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     We numerically investigate thermal convection (or Rayleigh-Bénard convection) in cavity (or container), in the terrestrial-
gravity and low-gravity fields with and without a sinusoidal modulation. One of essential and relevant cavities is a cube. Thermal 
convection in a cube is induced by heating from one wall and chilling from its opposite wall. The gravity and its modulation are 
set parallel to the temperature gradient. An incompressible fluid with Prandtl number Pr = 7.1 (water) is assumed. And, the 
Boussinesq approximation is used. We have reported a previously-unidentified flow structure in laminar and steady thermal 
convection, which consists of a pair of trident currents, namely, three ascending streams and three matching descending streams 
in a cube heated from a bottom wall and chilled from its opposite top wall. This flow is not so weakly-stable but rather durable, 
and can be observed not only in a stationary cube under the terrestrial gravity, but also in a modulating cube under the terrestrial 
gravity and low gravity. From a practical point of view, we can expect that this new flow structure is beneficial to control heat/mass 
transfer and mixing in various aspects. 

: Rayleigh-Bénard convection, natural convection, heat/mass transfer, convective stability, POD 
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Fig. 2. Perspective view (look-down view) of the flow 

structure visualised by iso-kinetic-energy surfaces of 

0.38 Kmax for Ra = 8.0 104 and Pr = 7.1. The value of w 
is represented by gray scale. Pink dots denote the vortex 

core 38, 39). 
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Table 1. Definitions of flow structures S1 – S7 and –S7 are according to Pallares et al. 17, 19, 22)

by Hirata et al. 29). Gray zones of schematic diagrams represent ascending (z-ward) fluid, and white zones represent 

descending (–z-ward) fluid. Chained lines in the schematic diagrams denote the roll axes of flow structures, and solid thin 

lines denote vertical (z-ward) symmetry planes. Owing to symmetry, it should be noted that the roll axies, the symmetry 

elements and the ascending and descending regions shown in t

respect to the vertical centre axis of the cube. All the structures have symmetry under the reversal of flow velocity. 

 

Flow Structure Definitions Schematic diagram on the midplane (at z = 0.5) 

S1 (including S3 

and S7 with 

twisted axis of 

rotation) 

A single roll. (For the difference 

among the S1, S3 and S7, we have to 
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increasing Ra. See Pallares et al. 22).) 
 

S2 A single diagonally-oriented roll. 
 

S4 A nearly-toroidal roll. 
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perpendicular to one sidewall.  

S6 
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Hirata et al. 

(2013b) 
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Fig. 3. Contours of vertical component w in the horizontal 

midplane for Ra = 8.0 104 and Pr = 7.1. The value of w 
is represented by colour scale. 

 

 
Fig. 4. Time development of  for Ra = 8.0 104 and 
Pr = 7.1. Before t = 0, the system was kept for Ra = 

1.0 104, Pr = 7.1 to bring to a steady state with S2 and 

 = 20.3 and then Ra was instantly increased up to 
8.0 104. 
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Table 3. Test cases and their parameters. 
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(a) Case I (b) Case II 

Fig. 6. Time development of , together with Ra+Ra sin t in figure (a) and Ra sin t in figure (b). In each figure, a blue 

line denotes , and a red line denotes Ra+Ra sin t or Ra sin t. The chained red line in figure (a) denotes Ra = 1.0 104. 
 

  
(a) Case I (b) Case II 

Fig. 7. Time development of , together with Ra+Ra sin t in figure (a) and Ra sin t in figure (b). In each figure, 

a blue line denotes , and a red line denotes Ra+Ra sin t or Ra sin t. The chained red line in figure (a) denotes 

Ra = 1.0 104. A dashed blue line in each figure is at = 1.0, which represents the state of purely conduction with 
no convection. 
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Fig. 8. Eigenvalues of the first 10 POD modes (at n = 100). 
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Table 4. Normalised eigenvalues          of the first 5 POD modes (for n = 100). 

Modal number k 1 2 3 4 5 

Case I 80.41% 11.67% 5.36% 1.56% 1.01% 

Case II 75.86% 11.95% 5.41% 1.33% 0.83% 
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(a) Mode 1 (Pseudo-S ) (b) Mode 2 (Pseudo-S2) 

  
(c) Mode 3 (Pseudo-S4) (d) Mode 4 

Fig. 9. The first four POD modes in Case I; perspective views of eigenfunctions of vertical velocity component w on three 
horizontal planes at z = 0.25, 0.5 and 0.75. 
 

  
(a) Mode 1 (Pseudo-S ) (b) Mode 2 (Pseudo-S2) 

  
(c) Mode 3 (Pseudo-S4) (d) Mode 4 

Fig. 10. The first four POD modes in Case II; perspective views of eigenfunctions of vertical velocity component w on 
three horizontal planes at z = 0.25, 0.5 and 0.75. 
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(a) Case I (b) Case II 
Fig. 11. Stacked area plot of square of expansion coefficient of the first four POD modes (at n = 100). 

 

(a) Case I (b) Case II 
Fig. 12. Close-up view of Fig. 6: time development of , together with Ra+Ra sin t in figure (a) and Ra sin t in figure 

(b). In each figure, a blue line denotes , and a red line denotes Ra+Ra sin t or Ra sin t. A chained red line in figure 
(a) is at Ra = 1.0 104. 
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