosity, or surface charge; (4) the process usually occurs with
complex external physical fields, such as electricity field, magnetite field, or thermal
field. The complexity of dynamic wetting also lies in the famous “contact line
paradox” or “stress singularity” [2]. As shown in Fig. 1.1, if we solve the flows near
the contact line region, using the classical Navier–Stokes (NS) equations and the

Fig. 1.1 Schematic of
“contact line paradox”
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non-slip boundary conditions, we will obtain an infinite force acting at the
three-phase contact line. With such an infinite force, the contact line cannot move.
However, the dynamic wetting process always takes place spontaneously in nature.
Therefore, “not even Herakles could sink a solid if the physical model were entirely
valid” [2]. The “contact line paradox” was initially proposed by Huh and Scriven in
1971 and drew extensively research interests on this topic. However, the mystery is
still waiting for being unveiled up to now.

Recently, the researchers have paid widely attentions in nanofluid dynamic
wetting. Adding nanoparticles into base fluids can greatly change the thermal
conductivity, thermal diffusion coefficient, or phase-change behaviors. Therefore,
nanofluids have been regarded as one of the promising heat transfer enhancement
technologies. Nanofluids have been reported to increase the boiling heat transfer
coefficient or critical heat flux (CHF) value, and hence preventing the boiling crisis.
The improvement in the nanofluid boiling is not only attributed to the modification
of thermal properties, but also to the dynamic wetting behaviors. The special
dynamic wetting properties of nanofluids can provide us with a new approach to
control the fluid wetting process, with which the solid–liquid wettability can be
tuned from the aspect of fluids rather than solid surfaces. The advantage of the
tuning the wettability using nanofluids lies in the multiformity of nanofluids,
because there are many tunable parameters in nanofluids, such as nanoparticle
material, shape, diameter, loading fraction, wettability, as well as base fluid. The
tunable nanofluid dynamic wetting behaviors extend the potential applications of
nanofluids to many scientific and engineering areas. For example, we can manip-
ulate the nanoparticle self-assembly with the tunable nanofluid wettability. Then,
we can fabricate the functional surfaces with desired physical, chemical, or optical
characteristics, such as super-hydrophobic or super-hydrophilic surfaces, invisible
coating on the fighter surfaces. Nanofluids are also widely involved in the
bio/medicine engineering. The dynamic wetting plays a key role in the transport of
bio/medicine nanoparticles in the biochips or other microfluidic devices.

For nanofluids, the additional nanoparticles induce the complex particle–particle
and particle–solvent molecule interaction, which makes the dynamic wetting by
nanofluids more complex. As shown in Fig. 1.2, the study of nanofluid dynamic
wetting encounters two tremendous challenges. The first one is the lack of
nanoscale experimental technique or theoretical description of complex nanopar-
ticle random motion, sedimentation, or self-assembly. In addition, the dynamic
wetting of nanofluids was a combination process governed by multiple forces.
These forces cross several length scales, from 10−3 to 10−9 m. The lack of multi-
scale or cross-scaled experimental technique or theoretical description also prevents
the well understanding of the mechanisms of nanofluid dynamic wetting.
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1.2 Literature Review

1.2.1 Dynamic Wetting of Newtonian Fluids

In order to reveal the complex dynamic wetting phenomenon, the early studies
mainly focused on the simple fluids and ideal solid surfaces without considering the
roles of any external physical fields. Extensive experiments [5–13], theories
[14–42], and numerical simulations [43–62] have been conducted to reveal the
fundamental mechanisms of the dynamic wetting by Newtonian fluids.

Among the experiments, several experimental techniques have been developed
to measure the dynamic contact angle and the spreading radius during the dynamic
wetting process, such as droplet spreading, Wilhelmy plate dipping, plunging tape,
and capillary tube [5], which are summarized in Table 1.1.

