Chapter 5
Mesoscopic Studies of Nanofluid Dynamic
Wetting: From Nanoscale to Macroscale

Abstract In this chapter, a lattice Boltzmann method with some simple but
effective treatments with consideration of nanofluid surface tension and rheology
modification, as well as the nanoparticle sedimentations, is conducted to investigate
the effects of nanoparticle kinetics at the nanoscale (10" m) on the dynamic wetting
behaviors occurring at the macroscopic scale (10 m). The study provides multi-
scale understanding and guidelines to tune the nanofluid dynamic wetting
behaviors.

5.1 Introduction

The mechanism of dynamic wetting by nanofluids is still unclear due to the com-
plicated dynamic wetting behaviors, as well as the limitations of nanoscale
experimental techniques and fundamental theories. In one aspect, the contact line
motion is driven by the viscous force and surface tension force, which relate to the
viscosity and surface tension of the spreading fluid. The nanoparticle motion in
nanofluids significantly changes the surface tension, viscosity, and rheology of the
base fluids [1, 2]. Therefore, the modification of the surface tension and the rhe-
ology by adding nanoparticles strongly affects the nanofluid dynamic wetting,
which has been discussed as the bulk dissipation in Chap. 4. In other aspect, the
suspensions of millions of nanoparticle induce a large amount of solid-liquid
surface energy in nanofluids. To make the system steady, it is natural for
nanoparticles to aggregate or self-assemble in the nanofluids to reach the lowest free
energy state. The nanoparticle self-assembly near the contact line region strongly
affects the contact line motion, leading to the nanofluid “super-spreading” behaviors
[3], which has been discussed as the local dissipation in Chap. 3. The self-assembly
of nanoparticles in the vicinity of the contact line region induces an additional
disjoining pressure, braking the force balance at the contact line, and hence facil-
itating the motion of contact line [3—6]. The nanofluid “super-spreading” was
widely used to explain the extraordinary nanofluid evaporation [7, 8] and boiling
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[9-11]. Do these three effects, surface tension modification, rheology modification,
and self-assembly, affect the dynamic wetting behavior individually or jointly? The
answers to this question will reveal the mechanism of nanofluid dynamic wetting or
provide the guideline to tune the nanofluid wetting kinetics. However, the study of
the dynamic wetting by nanofluids is of great challenge since the wetting behavior
crosses several length and timescales. Both the bulk and the local dissipation due to
nanoparticle motions and self-assembly occur in the nanoscale. However, the
spreading droplets usually have several millimeters in diameters. The difference
between these two length scales is as large as several million times, from 10~ to
10~ m. Multiscale experimental techniques and fundamental theories are still
insufficient to provide good understanding for these multiscale problems. The
Lattice Boltzmann method (LBM) has been regarded as a very promising method to
simulate the multiscale problems. The LBM is based on mesoscopic kinetic
equations (the Boltzmann equation). The Navier—Stokes equations that describe the
macroscopic flow problems can be derived from the Boltzmann equation using the
Chapman—Enskog multiscale expansion. Due to the intrinsic microscopic kinetics,
the LBM was widely used to investigate the flow and heat transfer of nanofluids
[12-24] or pure fluid dynamic wetting [25-29]. However, there are few studies on
the nanofluid dynamic wetting, especially the multiscale mechanisms from
nanoparticle motions to macroscopic dynamic wetting.

In this chapter, the effects of nanoscale dissipations due to nanoparticle kinetics
on the macroscopic dynamic wetting were studied from the viewpoint of meso-
scopic simulations. The nanoscale dissipations contain the bulk dissipation, due to
the nanoparticle motion in the bulk liquid, and the local dissipation due to the
self-assembly of nanoparticles in the vicinity of the contact line regions. The roles
of nanoparticle bulk and local dissipations on the macroscopic dynamic wetting
were investigated by examining the individual or coupled effects of nanofluid
surface tension, rheological properties, and nanoparticle self-assembly modes. The
study provides multiscale understanding and tunable methods of the nanofluid
dynamic wetting.

