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Fig. 1. Coordinate of two-dimensional isosceles trapezoidal

cavity.
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Fig. 2. Geometry condition of curved wall boundary.
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Table 1.  Compute time and acceleration ratio of CPU, OpenAcc, CUDA.
HE AR CPU OpenAcc CUDA Jin# H (CPU/OpenAcc) JnE H (CPU/CUDA)
FHEHE] /s 6459.28 408.75 48.95 15.80 131.96
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Fig. 3. Comparison of the velocity profiles along the vertical and horizontal lines through cavity center at Re = 100, 500: (a) and

(¢) The y-component of velocity u profiles along the vertical line; (b) and (d) 2z-component of velocity v profiles along the horizont-

al line.
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# 2 X Re = 100, 1000, 3200 B335 (8 07
Table 2.  Comparison of the vortex center position in the cavity at Re = 100, 1000, 3200.
T2 Y2
Re z1 Y1
Z31 Zor Yol Yor
Zhang et al.’"] 0.5721 0.4212
100 Present 0.5722 0.4210 — — — —
Error /% 0.03 0.05 — — — —
Zhang et al.;’”) 0.5473 0.3558 0.3423 0.0180 0.6351 0.0450
1000 Present 0.5479 0.3561 0.3428 0.0179 0.6370 0.0451
Error/% 0.11 0.09 0.15 0.42 0.30 0.12
Zhang et al.’" 0.714 0.4392 0.3378 0.3491 0.4504 0.0788
3200 Present 0.7225 0.4448 0.3427 0.3432 0.4539 0.0809
Error/% 1.18 1.28 1.46 1.70 0.77 2.66
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Fig. 4. Comparison of the velocity profiles along the vertical and horizontal lines at Re = 500, 10000 for 256 x 128, 512 x 256,

1024 x 512. (a) The y-component of velocity u profiles along the vertical line, (b) a2-component of velocity v profiles along the hori-
zontal line at Uy = 0.1, Uz =0 and Re = 500. (c) The y-component of velocity u profiles along the vertical line, (d) a-component
of velocity v profiles along the horizontal line at Uy = 0.1, Uz = 0.1 and Re = 10000.
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T1b, only the lower wall-driven; (c¢) Case T2a, the upper
and lower wall are driven at the same speed and in the
same direction; (d) Case T2b, the upper and lower wall are

driven at the same speed and in the opposite direction.
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Fig. 6. Stream function contours of Reynolds numbers from
1000 to 8000 for Case Tla: (a) Re = 1000; (b) Re = 3200;

2SI U] 6 T, 4 G0 0 3 8 0 (¢) e = 5000: (d) Re = 6000: (¢) Re = $000,
# 3 Case Tla &M T, Re = 1000, 3200, 5000, 6000, 8000 i35 H—Zi5 . — R AN =GB 1RO B
Table 3. The first, second and third primary eddies characteristics at Re = 1000, 3200, 5000, 6000, 8000 for Case T1a.
T2 Y2 3 Y3
Re 1 Y1
3| Tor Y21 Yor 3] L3r Y31 Yar
1000 286.89 148.44 153.65 358.66 9.93 11.39 — — — —
3200 359.03 180.97 163.84 158.09 142.90 15.17 — — — —
5000 192.02 134.52 241.44 384.21 241.30 192.66 155.94 347.52 13.77 25.36
6000 200.42 132.50 261.28 393.16 242.12 196.81 155.06 353.98 12.93 35.50
8000 210.51 130.69 290.17 405.75 243.39 202.60 154.62 358.04 12.48 37.51
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Fig. 7. (a) Variation of the velocity u magnitude along « = 1, (b) variation of the velocity v magnitude along y = 0.5 for Re from

1000 to 8000 for Case T1la.
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Fig. 8. Stream function contours are periodic and unsteady at Re = 8500 for Case Tla: (a) Stream function contours at time steps

t = 3000000 ; (b) velocity phase diagram at the velocity monitoring point; (c) velocity over time at the velocity monitoring point.
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Fig. 10. Stream function contours are non-periodic and unsteady at Re = 10000 for Case Tla: (a) Stream function contours at time steps

t = 5000000 ; (b) velocity phase diagrams at the velocity monitoring point; (¢) velocity over time at the velocity monitoring point.