Among the theoretical works, the dynamic wetting of Newtonian fluids has been
studied extensively in last five decades. The motivations of the early study mainly
focused on the “contact line paradox” issue or the physical mechanism of contact

Fig. 1.2 Two tremendous challenges lie in the study of nanofluid dynamic wetting. a The
nanoscale nanoparticle motions and the solid–liquid interaction. b Multiscale and cross-scaled
characteristics
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line movement. One general approach among these studies was using slip boundary
condition rather than non-slip condition to remove the stress singularity. The
paradox was solved by the math, but not by the physics. The physical connotation
of contact line movement is still beyond the satisfactory explanation [15–20].
Another way to remove the stress singularity was using a hypothetical
monomolecular thin-film layer ahead of the nominal contact line moving on the
solid surface, which was known as precursor layer. The singularity point was
removed to infinite far away by the precursor layer from the apparent contact line.
Therefore, the “contact line paradox” can be avoided [21–23].

By introducing various microscopic hypotheses to remove the stress singularity
at the contact line, several theoretical models have been established to describe the
dynamic wetting process of Newtonian fluids. Among these models, the hydro-
dynamic model (HD) [15–23] and the molecular kinetic theory (MKT) [24] are
most influential.

In HD, the “stress singularity” is assumed to only occur in the microregion near
the contact line. In this region, continuous assumptions are no longer held due to the
modification of fluid microscopic properties by the solid surface microstructure, the
fluid heterogeneity, or the non-Newtonian effects. Therefore, the traditional NS
equations with classical non-slip boundary conditions fail to describe the flows in
this region. Additional microscopic assumptions, such as the precursor layer, slip
boundary, or shear-thinning non-Newtonian conditions are needed to solve the flow
fields. The evolution of droplet shape, dynamic contact angle, and the contact line
moving velocity can be derived from the HD.

Another popular model is called MKT, which completely abandons the con-
tinuous assumptions in the NS equations and seeks a new approach to describe the

Table 1.1 Experimental techniques in the dynamic wetting

Methods Schematic Wetting modes Parameters Fundamental

Droplet
spreading

Spontaneously
wetting

R − t;
θD − U

Optical
method

Wilhelmy plate
dipping

Forced wetting θD − U Mechanical
method

Plunging tape Forced wetting θD − U Optical
method

Capillary tube Forced wetting θD − U Optical
method
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contact line motion problems. In MKT, the principal hypothesis is that the motion
of the three-phase line is ultimately determined by the statistical kinetics of
molecular adsorption/desorption events occurring within the three-phase zone. For
the contact line to advance, a forward-direction shear stress to the molecules within
three-phase zone modifies the profiles of the potential energy barriers to molecular
displacements in the forward direction. Therefore, the displacements in the forward
direction are more frequent than those in the reverse direction, leading to the
advancing of contact line.

Both of these models contain several microscopic parameters, such as the slip
length, Ls, in the HD model; the molecular displacement frequency, K; and the
displacement distance, λ, in the MKT model. These parameters are immeasurable,
but can be fitted from the macroscopic dynamic wetting data, such as θD − U and
R − t. Therefore, the experimental dynamic wetting data can provide us a tool to
look inside the microscopic pictures in the microzone of contact line region.

The typical dynamic wetting models of Newtonian fluids are listed as follows.

1. Hydrodynamic model
The HD can be divided into two categories: one is purely hydrodynamic
approach (PHA) or standard hydrodynamic approach, which is strictly derived
from the momentum equations; the other is energy-balanced approach (EBA), in
which the dynamic wetting is considered as an energy dissipation process [25].
The typical HDs of Newtonian fluids were summarized in Table 1.2.

2. Molecular kinetic model
Figure 1.3 illustrates the molecular displacement near the contact line region in
the MKT model [24, 35, 36]. The absorbed sites locate randomly on the initial
solid–liquid interface. The liquid molecular replacements occur randomly but
progressively within the moving three-phase contact line zone. At equilibrium,
the molecular displacement frequency in the forward direction equals to the
frequency in the backward direction. However, when the contact angle diverges
from the equilibrium value, the contact line movement is triggered by the
unbalanced Young’s stress, FY ¼ rLV cos h0 � cos hDð Þ. Young’s stress