5.2 Simulation Models

5.2.1 Geometry Model

The simulated schematic is shown in Fig. 5.1. A 2D lattice grid was used to
simulate a droplet spreading on an ideal and smooth solid surface. Three grid sizes,
(D) 500 x 100 lu? (lattice unit, lu), (I) 1000 x 200 lu?, and (IIT) 2000 x 400 lu> were
used to test the grid independence, as shown in Fig. 5.1b. The moderate grid of
1000 x 200 lu? was used by considering both accuracy and efficiency. The droplet
initial radius is Ry = 50 lu. The left side and the right side are the period boundary
conditions. The bounce-back condition is applied at the top side.
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5.2.2 Dynamic Wetting with Triple-Phase Contact Line

Motions
The droplet dynamic wetting is a replacement process of the liquid over the vapor
on the solid surface, including interactions between the solid, the liquid, and the

vapor surfaces. The multiphase LBM was used to simulate the replacement pro-
cesses between the liquid and the vapor, including all the interactions between the

solid—vapor, solid-liquid, vapor—vapor, liquid-liquid, and liquid—vapor.
A D2Q9 LBM model with Bhatnagar—Gross—Krook (BGK) collision operator
was used to simulate the fluid flow [30]. To simulate multiphase fluids (liquid and

vapor), the long-range interactions for liquid-liquid, vapor—vapor, and liquid—vapor

are described using the Shan-Chen model [31-33]:
8
F(x,1) = =Gy (x,1) > _ walh (X + e,At, 1)e,,
o=1

where G is the interaction strength and y is the interaction potential expressed as

(5.1)

[34]:
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0(o) = woenp(~22). (52)

where yq and pg are constants, usually with the values of 4 and 200 [35].
The dynamic wetting of fluids on the solid surfaces is governed by an adhesive
interaction force between the fluid (liquid or vapor) and the solid surface [36]:

8
Faas(%,1) = =Gaash (%,1) D wos(x + €,A1, 1)ey, (5.3)

=1

where G,q is the adsorption coefficient, which is 327 in this study. s is a switch
parameter with the value of 1, if the neighbor lattice of the fluid lattice is a solid
boundary and O for a neighbor fluid lattice.

5.2.3 Nanofluid Modeling

Figure 5.2 shows the two nanoparticle dissipation mechanisms due to the
nanoparticle motion and the self-assembly: bulk dissipation and local dissipation. In
the bulk dissipation, nanoparticles distribute homogeneously in the bulk liquids.
Therefore, it is reasonable to assume that the nanofluids are homogeneous
single-phase. The nanoparticles were treated as “fluid” lattices. The particle—particle
and particle—fluid interactions are still cohesive forces, which can be calculated with
Eq. (5.1) with different G. In the simulations, G switches to the particle—
fluid/particle—particle value if the lattice or the neighbor lattice is occupied by a
nanoparticle lattice. The nanoparticles only modify the surface tension and rheology
of the base fluids if the bulk dissipation occurs only. For the local dissipation, the
nanoparticle lattices deposit at a given deposition rate to the bottom or to the
vicinity of the contact line region during the droplet spreading, changing the
thickness of liquid film and then resulting the additional disjoining pressures, which
brake the resultant forces and then facilitate the motion of contact line.

