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1. Introduction

The thermal-solutal Marangoni convection has been widely concerned for its rich dynamical behaviors and its wide

existence in nature and industries [ To the best of our knowledge, most researches only considered the situation of
mutually parallel thermal and solutal gradients, and the mutually perpendicular case, which also occurs in some processes,
has not been considered. Therefore, in this work, we perform a series of three-dimensional numerical simulations to study
thermal-solutal Marangoni convection in a shallow rectangular cavity under the effect of mutually perpendicular thermal
and concentration gradients to shed further light on flow characteristics and flow pattern transitions. The present study
would be beneficial for a deeper understanding of Marangoni convection and industrial processes such as painting and

drying.

2. Numerical method

The fluid motion in a three-dimensional rectangular cavity with a free surface at the top boundary as shown in Fig. 1is
considered in the Cartesian coordinate system. A high and low temperatures, T» and Ti, are set at the left and right
boundaries, and those for concentration, Cr and Ci are specified at back and front boundaries.

For simplification, we assume that (i) the free surface does not deform; (ii) the fluid is incompressible and Newtonian,
and its physical properties do not depend on temperature and concentration except for surface tension; (iii) the no-slip
boundary condition is applied except for the top free surface.

By using L, L/ v, v/L as the characteristic length, time, velocity, respectively, the dimensionless governing equations are

the conservation of mass, momentum, energy, and mass transfer:
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where v is the kinematic viscosity, the nondimesional temperature and concentrations are defined as @= (T- Ti)/(Tn - Ti)
and @= (C- C1)/(Cn - C1), rand P are the dimensionless time and pressure. Pr = v/a is the Prandtl number, and Sc = v/D is
the Schmidt number, where o and D are the thermal diffusivity and the diffusion coefficient of the fluid (Pr=0.01, Sc=1),
respectively.

No-slip boundary condition is applied except for top surface, and the boundary condition along free surface are follows:
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The thermal and solutal Marangoni numbers are defined as
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where or= 00/0T (<0) and oc = 00/0C (>0) are the surface tension coefficients of the temperature and concentration fields,

respectively. The directions of Marangoni flows are shown in Fig. 1.
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Fig. 1 Numerical computational domain and the boundary conditions. The arrows indicate the directions of each

Marangoni convections.

The finite volume method with nonuniform grid is applied to discretize the governing equations and boundary
conditions, which are solved by the pressure-implicit split-operator (PISO) algorithm in OpenFOAM. Details of the
implementation of the numerical procedure can be found in the work of Minakuchi et al. 1. In addition, the numerical

method is validated with the previous result ¥l and the mesh dependency is evaluated.

3. Results and discussion
3.1 Basic flow and stability

In the present study, the thermal Marangoni number (Mar) is fixed at 0, 1, 3 and 7 x10*, the overall Marangoni convection
is enhanced by increasing the solutal Marangoni number (Mac). When Mac is relatively small, the Marangoni convection
is the steady flow, which is called as the basic flow. Figure 2 shows the streamlines, isotherms, and iso-concentration lines
of the basic flow as Mac =5 x 10%. It can be found that the evolution of the basic flow experiences three stages with the
increase of the thermal Marangoni number. When Mar = 0, only the solutal Marangoni convection is applied, the surface

fluid flows in the positive y-axis direction by the Marangoni force, then returns back near the bottom due to the mass
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conservation, as shown in Fig. 2(a). When Mar is larger than 0, the thermal and solutal Marangoni forces are perpendicular
to each other. As shown in Fig. 2(b), the surface fluid has a tendency to flow in the x-axis. With further increase of thermal
Marangoni number, in Fig. 2(c), the fluid basically flows in the x-axis, which means the thermal Marangoni effect is
dominant in the whole system.

It is noted that the Lewis number (Le = Sc/Pr = 100) in this work is much greater than unity, the heat diffuses much fast
than mass. Therefore, the isotherms of the basic flow are almost uniform and parallel to the left and right boundaries,

while the iso-concentration lines are much more distorted and sensitive to the flow, as seen in Fig. 2.

@) Mar=7x 104

Fig. 2 Streamlines of the boundaries (left), iso-concentration lines (middle) and isotherms (right) on the top free surface as

Mac =5 x10%. The contour values of temperature and concentration are from 0.1 to 0.9 with steps of 0.1.

3.2 Oscillatory flow

When the solutal Marangoni number exceeds a critical value, the thermal-solutal Marangoni flow bifurcates to an
oscillatory flow. Figure 3 shows the time dependencies of temperature, concentration and longitudinal velocity at the
sampling point (A) at (x, y, z) = (0.5, 0.5, 0.1) when Mar = 3 x10* and Mac = 3 x10% It is clearly shown that the velocity
oscillation, Vi, due to the inertial effect of the fluid flow always lags behind the temperature and concentration oscillation,
and there is a fixed phase difference among them. Their coupling results in the hydrothermal wave (HTW) and
hydrosolutal wave (HSW) instability on the free surface. A similar phase lag between the velocity and temperature

oscillations in the HTW or between the velocity and concentration oscillations in HSW was also reported in Refs [67],
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Fig. 3 Time variation of the y- velocity component, temperature, and concentration values at point A at Mar = 3 x10*and

Mac =3 x10%

4. Conclusion

When the solutal Marangoni number is relatively small, the basic flows can be characterized as three types of steady
flow, the longitudinal surface flow, oblique stripe flow, and the lateral surface flow with the increase of the thermal
Marangoni number. In addition, the fix phase lag between temperature, concentration, and velocity is observed for

oscillatory flow.
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