Table 1.2 Typical hydrodynamic models of Newtonian fluids

Authors Model Equation Description

Dussan [18] PHA G hDð Þ ¼ G hclð ÞþCa ln LH
LS

� �
Two zones

Cox [26] PHA G hDð Þ ¼ G hclð ÞþCa ln LH
LS

� �
þ Qin

f hclð Þ � Qout
f hDð Þ

h i
Three zones

Zhou and Sheng
[27, 28]

PHA G hDð Þ ¼ G hclð Þþ 9Ca ln LH
LS

� �
þCZS

h i
Slip length
normalization

de Gennes [1,
31],
Brochard-Wyart
[32, 33]

EBA hD h2D � h20
� � ¼ 6Ca ln LH

xm

� �
Young
unbalanced
force and
viscous
dissipation
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modified the profiles of the potential energy barriers to molecular displacement,
lowering the barriers in the forward direction and raising those in the backward
direction. Consequently, the molecular displacements in the forward direction
become more frequent than those in the reverse direction, leading to the contact
line motion in the macroscopic scale. The contact line velocity is related to the
displacement frequency K and the average distance between the two adsorption
sites, λ, which gives U = Kλ. Therefore, we have the relation of the dynamic
contact angle and the contact line velocity,

cos hD ¼ cos h0 � 2kBT

rLVk
2 arcsinh

U
2Kk

� �
; ð1:1Þ

in which θ0 is the equilibrium contact angle, θD is the dynamic contact angle, kB
is Boltzmann constant, σLV is the liquid–vapor surface tension, K is the
molecular displacement frequency, λ is the average distance of molecular
displacement.

The advantage of MKT lies in its microscopic instinct in the explanation of
contact line motion, without the help of slip hypothesis. In addition, the solid
surface characteristics can be considered in the model. However, the model does
not consider the viscous effects. The two models provide two explanations from
different aspects to the contact line motion. In the HD model, the energy dissipation
during the dynamic wetting occurs in the bulk droplet, referred to as the bulk
dissipation or the viscous dissipation. In this model, the apparent contact angle is
defined by either the outer region angle or the included angle that the moving
meniscus extends to the solid–liquid interface. However, in the MKT model, the
energy dissipation taking place in the vicinity of contact line zone dominates the
spreading energy dissipation process, which is known as the local dissipation. The
moving meniscus is determined by Young–Laplace equation. Therefore, the
macroscopic contact angle in the MKT is strictly defined. It should be noted that
there is still controversy whether λ depending on the liquid properties or solid
surface properties in MKT [8, 38, 39]. Blake, who initially proposed the theory,
claimed that the parameter λ might depend on the molecular size, but is determined,
to a much greater extents, by the distance of the absorption sites on the solid surface
[36]. The MKT model has been widely applied in the Newtonian fluid dynamic
wetting process [36–40].

U

Solid

VaporLiquid D

Fig. 1.3 Schematic of molecular displacement near the contact line region in MKT model [35]

1.2 Literature Review 7



The two typical models provide the understanding of contact line motion from
different aspects, and also provide good agreement with most experimental data.
However, both models have their limitations in the scope of application. In addi-
tion, they both contain unmeasured microscopic parameters. Table 1.3 compares the
two typical dynamic wetting models.

The spreading law, the relation of spreading radius versus spreading time, is
another research topic in the dynamic wetting. The spreading law has been estab-
lished for the complete wetting of Newtonian fluids. The spreading radius is
expressed as the power law of spreading time, R(t)–atα, in which α is the spreading
exponent. The exponent is used to characterize not only the contact line velocity,
but also the energy dissipation mode during the contact line moving. In HD models,
in which the viscous dissipation dominates, α = 1/10 for the capillary regime, while
α = 1/8 [22] for the gravitational regime. However, α = 1/7 for the MKT model
[15], in which the local dissipation dominates. The unique spreading law fails in the
partial wetting cases. de Ruijter et al. [10] suggested that the partial wetting process
can be divided into three stages: the early spreading stage with R(t)–R0 + at, the
middle stage with R(t)–t0.1, and the last stage when the dynamic contact angle
approaching the equilibrium contact angle, which gives ΔR(t)–exp(−t/T), in which
ΔR(t) = Req − R(t), T is a constant. von Barh et al. [42] used high-speed photog-
raphy to study the partially wetting process. They found that the spreading laws
depend on the fluid viscosity. The low-viscosity fluids spread over tens of mil-
liseconds to reach equilibrium stage. The spreading radius approximately satisfies R
(t)–t0.5, however, the high viscosity fluids spreading with R(t)–t0.1.