Nanoparticles quuld Bulk dissipation

U \ 0 / Local dissipation
° v

Fig. 5.2 Schematic of the two nanoparticle dissipations of nanofluid dynamic wetting
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5.2.3.1 Bulk Dissipation Due to the Surface Tension and Rheology
Modification

The nanoparticles significantly modify the surface tension of nanofluids, which
strongly affects the dynamic wetting process [37]. The nanoparticles can increase or
reduce the surface tension of base fluids, which depends on the interactions between
nanoparticles and solvent molecules. The molecular dynamic simulations show that
the nanoparticle wettability is responsible for the surface tension modifications [38].
Hydrophobic nanoparticles always tend to stay on the free surface so they behave
like a surfactant to reduce the surface tension. Hydrophilic nanoparticles immerge
into the bulk fluid which increases the surface tension of the nanofluids. Thus, at
mesoscopic scale level, the surface tension modifications of nanofluids due to the
nanoparticle dissipations were simulated by changing the fluid—fluid “particle”
interaction strength G in Eq. (5.1). Two typical nanoparticles, hydrophobic and
hydrophilic, were calculated with different G. The pure fluid was calculated as the
baseline with G = —130, for which the surface tension is 15.8 p Is™2. For a 2D
nanofluid drop with an initial radius of 50 lattices and 6 % nanoparticle volume
fraction, the nanoparticles occupied 471 lattices (7854 lattices in total for the
nanofluid drop with Ry = 50 lu). By switching the particle—particle/particle—fluid
interactions for these 471 lattices or their neighbor lattices to G = —120, the
nanofluids with adding hydrophobic nanoparticles can be simulated, with a surface
tension of 14.3 p Is2. The nanofluid with hydrophilic nanoparticles, simulated with
the particle—particle/particle—fluid interaction parameter of G = —140, has a surface
tension of 17.6 p 1s~2. The properties of the three types of fluids are listed in
Table 5.1.

The adding of nanoparticles also modifies the rheological behavior of the base
fluid, especially for the high nanoparticle loadings [1]. The rheology modification
of nanofluids was simulated in the LBM by changing the relaxation time 7, based on
the local shear rates at every iterative step. The power-law rheological behavior was
described by

“ = K'?(n71>7 (54)

where « is the viscosity coefficient, n is the rheological index, and 7 is the local
shear rate, which is calculated by the local shear rate tension d,

Py = V2d:d, (5.5)

Table 5.1 Surface tension

. . . Nanoparticle G P1 Pv Psat o
modification by nanoparticles wettability
with various wettabilities -
Hydrophobic -120 |524.37 |[85.7 25.56 14.3
Pure fluids -130 |611.27 |76.16 |23.57 15.8
Hydrophilic —140 | 696.11 69.06 |21.88 17.6
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where d = (Vu + Vu').

The shear-thinning non-Newtonian behaviors were observed in most nanofluids
[7]. The truncated power law (TPL) was used to describe the relationships of
viscosities and shear rates. To examine the effects of rheology on the dynamic
wetting, four shear-thinning nanofluids, with the equal viscosity boundaries
(1o = 0.16, poo = 0.0035) but different rheological indexes, are shown in Fig. 5.3.
The TPL parameters of the four shear-thinning nanofluids are listed in Table 5.2.

It should be noted that the nanoparticle self-assembly is not considered when the
bulk dissipations are discussed.

5.2.3.2 Structural Disjoining Pressure Due to Nanoparticle
Self-assembly

Figure 5.4 shows two nanoparticle self-assembly modes for both the complete and
the partial wetting. Nanoparticles likely deposit at the bottom (global deposition) or
near the contact line (local deposition). The bottom and the contact line region
depositions were regarded as two enhancement mechanisms of nanofluid dynamic
wetting [7]. The structural disjoining pressure was used to explain the effects of
nanoparticle deposition on the wetting kinetics [4]. A linear deposition rate with
de = 0.007 lu*/It is given in Fig. 5.5, with which 141 fluid lattices transfer into solid
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Fig. 5.4 Various
nanoparticle self-assembly
modes: a bottom deposition
for the complete wetting;

b contact line region
deposition for the complete
wetting; ¢ bottom deposition
for the partial wetting;

