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Fig. 1. Configuration of system.
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F1 PR
Table 1. Validation of grid convergence.

Mk (r x 2z x 0) PG [Hz B
62 x 22 X 64 0.0649 8
82 x 30 x 84 0.0627 8

102 x 34 x 104 0.0623 8
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Fig. 2. Change of the temperature amplitude A with
bottom heat flux Q at Ma = 58433 (AT =1 K).
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Table 2. Computed Qi for different Ma.

o Ma=0 Ma = 29217 Ma = 58433 Ma = 70120
a

(AT =0 K) (AT = 0.5 K) (AT =1 K) (AT =12 K)
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(AT =0 K); (b) Ma = 11687 (AT = 0.2 K); (c) Ma = 29217 (AT = 0.5 K); (d) Ma = 58433 (AT =1 K)
Fig. 3. (color online) Temperature field and flow structure on the R-Z plane of § = 0 for different horizontal
temperature differences at Q = 5 x 1074 (a) Ma = 0 (AT = 0 K); (b) Ma = 11687 (AT = 0.2 K);
(¢) Ma = 29217 (AT = 0.5 K); (d) Ma = 58433 (AT =1 K).
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Fig. 4. (color online) The surface temperature (a) and velocity (b) distributions along the radial direction

at different Ma.
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Fig. 5. Evolutions of the temperature and velocity
with time at the monitoring point P for Ma = 81806
(AT =14K)and Q =5 x 104,
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Fig. 6. Evolution of the temperature profiles at the monitoring point P for different Ma at Q =5 x 10~%:
(a) Ma = 105179 (AT = 1.8 K); (b) Ma = 175299 (AT = 3 K).
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Fig. 7. Snapshots of the surface temperature fluctua-
tion for different Ma at Q = 5x107%: (a) Ma = 81806
(AT = 1.4 K); (b) Ma = 105179 (AT = 1.8 K);
(¢) Ma = 128553 (AT = 2.2 K); (d) Ma = 175299
(AT = 3 K).
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Fig. 8. (color online) Snapshots of the surface temperature fluctuation and temperature under the condition
of Q =3.3x1073: (a) Ma =0 (AT = 0 K); (b) Ma = 11687 (AT = 0.2 K); (c) Ma = 46746 (AT = 0.8 K);

(d) Ma = 146083 (AT = 2.5 K).
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Fig. 9. (color online) For the case of @ = 3.3 x 1073: (a) the temperature distributions along the surface radial line

at 6 = 0; (b) the average velocities of inner and outer regions with different Ma.
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Effect of horizontal temperature difference on
Marangoni-thermocapillary convection in a shallow
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Engineering, Chongqing University, Chongqing 400044, China)

( Received 6 January 2015; revised manuscript received 15 February 2015 )

Abstract

The surface tension driven convection with the bidirectional temperature differences plays a very important role in
many natural processes. However, most of the previous researches have focused only on the convection induced by a
unidirectional temperature difference. In this paper, under the coexistence of bidirectional temperature differences, we
conduct a series of numerical simulations to investigate the effect of horizontal temperature difference on the Marangoni-
thermocapillary convection in a shallow annular pool. The critical values of bottom heat flux Q. for transition from an
axisymmetric steady flow to a three-dimensional unsteady flow at different values of Ma are determined. The result shows
the horizontal temperature difference has a negative effect on the stability of Marangoni-thermocapillary convection. The
simulation predicts two new state evolutions which do not appear in the convection with a unidirectional temperature
difference. When Q is less than the Qi value of 2.4 x 10™3, the Marangoni convection without horizontal temperature
difference is steady and axisymmetric. When a small horizontal temperature difference is imposed, the convection
called basic flow keeps steady and axisymmetric. When the value of Ma exceeds a certain threshold value Mac,i, the
convection becomes a three-dimensional unsteady flow. After this unsteady flow happens, with the increase of Ma, the
surface temperature fluctuation evolves from a punctate wave to a hydrothermal wave, and finally to a chaotic wave.
Accordingly, the temperature oscillation with time is a periodically regular oscillation at first, then turns into a chaotic
mess. When Q is larger than the corresponding Qeri value of 2.4 x 1073, without a horizontal difference, the convection
is unsteady and no basic flow exists in the variation process of Ma. With the increase of Ma, the surface temperature
fluctuation evolves from a double hydrothermal wave to a single hydrothermal wave, and finally to a chaotic wave. The
vertical heat transfer and horizontal temperature difference have different effects on the fluid, and their separate roles
in driving fluid are determined. The bottom heat flux causes the surface fluid to flow in two opposite radial directions
as the highest surface temperature is located in the middle region, while the horizontal temperature difference induces
the surface fluid to flow in a single radial direction as the highest surface temperature appears at the hot wall. The
combined action of these two forces generates different flows. The increase of horizontal temperature difference leads to
the highest surface temperature, which originally appears in the middle region due to the bottom heat flux, and moves
toward the hot wall. In this process, the horizontal temperature difference has a positive effect on the enhancement of

flow near inner wall but it has a negative effect on the flow near outer wall.

Keywords: Marangoni-thermocapillary convection, bidirectional temperature differences, shallow

annular pool, oscillatory flow
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