According to different time and length scale, there are five numerical simulation
techniques, as shown in Fig. 1.4, the Ab initio method, the hybrid method of
quantum molecular dynamic simulations and the classical molecular dynamics
simulations, the classical molecular dynamics simulations (MD), the lattice

Table 1.3 Comparison of two dynamic wetting models

Hydrodynamic model MKT model

Physical scenario
D 0.75 D

r

z

R

U U

Fundamental
theory

Lubrication approximation Eyring theory

Parameters p, U, Ca, θ, LH λ, K, U, θ, G

Equations hD h2D � h20
� � ¼ 6Caln LH

xm

� �
cos hD ¼ cos h0 � 2kBT

rLVk
2 arcsinh U

2Kk

� �
Microscopic
parameters

xm, Ls λ, K

Dissipation mode Viscous dissipation Local dissipation

Scope of
application

Small contact angle Large contact angle
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Boltzmann method (LBM), and the traditional Computational Fluid Dynamics
(CFD) method. We do not need to consider the quantum effects during the dynamic
wetting process, because, to some extent, wetting is a macroscopic process.
However, the distinct drawback of CFD is significant when dealing with the
dynamic wetting problems. On one hand, the evolutions of spreading radius and
dynamic contact angle are inputted as boundary conditions in the CFD models
when dealing with the wetting problems. Therefore, we could not study the
dynamic wetting behaviors from CFD simulations. In addition, the non-slip
boundary conditions used in the CFD methods are incapable to model the dynamic
wetting process due to the “contact line paradox” as discussed in Sect 1.1 [2].
Molecular dynamics (MD) simulations have been recognized as a powerful tool in
studying the contact line motion problems. However, most MD simulations focused
on simple Lennard-Jones (LJ) fluid droplet spreading on LJ substrates, a system that
is quite different from real dynamic wetting system and is hence impossible to
mimic important physical properties (e.g., surface tension, density, and viscosity) of
fluids which is related to the dynamic wetting [43–54]. The LBM is based on
mesoscopic kinetic equations (the Boltzmann equation). The NS equations can be
derived from the Boltzmann equation using the Chapman–Enskog multiscale
expansion. Therefore, the LBM has been regarded as a very promising method to
simulate the multiscale problems. Recently, a number of studies have used the LBM
to analyze the flow and heat transfer of nanofluids using a single-component
single-phase model [26–34] or a multicomponent single-phase model [35–38]. Due
to the intrinsic microscopic kinetics, the LBM was widely used to investigate
dynamic wetting [55–62]. However, most of these studies focused on the simple
Newtonian fluid dynamic wetting.

In conclusion, the Newtonian dynamic wetting has been studied for almost 5
decades. Although the physical consensus is still unreached on the mechanism of
contact line motion, a large amount of experimental data has been reported. Several
theoretical models have been proposed to describe the relations of θD–U and
R–t. Microscopic and mesoscopic scale simulation techniques have been estab-
lished to study the dynamic wetting of Newtonian fluids.

Fig. 1.4 Multiscale
numerical simulation
techniques
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1.2.2 Dynamic Wetting with Complex Surfaces
and Complex External Physical Fields

Due to the complexity of dynamic wetting, the early studies usually focused on the
dynamic wetting of simple fluids on an ideal smooth surface without any external
physical fields. These studies can provide the fundamental understanding of
dynamic wetting process, satisfying the curiosity of exploring the unknown word.
However, it is hard to find simple fluids and ideal surfaces in the real word.
Therefore, it is of greater practical interest to study the dynamic wetting of complex
fluids on the real solid surface with external physical fields.