—1.70
(b) (c)

3.27 | —1.72 ’
® 326} 174
o o
S = \‘
S 3.25¢ S —1.76 “

3.24 —1.78

3.23 1 1 1 1 1 —1.80 1 1 1

—1.78 —1.76 —1.74 —1.72 —1.70 4.7 4.8 4.9 5.0
u/10-3 t/106

K 11  Case Tla &M T, Re = 12500 W 52 PR J& 51 6 78 25075 30

(a) B[] 25 ¢ = 5000000 I 149 37 3% 1415 (b) e 4 oAb 32 86 A 1T 5
(c) M d a5 A 2 3 I o i) 1y A5 AL

Fig. 11. Stream function contours are non-periodic and unsteady at Re = 12500 for Case Tla: (a) Stream function contours at time steps

t = 5000000; (b) velocity phase diagram at the velocity monitoring point; (c) velocity over time at the velocity monitoring point.
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Fig. 12. Stream function contours of Reynolds numbers from 1000 to 8000 for Case T1b: (a) Re = 1000; (b) Re = 3200; (c) Re =

5000; (d) Re = 6000; (e) Re = 8000.
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Table 4.  The first, second and third primary eddies characteristics at Re = 1000, 3200, 5000, 6000, 8000 for Case T1b.

x9 Y2 z3 Y3
Re 1 Y1
x31 Tor Y21 Yor 3] T3¢ Y31 Y3r

1000 282.15 113.99 102.26 426.01 194.18 207.84 17.85 492.65 237.54 247.61
3200 280.78 118.95 110.43 412.34 158.93 218.72 25.99 487.95 229.41 245.42
5000 280.79 118.95 110.43 412.34 158.95 218.72 25.97 487.81 229.78 245.57
6000 280.79 118.95 110.43 412.34 158.94 218.73 26.10 487.84 229.99 245.57
8000 283.22 121.00 121.00 408.63 117.03 222.46 61.80 469.33 210.11 233.00
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Fig. 15. Each order of mode for Case T1b when Re = 11500: (a) The mean field modal diagrams of velocity; (b) energy share of the
first n order of mode for velocity; (c) energy share of each order of mode for velocity; (d)—(f) the first-order, second-order and third-
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Fig. 16. Stream function contours are non-periodic and unsteady at Re = 12500 for Case T1b: (a) Stream function contours at time

steps ¢ = 6000000 ; (b) velocity phase diagram at the velocity monitoring point; (c) velocity over time at the velocity monitoring

point.
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Fig. 17. Stream function contours are non-periodic and unsteady at Re = 15000 for Case T1b: (a) Stream function contours at time

steps ¢ = 6000000 ; (b) velocity phase diagram at the velocity monitoring point; (c) velocity over time at the velocity monitoring

point.
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Table 5. The first, second and third primary eddies characteristics at Re = 1000, 3200, 5000, 6000, 8000, 10000 for Case
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Y2 3 Y3
Re 1 Y1
21 Tor Y21 Yor 31 Y31
T3r L3r, Y3ry Y3r,

