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Abstract; The application of unified gas kinetic scheme is greatly hindered by the huge requirements of computing resources. Based on
Boltzmann-Rykov model equation, a conservative implicit scheme for steady flows in all flow regimes was developed by adopting macroscopic
prediction technique, and the macroscopic equation and microscopic equation were solved collaboratively to accelerate the convergence. At the cell
interface, a simplified and efficient multi-scale numerical flux was directly constructed from the characteristic difference solution of kinetic model
equation. The adoption of non-uniform, unstructured velocity space and velocity space adaptive technology further reduce the requirement of
computation and improve computational efficiency. The applications of unstructured discrete velocity space and adaptive discrete velocity space
reduced the number of velocity mesh significantly and made the present method be rather efficient. The accuracy and effectiveness of the proposed
method were confirmed by the simulations of rarefied supersonic and hypersonic flows over a flat plate, supersonic and hypersonic flows over a
sphere. Numerical results indicate that the proposed method can accurately solve two-dimensional and three-dimensional diatomic gas multi-scale
flow problems, and it is about one orders of magnitude faster than the explicit discrete unified gas kinetic scheme method.
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Tab. 1
DUGKS and the present implicit method (56 cores)

Comparison of the efficiency between the explicit

. ; 2R LT "
PEEVIRES . RS kL
min
DUGKS 58.37 11 300
Implicit-UDVS 2.56 230 22.80
Implicit-ADVS 0.69 160 84.59

DRI, g Lo nl 1631 80 F%5 1L 1o 322 45 TR
A R OTAT T [ 0 58 s (8] AH L AR S
A RE A AN AR LG o BER B0 B I E 2
[F) RS S T T, 3 7 3R 4 () R B AR 45 A
JRE 223 1) PRI T3 L 3 7 4 30 3 8 2 ) B R0 2 B
R 25 (8] 19 94 B 1% 3 2 [ ( message passing
interface , MPD) JRAT 1158 5200 1Y) 85 I J3E L
AR, BN THCERI T MR

F 2 AELEMEEE = E A0 B R E E = E A E
FATIZE T Bz bL
Tab.2 Comparison of the efficiency between the unstructured

DVS and adaptive DVS under different parallel kernels

Implicit-UDVS Implicit-ADVS

AT : : : i

o PEN HE dEs i IR
123/ G ‘

Bl/min  HH El/min %

56 2.56 230 0.69 160 3.71
28 2.54 230 0.63 160 4.03
14 3.45 230 0.65 160 5.31

7 5.79 230 0.84 160 6.89
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over a truncated flat plate (8 055 cells)
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Tab.3  Comparison of the efficiency between the
explicit DUGKS and the present implicit method
( @=0°, 56 cores)

, . EERE, " .
Rk i TR T3 kb
min
DUGKS 206.38 22 730
Implicit-UDVS 7.01 300 29.44
Implicit-ADVS 4.69 200 44. 10
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x4 RABEEMELEFENX DUCGKS Bkl
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Tab.4  Comparison of the efficiency between the explicit
DUGKS and the present implicit method
(a=10°, 56 cores)

X . WRmE, .
W5 . R
min
DUGKS 226.58 24 760
Implicit-UDVS 9.54 410 23.75
Implicit-ADVS 7.31 300 31.00

x5 EEMEEZTEAMAENEEZEARE
FATZE T HIMELL (o =0°)
Tab.5 Comparison of the efficiency between the unstructured
DVS and adaptive DVS under different
parallel kernels (o =0°)

Implicit-UDVS Implicit-ADVS

My . \
poge  TRED IR bR 3 Jins L
[A/min 240 [A)/min - 5L

56 7.01 300 4.69 200 1.49
28 7.31 300 3.87 200 1.89
14 10. 66 300 4.16 200 2.56
7 18.07 300 5.54 200 3.26

6 AELEHE = B F0 B & Mk B = E AR E
FITRE THIAELL (o =10°)
Tab.6  Comparison of the efficiency between the unstructured
DVS and adaptive DVS under different
parallel kernels (o =10°)

Implicit-UDVS Implicit-ADVS

T N : ,
gy TEED S SMER i L
[[/min  PH [l/min PHL

56 9.54 410 7.31 300 1.31
28 9.51 410 6.04 300 1.57
14 13.63 410 6.55 300 2.08
7 27.11 450 8.67 300 3.13
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Tab.7 Comparison of the drag coefficients of

flows over a sphere

Implicit-UDVS Implicit-ADVS

Ma 5%
TR MXTSR2E TR MR

4.25 1.35 1.342 -0.59% 1.333 -1.26%

5.45 2.60 2.582 -0.69% 2.575 -0.96%
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Fig. 15 Pressure coefficient on the surface for

the supersonic flow over a sphere (Ma =4.25)
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Tab.8 Comparison of the efficiency between the explicit

DUGKS and the present implicit method (Ma =4.25)

. ; EERICIZN " .
R Tr % . R L
min
DUGKS 539.70 2 830
Implicit-UDVS 26.90 60 20.0
Implicit-ADVS 18.89 160 28.6

*9 BRXEZXELETEX DUGKS &iEH
IR LE (Ma =5.45)
Tab.9 Comparison of the efficiency between the explicit
DUGKS and the present implicit method (Ma =5.45)

TR/

Rk R
min
DUGKS 759.2 3 960
Implicit-UDVS 36. 1 80 21.0
Implicit-ADVS 25.2 240 30.1
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