The gold of studying dynamic wetting is to tune the wettability or dynamic
wetting behaviors of fluids on solid surfaces. Usually, tuning the solid surface
properties is the most favorite option which draws extensive research interesting.
For a liquid drop on the smooth and ideal surfaces, the static contact angle is a
single value, which can be determined by the Young’s equation, cos hY ¼
rSV � rSLð Þ =rLV. However, for the real solid surfaces, a drop placed on a surface
has a spectrum of contact angles ranging from the so-called advancing (maximal)
contact angle, θA, to the so-called receding (minimal) contact angle, θR. The dif-
ference between these values, θA − θR, is known as contact angle hysteresis, which
is usually attributed to the roughness or the heterogeneity of the solid surface [63–
66]. The contact angle hysteresis is the fundamental guideline for the designs of
various lotus biomimetic or nanostructured surfaces, with super-hydrophobic or
super-hydrophilic characteristics [67–70], as shown in Fig. 1.5.

Other complex facts lie in that the dynamic wetting process usually takes place
with various external physical fields, such as electric, magnetic, thermal, or optical
fields [72–77]. The electrowetting [72], which is the modification of the wetting
properties of a surface (which is typically hydrophobic) with an applied electric
field, is one of the hot topics in this area. A specific example for the dynamic
wetting with complex external fields is the liquid water transport within the gas
diffusion layer in the proton exchange membrane (PEM) fuel cells, in which the
dynamic wetting of liquid water occurs with the external electric field,
electro-osmosis, and temperature gradient, as well as the complex porous structures.
By tuning the wettability of gas diffusion layer, the output power of PEM fuel cells
can be improved significantly [78].

1.2.3 Dynamic Wetting of Complex Fluids

The viscosity of Newtonian fluids is independent of the shear stress rate. However,
for most of the fluids, especially for most of the mixture fluids, the viscosity
depends on shear rate or shear rate history and exhibits non-Newtonian charac-
teristics. Many polymer solutions and particulate suspensions are non-Newtonian
fluids, as are many commonly found substances such as ketchup, custard,
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toothpaste, starch suspensions, paint, blood, and shampoo. There is extensive
research of dynamic wetting with Newtonian fluids in the literature, but only a few
theoretical and experimental studies have explored how non-Newtonian fluids
spread over solid substrates. It is of greater practical interest to study the
non-Newtonian fluid dynamic wetting. However, the study of non-Newtonian fluid
dynamic wetting had just begun in the last two decades [71]. The current awareness
of the non-Newtonian fluid dynamic wetting is far less than that of Newtonian fluid,
which can be attributed to the complex nonlinear constitutive relations, or the
diversity properties in non-Newtonian fluids.

The previous studies on non-Newtonian fluid dynamics wetting mainly focused
on the relatively simple power-law fluids (shear-thinning and shear-thickening
fluids). Carré and Woehl [79, 80] reported the dynamic wetting behaviors of
shear-thinning fluids and derived a θD − U relation based on the “energy-balanced
method” proposed by de Gennes’s [1]. They found that the θD − U strongly
depends on the rheological index, n. However, Neogi and Ybarra [81] reported a
contrary result that the θD − U relation was independent of the fluid rheology. They
also used the energy-balanced method to build the θD − U relations of Ellis and
Reiner-Rivlin fluids. The viscous dissipation was analyzed using approximative
method because the constitutive relationships of these two fluids are of complexity.
The authors suggested that the non-Newtonian fluid dynamic wetting can be
described by Newtonian fluid θD − U relation, only changing the viscosity of the
relation into the non-Newtonian fluid viscosity at zero shear rate.

D

(a)

(b)

(c)

Fig. 1.5 Dynamic wetting on
the complex solid surfaces.
a Lotus leaf effects. b Rose
leaf effects. c Wettability on
hybrid micro-nanostructural
surfaces [71]
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Starov et al. [82] analyzed the complete wetting of power-law non-Newtonian
fluids using the lubrication theory. Their results showed that the dynamic contact
angle of the power-law fluid droplet was related to the droplet sizes during the
dynamic wetting process, which was quite different from Newtonian fluids. In
addition, for both the capillary and gravitational regimes, the spreading exponents
of Newtonian fluids were higher than that of shear-thinning fluids, but lower than
shear-thickening fluids.