d contact line region
deposition for the partial
wetting
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lattices on the lowest and the second lowest lattice layer, corresponding to 30 %
nanoparticle deposit at ¢ = 20,000 1t. As a nanoparticle lattice transfers into a solid
lattice at the solid surface, a random particle lattice in the bulk liquid droplet
changes into fluid lattice, correspondingly. For the bottom deposition cases, the
nanoparticles are assumed to deposit from the center of drop bottom, and then
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radiate outwards to the contact line region. If the lowest lattice layer was completely
occupied by the deposited nanoparticles, the second lowest lattice layer transfers to
the solid lattice from center to the droplet margin according to the given
nanoparticle deposition rate. For the contact line deposition cases, the fluid lattices,
with 1 lattice away from the contact line lattices, transfer to the solid lattices if they
are occupied by the deposited nanoparticles. As the contact line move forwards, the
second deposited nanoparticle appears at the location with 1 lattice away from the
contact line. If more than two nanoparticles deposit at one time step, one
nanoparticle deposits on the lowest layer, and the other deposits on the upper layer.
It is noted that the bulk dissipation is neglected in the cases of nanoparticle sedi-
mentation or self-assembly.

In nanoscale, the strong interactions between the substrate and the liquid
molecule reduce the liquid pressure within the thin film and result in the disjoining
pressure [38].

The disjoining pressure is defined as follows [39]:

A
1= —;5;3 (5.6)

where Agp is the Hamaker constant, and ¢ is the thickness of liquid film. The
disjoining pressure decreases with increasing the liquid film thickness. As discussed
in Chap. 3, nanoparticles self-assemble at the bottom or near the contact line region
reducing the thickness of the thin film, leading to an additional disjoining pressure
called structural disjoining pressure, which facilitates the motion of the contact line.
The disjoining pressure can also be calculated using the pressure equilibrium on the
liquid—vapor interface [40],

[[=rksT In ({f—) (5.7)

sat

where p, is the vapor pressure, pg, is the saturated pressure, kg is the Boltzmann
constant, T is the temperature, and p is the vapor density.

Figure 5.6 shows the condensation of vapor with different saturabilities within
the capillary tube. The thickness of condensed liquid film increases with increasing
vapor saturability. Figure 5.7 shows the comparison of the disjoining pressures
calculated from Eq. (5.6) using the LBM-simulated film thickness with the results
from Eq. (5.7) using the vapor saturability. The good agreement indicates that the
LBM can predict the disjoining pressure which occurs in nanoscale. Figure 5.7 also
indicates that the disjoining pressure only exists in the thin film with less than 2
lattices in thickness. The deposited nanoparticles reduce the thin film thickness and
result in the structural disjoining pressure.

The individual effect of the surface tension, rheology, and the structural dis-
joining pressure was studied to examine the bulk and local dissipation effects due to
nanoparticle motion on the nanofluid dynamic wetting.
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Fig. 5.6 Condensation of
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5.3 Results and Discussions

5.3.1 Bulk Dissipation Due to the Surface Tension
Modification

Figure 5.8 shows the pure fluid and nanofluid dynamic wetting at r = 18,000 It
(lattice time). The nanofluids with hydrophobic nanoparticle, as shown in Fig. 5.8a,
prefer to spread completely, while the pure fluids (Fig. 5.8b) and the nanofluids
with hydrophilic nanoparticles (Fig. 5.8c) show the partial wetting behavior. The
equilibrium contact angle of the nanofluids with hydrophilic nanoparticles is larger
than that of pure fluids. The precursor layer was only observed in the nanofluids
with hydrophobic nanoparticles. The nanoparticle wettability is responsible for the
nanofluid surface tension. The surface tension of base fluids decreases with adding
hydrophobic nanoparticles, but increases with adding hydrophilic nanoparticles
[38]. According to the contact line motion driven force, F = a5 — asy — apycosl,
the spreading increases with decreasing the liquid—vapor surface tension.

