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Fig. 1 Snapshot of height distribution at (a) the
oil-water interface, (b) the water-air interface and (c)

the water-air interface with a different color contour.
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Fig. 2 Time variation of height distribution at the
oil-water interface during the oil layer entrainment.

Time interval of each picture is 0.1 sec.
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Fig. 3 Velocity vectors near the water-oil interface (a)

before and (b) at the moment of oil layer entrainment.
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Figure 1. Molecular structures of porphyrin dyes.
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Figure 2. Copper(I/I) redox shuttles.
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Figure 3. Selected Kohn—Sham orbitals for (a) LGS and
(b) LG5B obtained by DFT calculations with the
B3LYP/6-31G(d) level. To simplify the calculations,

octyl and octyloxy groups on the meso-aryl groups were

replaced with methyl and methoxy groups, respectively.
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Figure 1. Chemical structure of 1
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Figure 2. CD and UV-vis absorption spectra of 1
measured in CHClz/MeOH (¢ = 0.02 mM) at 20 °C.

Figure 3. Optimized structure of 1.
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Figure 4. Simulated CD and UV-vis spectra of 1.
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Figure 5. Chemical structure of 8-mer of 1. Note that this
structure is in the middle optimization.
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Numerical simulation of thermal-solutal Marangoni convection in a

shallow rectangular model with mutually perpendicular temperature and

concentration gradients

ZHANG Jiangao

Graduate School of Engineering Science, Osaka University

1 Introduction

Marangoni convection usually takes place in a
liquid layer with the free surface due to the
variation of free surface tension, which is driven by
temperature and/or concentration gradients. This
convection has been of interest for researchers due
to its rich dynamical features and also for its
widely existence in nature and industrial
processes, such as oceanography, droplets, thin-
film coatings, and crystal growth.

Numerous fruitful research findings on
Marangoni convection have been reported in
recent years [1-3]. However, all these studies
considered only the cases of mutually parallel
thermal and concentration gradients in a
rectangular cavity. To the best of our knowledge,
the case of mutually perpendicular gradients has
not been considered yet. It would be an interesting
phenomenon to investigate since it occurs in some
processes such as painting and drying. 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 pattern

transitions.
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2 Numerical method

In the simulation model we consider a cavity
filled with a fluid as shown in Fig.1. The top
boundary is the free surface while the other
boundaries are the cavity walls. The Cartesian
coordinate system is adopted. The length, width,
and depth of the cavity are I, L and 0.1,
respectively. A high and low temperature values,
Th and 7}, are set at the left and right boundaries,
and the concentration values of C» and C; are
prescribed at the back and front boundaries.

The conservation of mass, momentum, energy,
and mass transfer are adopted as the governing
equations of the fluid flow. In this study, the
computations have been performed for the fluid

with Pr=0.01 and Sc=1.

o W T T T TT e TOTOTTOT TS
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e s 57
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Fig. 1 Numerical simulation domain. The red and
blue arrows respectively indicate the directions of

thermal and solutal Marangoni flows.

3 Results and discussion

When the solutal Marangoni number exceeds

the critical Marangoni value, the thermal-solutal



Marangoni flow bifurcates to an oscillatory flow.
Figure 2 shows the time dependencies of
temperature, concentration and longitudinal
velocity at the sampling point (A) at (x, y; 2 = (0.5,
0.5, 0.1) when Mar =1 x104*and Mac = 3 x104. The
velocity oscillation, V}, due to the inertial effect of
the fluid flow always delays, and there is a phase
difference between temperature, concentration,
and velocity. Their coupling results in the
hydrothermal wave (HTW) and hydrosolutal wave
(HSW) instability on the free surface [4].
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Fig. 2 Time variation of the velocity, temperature,
and concentration values at point A at Mar = 1

x104and Mac = 3 x104.