Betelu and Fontelos [83, 84] also used the lubrication approximate to study the
complete spreading of power-law droplet. They only considered the shear-thinning
fluids in the capillary regime. The shape evolution of free surface was solved
numerically using similarity transformation. Wang et al. [85, 86] established a
two-dimensional model to describe the power-law fluid droplet spreading by
solving the ordinary differential equations of film thickness using traveling wave
transformation. Liang et al. [87, 88] established two power-law fluid dynamic
wetting models based on the HD and MKT, which all agree well with the exper-
imental data. Table 1.4 compares various non-Newtonian dynamic wetting models.

Compared with the Newtonian fluids, very few experimental data of the
non-Newtonian fluid dynamic wetting have been reported. In addition, most of the
experiments focused on the shear-thinning fluids, as shown in Table 1.5. Carré and
Woehl [79] tested the shear-thinning fluid droplets (PDMS+silica and acrylic
typographic ink) spreading on the glass slides, which agreed with their
non-Newtonian fluid dynamic wetting model. Rafai and Bonn [89, 90] studied the
shear-thinning (xanthan solution) and normal stress fluid (polyacrylamide solution)
dynamic wetting on mica using the droplet spreading method. Their results show
that the spreading exponents of the two types of fluids in their experiments are both
less than 1/10, the spreading exponent of Newtonian fluids [91]. In addition, the
exponent decreases with increasing solution concentrations due to the more
prominent non-Newtonian behaviors. The results verified the Starov’s finding that
the spreading exponents of shear-thinning fluids should be less than that of
Newtonian fluids. Wang and Duan’s group [85, 86] have done many relevant works

Table 1.4 Theoretical studies of non-Newtonian dynamic wettings

Authors Types of
non-Newtonian fluids

Wettability Models

Carré and Woehl
[79, 80]

Shear thinning Completely/partially Hydrodynamics

Starov et al. [82] Shear thinning/shear
thickening

Completely Hydrodynamics

Betelu et al. [83,
84]

Shear thinning Completely/partially Hydrodynamics

Wang et al. [85,
86]

Shear thinning Completely/partially Hydrodynamics

Liang et al. [87,
88]

Shear thinning/shear
thickening

Completely/partially Hydrodynamics/MKT
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on the non-Newtonian fluid dynamic wetting: they first studied the dynamic wetting
behaviors using two experimental techniques, droplet spreading method and
Wilhelmy plate method, corresponding to the spontaneous wetting and forced
wetting, respectively; they extended the scope of complex fluids from power-law
fluids to more complex fluids without general constructive relations; they proposed
several theoretical models with pure HD, energy-balanced model, and the molecular
kinetic theory; they also conducted multiscale simulation techniques, the meso-
scopic LBM, and the microscopic MD simulations, to study the dynamic wetting
behaviors of complex fluids. It is noted that they contributed several significant
findings in the field of non-Newtonian fluid dynamic wetting. For example, by
introducing a new defined capillary number (Ca), they integrated the present diverse
non-Newtonian fluid dynamic wetting models into a general model; they also found
that the dynamic wetting of non-Newtonian fluids strongly depends on the
macrogeometry, which is quite different from the Newtonian fluids [92].

1.2.4 Studies of Dynamic Wetting by Nanofluids

Nanofluids, fluids containing suspension of nanometer-sized particles, can also be
regarded as one type of complex fluids. Nanofluids are promising branches in
nanotechnologies which manipulate matter with at least one dimension sized from 1
to 100 nm. Nanotechnology is able to create many new materials and devices with a
vast range of applications, such as interface and colloid science, nanoscale mate-
rials, nanomedicine, nanoparticles, and biomedical applications. As part of this
technology, nanofluids have also been widespread concerned. The concept of
nanofluid was first proposed by Choi [94]. The nanofluids are designed to enhance
thermal properties and/or reduce drag coefficients for application ranging from
electronics cooling to microfluidics. The suspended nanoparticles can significantly

Table 1.5 Experiments on the non-Newtonian fluid dynamic wetting

Authors Fluid types Fluids/substrates Methods

Carré and
Woehl [79]

Power law SiO2-PDMS/glass Droplet spreading

Rafai et al.
[89, 90]