1000 265.65 83.21  166.69  390.56 209.14  202.40 — 412.69  422.93 — 101.61 117.56
3200 276.64  90.43  139.51  404.39 190.46  205.49 34.89  410.36  421.46 216.82  115.62  134.97
5000 282.10  92.07 141.76  408.64 186.10  206.44 40.16  410.52  421.23 22249  120.92 138.91
6000 284.21  92.69 142.88  410.13 184.42  206.76 41.25  410.77  421.29 223.56  122.65  140.12
8000 287.07  93.68 144.54  412.15 182.08  207.14 42.18  411.69  422.02 224.22 124.32 141.38
10000  288.94  94.48  145.67  413.49 180.45  207.33 43.32 412.89  423.35 223.99 12448  141.80
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Fig. 19. (a) Variation of the velocity w magnitude along @ = 1, (b) variation of the velocity v magnitude along y = 0.5 at Re =
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Fig. 20. Stream function contours are periodic and unsteady at Re = 12500 for Case T2a: (a) Stream function contours at time
steps ¢ = 6000000 ; (b) velocity phase diagram at the velocity monitoring point; (c) velocity over time at the velocity monitoring
point.
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Fig. 21. Each order of mode for Case T2a when Re = 12500: (a) The mean field modal diagrams of velocity; (b) energy share of the
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order mode of velocity.
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point.
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Fig. 24. Stream function contours are non-periodic and unsteady at Re = 20000 for Case T2a: (a) Stream function contours at time
steps t = 6000000 ; (b) velocity phase diagram at the velocity monitoring point; (¢) velocity over time at the velocity monitoring
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Fig. 28. Stream function contours of Reynolds numbers from 1000 to 5000 for Case T2b: (a) Re = 1000; (b) Re = 3200; (c) Re =
5000.
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Table 6.  The first, second and third primary eddies characteristics at Re = 1000, 3200, 5000 for Case T2b.
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Fig. 29. (a) Variation of the velocity w magnitude along = = 1, (b) variation of the velocity v magnitude along y = 0.5 at Re =

1000-5000 for Case T2b.
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(o) EEET (b) (c) 1.30% - 1.10%

- L0 — 10.80%
200 1

100 A

0 100 200 300 400 500

[CYN ____ EE—
-6 —4 —2 0 2 4 6 x10°3

[\
200 4
100 - o
0 : . —_ : 0 - ’ : : 0 i : : :
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500

B 31  Case T2b %/ F, Re = 6000 B iy £ BB A5 1B (a) S EEF I A BIAE; (b) BT n BT AL BE S & LL; (¢) BT AIARBE R
HE (d)— () —Br s B SRS
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t = 5000000 ; (b) velocity phase diagram at the velocity monitoring point; (c) velocity over time at the velocity monitoring point.
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Fig. 36. Effect of Reynolds number on the flow pattern for
four different cases. The black circle indicates that the flow
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the flow field is non-periodic and unsteady.
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Abstract

In this study, we utilize the lattice Boltzmann method to investigate the flow behavior in a two-
dimensional trapezoidal cavity, which is driven by both sides on the upper wall and lower wall. Our calculations
are accelerated through GPU-CUDA software. We conduct an analysis of the flow field mode by using proper
orthogonal decomposition. The effects of various parameters, such as Reynolds number (Re) and driving
direction, on the flow characteristics are examined through numerical simulations. The results are shown below.
1) For the upper wall drive (T1a), the flow field remains stable, when the Re value varies from 1000 to 8000.
However, when Re = 8500, the flow field becomes periodic but unstable. The velocity phase diagram at the
monitoring point is a smooth circle, and the energy values of the first two modes dominate the energy of the
whole field. Once Re exceeds 10000, the velocity phase diagram turns irregular and the flow field becomes
aperiodic and unsteady. 2) For the lower wall drive (T1b), the flow is stable when Re value is in a range of
1000—8000, and it becomes periodic and unsteady when Re = 11500. The energy values of the first three modes
appear relatively large. When Re is greater than 12500, the flow field becomes aperiodic and unsteady. At this
time, the phase diagram exhibits a smooth circle, with the energy values of the first two modes almost entirely
dominating the entire energy. 3) For the case of upper wall and lower wall moving in the same direction at the
same speed (T2a), the flow field remains stable when Re changes from 1000 to 10000. When Re varies from
12500 to 15000, the flow becomes periodic and unstable. The velocity phase diagram is still a smooth circle,
with the first two modes still occupying a large portion of the energy. Once Re exceeds 20000, the energy
proportions of the first three modes significantly decrease, and the flow becomes aperiodic and unsteady. 4) For
the case in which the upper wall and lower wall are driven in opposite directions at the same velocity (T2b), the
flow field remains stable when Re changes from 1000 to 5000. When Re = 6000, the energy of the first mode
accounts for 86%, and the flow field becomes periodic but unstable. When Re exceeds 8000, the energy

proportions of the first three modes decrease significantly, and the flow field becomes aperiodic and unsteady.
Keywords: lattice Boltzmann method, trapezoidal cavity, two-sided driven, GPU-CUDA computing
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