Figure 5.9a shows the non-dimensional spreading radius variation with
spreading time, in which Ry = 50 lu and #» = 20,000 It. Both the pure fluid and the
nanofluid with hydrophilic nanoparticles have reached the equilibrium stages. The
equilibrium non-dimensional radius of the pure fluid droplet was R/R, = 1.653 after
tlteo = 0.530, while R/Ry = 1.384 for the nanofluid drop with hydrophilic
nanoparticles after #/fo = 0.445. The nanofluid drop with hydrophobic nanoparticles
has a spreading radius of 2.529 and keep spreading after fox = 20,000 It. The
logarithmic results in Fig. 5.9b indicate the two stages of the droplet spreading, the
initial fast spreading stage and the slow spreading stage. The two stage partial
wetting was also reported in the Ref. [41]. The slow spreading stages occupy most
of the spreading time, for insistence, 92 % for the hydrophobic nanoparticle fluids,

Fig. 5.8 Effects of (a)
nanoparticle wettability on the
dynamic wetting of
nanofluids (z = 18,000 1t):

a hydrophobic nanoparticles;
b pure fluids; ¢ hydrophilic
nanoparticles (b)
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85 % for pure fluids, and 89 % for hydrophilic nanoparticle fluids. The spreading
laws of the three fluid droplets are fitted as shown below:

R/_t/0.145 (G — _120)
R —70261 (¥ <0.145) B
R -1 (f >0.145) (G =—130) (5.8)
R -2 (¥ <0.115) _

{R/_t/0.140 (l‘/<0115) (G - _140)

where the spreading exponent of the complete wetting (CW) (G = —120), a = 0.145,
is larger than 1/7, and the spreading exponent of 2D Newtonian fluid droplets is
predicted by the hydrodynamic model. The results indicate that the additional
hydrophobic nanoparticles, which acting like surfactants, greatly facilitate the
dynamic wetting, while hydrophilic nanoparticles inhibit the droplet spreading. The
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results also indicate that the dynamic wetting by nanofluids with hydrophobic
nanoparticles deviate from Newtonian spreading behaviors. The effects of rheology
on the dynamic wetting should be examined.

5.3.2 Bulk Dissipation Due to the Rheology Modification

To examine the effects of rheology on the nanofluid dynamic wetting, two addi-
tional types of fluids were simulated. One fluid is created with G = —130 for all
particle—particle/particle—fluid/fluid—fluid interactions and the rheological exponent
of n = 0.8, corresponding to a shear-thinning non-Newtonian fluid without
nanoparticles. The other fluid is simulated with G = —120 and n = 0.8, corre-
sponding to a shear-thinning non-Newtonian fluid with hydrophobic nanoparticles.
Figure 5.10 shows the effects of surface tension and rheology modification on the
dynamic wetting of nanofluids. The results indicate that the dynamic wetting by
nanofluids is dominated by both the surface tension and the rheological properties.
The dynamic wetting capacity is underestimated if the rheology modification is
neglected, as compared G = —120, n = 0.8 with G = —120, n = 1. However, if the
surface tension modification is neglected, the nanofluids exhibit the partial wetting
behavior, as shown in the comparison between G = —120, n = 0.8 and G = —130,
n = 0.8. The modification of surface tension is more related to the wettability
capacity which can be characterized by the spreading coefficient, S = os. — osy —
orLy. The fluids exhibit CW behaviors if S > 0 while partial wetting for § < 0.
Although the rheology is modified for the fluids with G = —130 and n = 0.8, the
fluids still exhibit partial wetting behaviors. Therefore, both the modifications of
surface tension and rheology contribute to the dynamic wetting by nanofluids.
The effects of rheology on the dynamic wetting are further examined by
changing the rheological index. The adding nanoparticles are hydrophobic

Fig. 5.10 Effects of surface 3
tension and rheology on the
dynamic wetting of

nanofluids
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Fig. 5.11 Effects of 3
rheological indexes on the
dynamic wetting of
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(G = —120). As shown in Fig. 5.11, the dynamic wetting capability increases with
decreasing the rheological indexes. The dynamic wetting is enhanced due to the
weaker viscous dissipation. Figure 5.12 shows the relation of the spreading expo-
nents and the rheological indexes. The LBM results agree with the Starov’s
non-Newtonian dynamic wetting model [42], in which m = n/(5 + 2n) for a 2D
droplet spreading.