Power law Xanthan/mica Droplet spreading

Wang et al.
[85, 86]

Shear
thinning/shear
thickening

Multiple
fluids/multiple
surfaces

Droplet spreading

Digilov [93] Power law Xanthan/capillary
tube

Capillary rise

Min et al.
[92]

Shear thinning Multiple
fluids/multiple
surfaces

Droplet
spreading/Wilhelmy plate
dipping
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modify the transport properties of the base fluids, and the resulting nanofluids
exhibit attractive properties such as high thermal conductivity and high boiling heat
transfer coefficient [95–102]. For example, with 1 % nanoparticle loading, the
thermal conductivity of base fluid can be increased 40 % [100].

Recently, it is reported that nanofluids exhibit enhanced or tunable dynamic
wetting characteristics compared with the base fluids [103–110]. The tunable
wetting behaviors can be used to extend the applications of nanofluids into many
areas such as fabricating functional surfaces with desired properties, enhancing heat
transfer or reducing the drag in micro/biofluid systems, or enhancing boiling or
condensation phase change in heat exchangers. In addition, the dynamic wetting by
nanofluids also offers a new approach to tune the wettability of fluids on the solid
surfaces, which is based on the fluids rather than the solid surfaces. This approach
provides more options for us to tune the wettability of fluids on solid surfaces,
because there are many tunable parameters in nanofluids, such as nanoparticle
loading, material, size, shape, as well as the base fluid material. Thus, nanofluids
may be smart materials if their wettability can be manipulated. Therefore, the
dynamic wetting by nanofluids has become a hot topic in many areas, from thermal
science, material science, to the colloidal and interfacial science.

The dynamic wetting by nanofluids attracted research attentions firstly by some
interesting phenomena: Adding nanoparticles into base fluids can modify the
equilibrium contact angle, change the surface tension, or result in the solid-like
ordering structure of nanoparticles assembled near the contact line; anomalous
evaporating or boiling behaviors by nanofluids [103, 107, 111–120]. These phe-
nomena were found to be related to the different dynamic wetting behavior of
nanofluids compared with their base fluids. One motivation of studying nanofluid
dynamic wetting in the thermal engineering community lies in the enhancement of
the heat transfer coefficient and the CHF [111–120] during the boiling process, as
shown in Table 1.6.

Table 1.6 Critical heat flux (CHF) in the nanofluid boiling

Authors Nanofluids CHF enhancement (%)

You et al. [111] Al2O3/water 200

Kim et al. [112] TiO2/water 200

Vassallo et al. [113] SiO2/water 60

Tu et al. [114] Al2O3/water 67

Kim and Kim [115] TiO2/water 50

Moreno et al. [116] Al2O3/water, ZnO/water; Al2O3/silicone oil 200

Bang et al. [117] Al2O3/water 50

Milanova et al. [118] SiO2/water, CeO/water, Al2O3/water 170

Jackson et al. [119] Au/water 175

Wen and Ding [120] Al2O3/water 40
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The enhancement in the liquid–vapor phase change was explained by the
improvement of nanofluid dynamic wetting. Thus, the abnormal dynamic wetting
behavior of nanofluids, especially the contact line motion affected by the addition
nanoparticles, stimulates the research of nanofluid dynamic wetting. Through years
of exploration work, researchers have been basically reached these consensuses: the
dynamic wetting itself is a complex process; adding nanoparticles into base fluids
will lead to more complex dynamic wetting by inducing the complicated
nanoparticle random motion in the bulk liquid, or self-assembly at the liquid–vapor
interface or in the solid–liquid–vapor three-phase contact line region; the process
will be more unpredictable if the dynamic wetting occurs with phase change or
complex external fields. The mechanism of nanofluid dynamic wetting is still
unclear due to the lack of macroscopic and microscopic experiments and theories.

