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Abstract: As a typical moving contact line problem, the industrial coating and coating problem has a
very important application. The purpose of this paper is to study the physico-mechanical analysis of
moving contact lines. The research background and significance of the moving contact line problem
are given, the research progress of the plate pull-up coating is reviewed, and the research status of the
moving contact line problem on the chemically uneven surface is given. The tilt-pulling problem of
chemically inhomogeneous surfaces with horizontal fringe distribution is studied. Numerical
simulations investigate the effects of different strip widths on the dynamic behavior of the contact line
and the evolution of the liquid film morphology. The effects of the plate width and the angle between
the plate edge and the pulling direction on the critical state of the wetting transition, the dynamic
process of the inclined contact line and the evolution of the liquid film morphology were investigated.
When the widths of the hydrophilic and hydrophobic strips are sufficiently small, both the critical
velocity of the wetting transition and the dynamic evolution process of the contact line and the liquid
film are the same as the uniform surface results with the equilibrium contact angle being the predicted
value of Cassie theory.
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1. Introduction

In industrial production and daily life, fluid flows are generally diverse and complex. These are not
caused by single-phase fluid motion, but are the result of the coupled motion of gas, liquid and solid [1].
The wetting behavior of solid surfaces also has high economic value in industry, and the flow
mechanism and physical mechanism of moving contact lines on rough surfaces can give guidance and
optimization solutions to industrial problems [2]. Although the motion of the contact line is controlled
by the molecular force between the two-phase fluid and the solid, it has a significant impact on the
macroscopic motion of the fluid, that is, the change of the moving contact line will bring about
different flow mechanisms [3-4]. In addition, all substrate surfaces in nature have rough textures at the
microscopic scale, and in practical engineering applications and industrial production, roughness is an
important factor that has to be considered. It is of great significance to explore the influence of these
rough textures on flow characteristics [5].

At the capillary scale, especially in flows dominated by surface tension, the magnitude of the
contact angle and the motion of the contact line have important effects on multiphase hydrodynamics.
Some scholars have used molecular dynamics to study the electrowetting of water and electrolytes in
three anti-skid coordination stages. In the case of using static electricity, the friction of the contact wire
is reduced [6]. Yang J studied the synthesis mechanism and physical and mechanical properties of
hydraulic lime from loess. The composition of loess dolls before and after calcination was studied by
X-ray fluorescence spectrometer and X-ray diffractometer. The physical and mechanical properties of
the mortar specimens were studied by the white light DSCM (Digital Speckle Correlation Method)
deformation field detection system [7]. Various multiphase flow problems with moving contact lines
are often involved in industrial applications, such as dropper tips to reduce drug residues, special
surfaces to accelerate liquid film dehumidification, etc. Because of the multi-scale nature of the flow, it
is difficult to accurately measure experimentally. Numerical research It has more scientific significance

(8l.
Based on the lubrication theory under different conditions, the motion law of the contact line and
the liquid film on the solid wall is studied by the method of theoretical analysis combined with

numerical calculation. We generalize the moving contact line asymptotic theory and apply it to the
problem of dip coating on flat plates and the spreading and retraction of droplets; we study the wetting
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transition in dip coating on flat plates, and give the critical speed of wetting transition in general cases
Formula; focuses on the gravity-driven receding liquid film on the inclined plate, and gives the effect of
the plate inclination and inertia on the contact linear velocity; explores the evolution of the liquid film
on the plate, and gives the liquid film morphology and evolution in different stages and regions law.

2. Research on Physical Mechanics of Moving Contact Line
2.1 Precursor Membrane Model

In addition to the stress singularities near the contact line, the moving boundary problem is another
difficulty for numerical calculations with moving contact lines. For the solution of the lubrication
equation, if the slip model is used, the method of transforming the independent variables can be used to
convert the moving boundary problem into a fixed boundary problem; while the precursor film model
can make the liquid film near the contact line have a limited thickness, so that the contact line is
connected to a balanced precursor film, thereby avoiding the moving boundary problem. At this point,
the boundary condition of the equation is on the equilibrium precursor film, not at the contact line.
Therefore, the information related to the contact line is added to the equation in the form of separation
pressure [9]. At this time, in the case of ignoring the body force, the pressure P in the liquid contains

both the contribution of the interface curvature K and the contribution of the separation pressure I1:
P=P,— ok -1, @)