5.3.3 Local Dissipation Due to Structural Disjoining
Pressure

Figure 5.13 shows the effects of nanoparticle self-assembly on the dynamic wetting
of nanofluids at # = 20,000 It, in which CW is the CW (by adding hydrophobic
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Fig. 5.13 Effects of 400
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nanoparticles), PW is the partial wetting (by adding hydrophilic nanoparticles), and
w/o presents without deposition. It should be noted that the rheology modification is
not considered here because the rheology does not change the wetting behaviors
qualitatively as discussed in Sect. 5.3.2. For the CW drop, the globally deposited
nanoparticles do not affect the thin film thickness in the vicinity of the contact line
region during the nanofluid droplet spreading, even for the 30 % deposition.
Therefore, the deposition has few effects on the dynamic wetting process. However,
the local deposition in the vicinity of the contact line region reduces the thin film
thickness, leading to an additional disjoining pressure. Therefore, the local depo-
sition enhances the dynamic wetting process from the beginning of wetting process.
For the partial wetting droplet, the globally deposited nanoparticles do not affect the
wetting kinetics at the beginning. At the last stage (#/f- > 0.9), when the deposited
nanoparticles change the thin film thickness, the spreading is enhanced due to the
nanoparticle deposition. For the local deposition, since the dynamic contact angle is
large, the nanoparticle deposition has few effects on the dynamic wetting at the
beginning stage. However, the deposition strongly affects the dynamic wetting at
the last stage, since the deposition of nanoparticles reduces the thin film thickness
for the small contact angle cases, leading to an additional structural disjoining
pressure near the contact line region. Figure 5.14 shows the disjoining pressure in
the vicinity of the contact line region for the four nanoparticle deposition modes.
The disjoining pressure difference between the contact line and the bulk liquid
region is responsible for the motion of contact line. For the CW, the nanoparticle
depositions have few effects on the disjoining pressure. However, for the partial
wetting, the depositions strongly affect the disjoining pressure in the vicinity of the
contact line region. Therefore, the effects of nanoparticle deposition for the partial
wetting are more significant than that of CW. For the CW, the disjoining pressure in
the precursor layer balances the structural disjoining pressure due to the
self-assembly of nanoparticles, hence the nanoparticle self-assembly has few effects
on the dynamic wetting.
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5.4 Conclusions

The multiphase LBM was used to study the nano-scale dissipation effects on the
macroscale dynamic wetting process. The microscopic dissipation effects include
the surface tension and the rheology modifications due to the nanoparticle motion in
the bulk liquid, as well as the structural disjoining pressure due to the nanoparticle
deposition near the contact line region.

1.

The adding of hydrophobic nanoparticle facilitates the dynamic wetting while
the hydrophilic nanoparticles deteriorate the dynamic wetting. The partial
wetting process was divided into two stages. The spreading exponent of the
slow stage consists with the hydrodynamic model prediction;

The shear-thinning non-Newtonian behavior due to the adding of nanoparticle
enhances the dynamic wetting of nanofluids. The wetting capability increases
with the decreasing rheological indexes. The relation of the spreading exponent
and the rheological index agree with the Starov’s model.

. The nanoparticle global deposition has few effects on the dynamic wetting,
while the local deposition strongly affects the dynamic wetting process. For the
partial wetting drop, the structural disjoining pressure due to the self-assembly
of nanoparticle in the vicinity of the contact angle region greatly facilitates the
contact line motion.
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