There are several explanations for the roles of adding nanoparticles in the
dynamic wetting: (1) Adding nanoparticles into the base fluids was reported to
change the dynamic wetting behaviors by modifying the rheological properties of
nanofluids. The dynamic wetting is enhanced by shear-thinning nanofluids but is
hindered by shear-thickening nanofluids [13]. (2) The heterogeneity due to the
nanoparticle self-assembly also affects the dynamic wetting by nanofluids.
Nanofluid “super-spreading” was reported by Wasan et al. [107] who found that an
8 nm micellar solution, an 1 μm latex suspension, and a 20 nm silica suspension
were found to enhance the base fluids wettability [106–108]. A solid-like ordering
structure of nanoparticles was observed near the contact line region using inter-
ferometry. This solid-like ordering structure stemming from the settlement and
assembly of nanoparticles gives rise to a structural disjoining pressure in the
vicinity of the contact line. This excess pressure in turn alters the force balance near
the contact line and enhances the spreading of nanofluids. The super-spreading
behavior of nanofluids induced by the self-assembly of the nanoparticles and the
structural disjoining pressure have been widely used to explain the enhanced
dropwise evaporation [18, 19] and CHFs with nanofluids [20–23]. (3) Another
explanation for the super-spreading by nanofluids was that nanoparticles were
assumed to settle at the bottom of the droplet; thus, reducing the solid–liquid
friction and, hence, facilitating the fluid spreading [103]. The last two explanations
are schematically shown in Fig. 1.6. However, these two explanations are only
qualitative assumptions; both adequate experimental evidences and theoretical
descriptions are still needed.

1.3 Objectives of the Dissertation

According to the literature review, the mechanism of dynamic wetting by nano-
fluids is still unclear due to limitations of nanoscale experimental techniques and
fundamental theories. Studies of the dynamic wetting by nanofluids are facing great
challenges because the wetting behavior crosses several length and timescales. This
study analyzes the effects of the bulk and local dissipation in the nanofluids due to
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the nanoparticle transport and self-assembly on the macroscopic dynamic wetting
behavior using macroscopic experiments and multiscale simulation methods. The
results describe both the macroscopic and microscopic mechanisms and tunable
methods to control nanofluid dynamic wetting. The research road map is shown in
Fig. 1.7.

In Chap. 2, the contact line mobility and contact angle evolution were first
measured using the droplet spreading method and the Wilhelmy plate method. The
effects of the nanofluid parameters, such as nanoparticle loading, particle diameter,
particle material, and base fluid, were examined, as well as the effects of the
substrate material.

Fig. 1.7 Schematic of research road map

Liquid

Solid

U U

Liquid

Solid

U U

(a)

(b)

Fig. 1.6 Schematics of
super-spreading due to
nanoparticle self-assembly.
a Self-assemble at the contact
line region. b Bottom
sedimentation
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In Chaps. 3 and 4, MD simulations were then conducted to study the
nanoparticle transport and self-assembly within the bulk liquid or at the interface,
which affect the bulk dissipation and the local dissipation. The results describe the
microscopic mechanisms by which the bulk dissipation affects the nanofluid surface
tension, viscosity, and rheology. Without nanoparticle self-assembly at the contact
line, nanofluid dynamic wetting was controlled by the increasing surface tension
and the increasing solid–liquid friction coefficient. MD simulations of
nano-thin-film motion quantitatively illustrate how the capillary force and the
“structural disjoining pressure” drive the contact line motion.

In Chap. 5, a mesoscopic understanding of the nanofluid wetting kinetics was
then obtained using the LBM. The objective of this chapter was examining the
effects of two nanoparticle dissipations, the bulk dissipation and the local dissi-
pation, on the macroscopic dynamic wetting process. The roles of surface tension,
rheology, and the structural disjoining pressure were investigated.

In Chap. 6, the nanofluid dynamic wetting was studied with complex external
conditions. The effects of substrate heating and intensive free surface evaporation
on the wetting kinetics of nanofluids were simulated using MD simulations. The
effects of initial droplet temperature, substrate temperature, and wettability were
examined. The microscopic mechanisms of nanoparticle self-assembly and nano-
fluid droplet evaporating–spreading behavior were revealed by traced the particle
motion and molecular mobility near the contact line region.

Finally, in Chap. 7, we provided the general conclusions and the contributions of
this book. The prospects in dynamic wetting by nanofluids were also provided in
this chapter.
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