Where p0 is the atmospheric pressure and o is the surface tension coefficient. The separation
pressure mainly acts in the vicinity of the contact line and at the precursor membrane, and has little
effect on the macroscopic region far from the contact line. For the vicinity of the contact line, the solid
wall can be considered to be flat. Under the lubrication approximation, the curvature K can be
estimated as the spatial second derivative of the interface, k ~h''(x), where x is the spatial

coordinate along the tangent to the solid wall.
2.2 Surface Properties and Static Wetting

The exploration of knowledge is from the shallow to the deep, from the simple to the complex.
Young's equation is only suitable for ideal rigid, smooth and chemically uniform surfaces, not for rough
surfaces [10]. The deviation of the apparent contact angle presented by the liquid on the rough solid
surface is not only related to the surface physical and chemical properties of the matrix, but also has a
great relationship with the surface structure. Both Wenzel and Cassie theories recognize that there is a
large difference between the actual solid surface situation and the ideal surface, resulting in the
variation of the contact angle [11]. Wenzel's theory attributes this difference to the irregular texture of
the actual surface, and proposes the concept of roughness, which relates the contact angle on the actual
surface to the intrinsic contact angle of the ideal surface; Cassie's theory attributes this difference to the
surface structure The difference in surface free energy caused by the inhomogeneity of the surface can
be used to construct two different surfaces, and the concept of composite contact angle is proposed,
which is related to the intrinsic contact angle of the ideal surface [12].

Cassie and Baxter proposed the concept of composite contact angle by considering the deviation of
apparent contact angle and static contact angle of actual rough surfaces from the viewpoint of surface
diversity (surfaces with many different wetting characteristics), and droplets do not It will infiltrate into
the ravine, but the gas will be trapped in it. At this time, the interface situation is much more
complicated, and the total surface free energy is composed of the free energy of each component. Also
in the model, a virtual displacement dz is given to the contact line, then the change of surface free
energy per unit length is:

dE = f (o), —0y)-dz+ (1~ f)o, +0,dz-cosO* )

Where f1 is the fraction of the solid surface wetted by the liquid, and the composite interface
formula of the two phases can be extended to the N-phase composite interface to obtain the following
composite contact angle.
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3. Investigation and Research on the Physical Mechanics of Moving Contact Lines
3.1 Multiphase Flow Problem

The problem of multiphase flow is a common problem in life and productivity, and one of the most
important problems in multiphase flow is the existence of contact lines. On optically and chemically
coherent surfaces, the vertical edges of vertical water droplets are determined by the surface tension
coefficient between the water and the solid wall and the surface tension coefficient between the two
types of water, while the roughness and chemical inhomogeneity of the upper wall affects the surface.

3.2 Numerical Simulation

In this paper, a precursor film model is used to eliminate the stress singularity problem at the
contact line, with a thin liquid film at the nanoscale. The contact line is defined at the maximum value
of the second derivative of the liquid film thickness, and the distance from the contact line to the
horizontal plane along the plate pulling direction is denoted as Xcl. The dimensionless characteristic

height, characteristic length and characteristic time are h, 1=+/3/5h /6, and
T =27uh, 125y0; respectively, and the form as follows:

0,h+0,(h%, (62h+T1(h)) —Gh’ h) +3Gah’0,h—Ud,h=0, (3)

3pgh?

The dimensionless numbers « =I—§, U =£u and G = >

h, I y0,

dimensionless plate inclination angle, the plate pulling speed and the gravitational constant,

respectively. Its a and u are the physical real plate inclination angle and plate pulling speed,

respectively. The influence of the plate inclination angle is not discussed in this paper, so the plate
inclination angle a=1 is a fixed value. Equation (1) is the separation pressure, and its form is:

in equation (1) are the

—h—13 +h—16, A more hydrophilic surface with a contactangle of 6,
12(—3 +6J, A more hydrophobic surface with a contactangle of 4,,
6, h> h

(91/92 characterizes the difference in wettability of hydrophilic and hydrophobic bands. It should

be noted that, in the process of pulling the flat plate, the surfaces with different contact angles will
move upward continuously.