It is noteworthy that the flow undergoes a
backward transition from the oscillatory flow to a
chaotic one at around Mar ~ 5 x104, then to an
oscillatory pattern again when Mar is around
3x104. As demonstrated in Fig. 3, the longitudinal
velocity V; at the sampling point is quasi-periodic
for Mac = 6 x104, but the flow velocity fluctuates
irregularly in time when Mac = 5 x10%. Although,
as the solutal Marangoni number increases, the
temporal complexity of the flow reduces from the
chaotic pattern to the secondary oscillatory flow,
the spatial flow pattern changes from two vortices
to five coherent vortices shown in Fig. 4. As a
result, the overall complexity of the flow increases,
and the backward transition from chaotic to

oscillation 1s reasonable.
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Fig. 3 Time dependencies of the velocity 1} with

various solutal Marangoni numbers Mac at point

(b) Mac = 6 x10*
Fig. 4 Streamlines at the mid-y plane (y = 0.5)
when Mar = 3 x104.

4 Conclusion

Generally, the flow pattern changes from a
steady flow, oscillatory flow, and to a chaotic state
with the increase of solutal Marangoni effect for
each Mar. In addition, the phase lag is observed for
oscillatory flow. Also, a backward transition from
chaotic to oscillation is encountered at Mar = 3
x104,
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Fig. 1 The behavior of particles (blue dots) in
the vessel after 30 seconds: (a) at w = 30
rpm, (b) 40 rpm, (¢) 50 rpm, and (d) 60 rpm.
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Fig. 2 The distribution of particles (blue dots)
in the vessel after 30 seconds at w = 60 rpm.
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Fig. 3 The distribution of the vertical velocity
field near the bottom surface (z=0.01 m).
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3.2 HBER.

BHFBEET IWORT-TER. 0—L 2 kX
2 (2, y,2) = (0,0,0) IZHA T, M2 2 DDARH)
(M1D x DEZ5)dHD. FEIZE) 157 KeHFE
BETIVOARESE x OEHIZHY , T TOEH
fEEEPITE TV Z &% ERL 72 (R 1).

F72, K1DERD “actual trajectory” (&2
BORRIE TRTEATND. 2O LD ¥
W2k o THERLL 72 BT VRSB V2 KR 51T —
ZIZIFEENLROAEEZ O HITZ L Wb
2. ZOZ L FEMEE ST B TS @HTH AT H
MO FRRHETHD ) L WD T b ld—RE
BUHWFERTH L0, HRIZGFETD IERMEED
FHIIRINL 2 ILE > TABEWHEETE 28
DEEZLND.



Lres Rres Ores Lactual Ractual Oactual
x" | —8.47 8.50 | 0.04 | —8.49 8.49 0.00
y* | =847 8.50 | 0.02 | —8.49 8.49 0.00
2" 27.04 | 27.01 | 0.54 27.00 27.00 0.00

3 1: Coordinates at each of the three unstable fixed points. L., Rics, and O,e are fixed points
of the data-driven model, whereas Lactual, Ractual, and Oactual are fixed points of the actual Lorenz system

with r = 28. The coordinates (z*,y*,2*) are close to those of the corresponding fixed point of the actual

Lorenz system.

reservoir trajectory
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reservoir fixed point x

actual fixed point x
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1: Fixed points. The three fixed points
(x*,y*, z*) of the data-driven model (left) and the
corresponding unstable fixed points of the actual
Lorenz system (right) are plotted together with the

trajectory points.
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EL, TODRERIDERIZHD E DL D B I1F5%
MEE THEL S 2 0% HS MU 2. AIIFETIE,
AEA, RO L S BIFRDALERL Vo2&
R RMEEN L 5 6 Z & 2 RU 72, R,
A [4] & U TE & OTHBMNE EERGHI &MU /.

BE, @ [4ETV TV RN T =TI T Y
7H—RLTW%.

5 HiEE
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2: A periodic orbit-like {rajectory. A

periodic orbit-like trajectory obtained from the

data-driven model is plotted together with the
corresponding unstable periodic orbit (period T,
=5.9973192969) of the actual Lorenz system with
r = 28 (left), and their time developments of the x
variable (right).
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a. DFT calculations on the proposed catalytic cycle of the alkene isomerization
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