4. Analysis and Research on Physical Mechanics of Moving Contact Line
4.1 Critical Speed of Wetting Transition

The influence of the width of the hydrophilic and hydrophobic strips on the critical speed of wetting
transition is shown in Figure 1. Here, only the case where the widths of the hydrophilic and
hydrophobic strips are equal, that is, L1=L2, is considered. When the width of the hydrophilic and
hydrophobic strips is much smaller than the capillary length, such non-uniform surfaces have chemical
patterns distributed on the microscopic scale, but can be regarded as a uniform surface with an
equivalent equilibrium contact angle on the macroscopic scale. The effective contact angle is the

equilibrium contact angle predicted by Cassie theory, namely c0s(@.) = f, cos(@,)+ f, cos(@,),
where f1=L1/(L1+L2), f2=L1/(L1+L2). The dotted line in the figure represents the critical speed of
wetting transition for a uniform surface with an equilibrium contact angle of &, , and the dots

represent the critical speed of the chemically inhomogeneous flat plate pulling out the liquid film at
different strip widths. It can be seen that when the chemical inhomogeneity scale of the surface is
sufficiently small (L1<1), the critical speed of wetting transition on the non-uniform surface is in

good agreement with the results of the uniform surface. With the increase of the strip width, the critical
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speed of wetting transition gradually deviates from the result predicted by Cassie theory and decreases
gradually.
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Figure 1: The critical velocity of wetting transition as a function of strip width, considering only the
case where the hydrophilic and hydrophobic strip widths are the same and smaller than the capillary
scale

4.2 Dynamic Evolution Process of Contact Line and Liquid Film

The evolution law of the moving contact line with time when the width of the hydrophilic and
hydrophobic strips is much smaller than the capillary length, where L1=L2=1, as shown in Figure 2.
The solid lines and dots in the figure represent the change process of the contact line position with time
during the pulling process of the non-uniform surface and the uniform surface. The results show that
the dynamic behavior of the contact line on the chemically inhomogeneous surface is the same as that
of the uniform contact line, whether it is in the equilibrium state (U=0.20) or when the contact line
continues to climb up after the wetting transition (U=0.50). The behavior of the surfaces is consistent,
and the small local vibration of the contact line does not affect the macroscopic uniformity, as shown in
Table 1.

Table 1: Dynamic evolution process of contact line and liquid film

T Uneven Uniform Uneven Uniform
surface(U=0.20) surface(U=0.20) surface(U=0.50) surface(U=0.50)
100 21 21 67 67
400 25 25 83 83
800 28 28 92 92
1200 29 29 100 100

The evolution of the liquid film structure over time when the width of the hydrophilic and
hydrophobic strips is much smaller than the capillary length shows that the dynamic liquid film
structure pulled out after the wetting transition occurs is consistent with the results on a homogeneous
surface. Comparing the evolution results of the contact line and the liquid film, we find that for the
surface with chemical inhomogeneity in the microstructure, the dynamic behavior of the moving
contact line in the macroscopic and the dynamic evolution process of the pulled liquid film are both the
same as those of the uniform surface. The results are the same, and the equilibrium contact angle of this
uniform surface can be equivalently given by the Cassie theory that characterizes the wetting properties
of chemically inhomogeneous surfaces. In fact, the variation of the contact line velocity decreases with
the decrease of the width of the hydrophilic and hydrophobic strips, that is, the pinning and slipping
processes of the contact line are suppressed when the width of the hydrophilic and hydrophobic strips
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decreases, while the gas-liquid The speed of the interface deformation is much slower than that of the
contact line moving on the solid wall, so the liquid film structure does not change much when it
continuously crosses the junction of the hydrophilic and hydrophobic strips.
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Figure 2: The time evolution curve of the moving contact line position, the strip width is much smaller
than the capillary length, where L1=L2=1.

5. Conclusions

At present, there are still few numerical studies on the two-phase flow with moving contact lines on
solid materials, especially considering the contact angle hysteresis effect on the material surface. With
the in-depth development of computer technology, people's research on complex fluids has also entered
the micro-scale stage, and the continuum model is gradually unable to meet the research needs. In this
paper, the phase field method is used to explore the multiphase flow problem on rough walls with
various morphologies. Based on the existing research progress, in-depth research can also be done in
the following aspects. In evaluating the influence of rough surfaces, the focus Concentrating on specific
geometric parameters, it is necessary to broaden the geometric parameters or further quantitatively
compare whether an equivalent relationship can be established under different geometric rough models;
there are differences between experiments and lubrication theory or numerical simulation due to the
three-dimensional effect, how to describe the three-dimensional effect in the contact line motion The
impact is a major difficulty and hot spot.
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