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Code verification of physics evoked cloud method for
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Abstract: In order to assess the credibility of the mesh free physics evoked cloud method
(PECM) applied in simulation of compressible flows, the ideas and schemes of this method
were analyzed a priori by combining the cognitions of physical laws, and based on the infor-
mation of comparisons between numerical and referential solutions about nine one-dimension-
al models, code verification of PECM was implemented through a posteriori assessments, in
which the referential solutions include numerical solutions of mesh free reproducing kernel
particle method (RKPM) and exact solutions. The results of code verification indicate that
strong discontinuities in various physical parameters or equations of state can lead to serious
instabilities or infidelities of RKPM, whereas PECM still works robustly with excellent

properties of accuracy and convergence even if very large density ratio exists.
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Table 1 Parameters of entity models

X AL WbES A /m WIERERE/10° (kg/m?) BIERINEE/10°(J/ke)  HIEG AR /10" Pa WIHR I/ (km/s)

1 [—1.0,—0.2] 2. 500 6. 496 3.500 2.000
2 [—1.0,—0.2] 2. 000 5. 000 2. 000 2. 000
3 [—1.0,0] 2. 000 5. 000 2. 000 0
4 [—1.0,0] 2. 500 6. 496 3. 500 2. 000

1 5 [—1.0,0] 2. 500 7.000 3. 500 0
6 [—1.0.0] 2% 107 10. 000 10 1. 000
7 [—1.0,—0.2] 2. 500 6. 496 3. 500 —1. 000
8 [—1.0,0] 2. 500 6. 496 3. 500 —4. 000
9 [—1.0,0] 2. 500 6. 496 3. 500 —8. 000
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P B WM o/m PR E/10° (kg/m’) WIERNAE/10° (J/ke)  WIAGIESR /10" Pa W) 4R EBE/ (km/s)
1 [—0.2,1.0] 2. 500 6.496 3.500 —1.000
2 [—0.2,1.0] 20. 000 0.250 2. 000 —1.000
3 [0,1.0] 20. 000 0.250 2. 000 0
4 [0,1.0] 20. 000 0 0 —1. 000
2 5 [0,1.0] 20. 000 0 0 0
6 [0,1.0] 20. 000 0. 250 2. 000 —1. 000
7 [—0.2,1.0] 2. 000 2. 400 2. 500 1. 000
8 [0,1.0] 2. 000 2. 400 2.500 2.834
9 [0.1.0] 2.000 2. 400 2.500 6. 000
®2 YEEINSH
Table 2 Parameters of physics models
IrIX it REITR ¢i/10%(m? /s*) 0/10° (kg/m*) y(D
1 p=ci(p—p)+(y—1Dpe 3. 600 1. 800 3.000
2 p=cit (o—ps)+ (y—1Dpe 2. 250 2.000 3.000
3 p=ci(p—p)+(y—Dpe 2. 250 2. 000 3.000
4 p=ct (p*po)‘F()’*l){oe 3. 600 1. 800 3. 000
1 5 p=(r—Dpe 0 0 3. 000
6 p=(y—Lpe 0 0 1. 500
7 p=ci(o—p) T (y—1Dpe 3. 600 1. 800 3.000
8 p=ci (o—p) T (y—1pe 3. 600 1. 800 3.000
9 p=ciCo—po) T (y—Dpe 3. 600 1. 800 3.000
1 p=ci (p—ps) T (y—Dpe 3. 600 1. 800 3.000
2 p=cCo—p) +(r—1pe 25. 000 20. 000 5. 000
3 p=ci(o—ps) T+ (y—1Dpe 25. 000 20. 000 5. 000
4 p=cilp—p)+ (y—Dpe 15. 000 20. 000 5. 000
2 5 p=ct(o—p) T (y—1Dpe 15. 000 20. 000 5. 000
6 p=ci(p—p) T (y—1Dpe 25. 000 20. 000 5. 000
7 p=ciCo—ps) +(y—1Dpe 2. 500 1. 600 6. 000
8 p=cit (o—ps)+ (y—1Dpe 2.500 1. 600 6. 000
9 p=ci(p—p)+(y—Dpe 2.500 1. 600 6. 000
®3 BETESY
Table 3 Parameters of numerical computation
Ax/mm ho /mm n. T a B € & 82 7 8 g
0.25~1.00 L. 5Ax 0 0.1 1 2.0 0.01 1.0 1.0 0.01 0.1 0.01

TR 1 F 7 [] — ol i s 0 T LA e ) R X
JRE 30 TG AR 4 R A S B A 2 R AN 1
MFE A, B AR AR o ACRBA R ALE AR

Z2 W) B ok A5 0 3 AL 1) ], RKPM Fil PECM 1 %k
B HOE o ¥HC L Omm, HA E R bt . 1%
Ay [F1] DT 28 Y L ¢ i 2, B 2

HEE [H] W, RKPM
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Fig. 1

Numerical results about model 1 (:=250. 00 pus)
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Table 4 Errors and convergence accuracy orders of model 1
. A Ol i 15 2 )
S K Wi 3
Ax=1.00mm Ax=0. 50 mm Ax=0. 25 mm
o1/ (kg/m?) 3.0479X10° 12.1700 12. 0500 11. 9500 1.3200X 102
o2/ (kg/m?) 3.0479X10° 12.1700 12.0500 11.9500 1.3200X10"*
e /(J/kg) 1.0138X 107 1. 5060 X 10° 1.0710X10° 5.6980X 10" 0.7011
e/ (J/kg) 1.0138X107 1.5060X10° 1.0710X10° 5.6980Xx 10" 0.7011
p1/Pa 6.6291X10" 9.4770X10* 9.1730X 10" 8.8560X10° 4.8900X10"*
p2/Pa 6.6291X10" 9.4770X10* 9.1730X10° 8.8560X10° 4.8900X10 2
v /(m/s) 5.0000X10* 0.2550 9.5000X 10" * 2.0000X10"* 1.8362
v, /(m/s) 5.0000X 10" 0.2550 9.5000X10"* 2.0000X 10" 1. 8362
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Fig. 2 Numerical results about model 2 (z=50. 00 us)
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Table 5 Errors and convergence accuracy orders of model 2

. A I % 2% 4
SR 5 ¢
Axr=1. 00 mm Axr=0. 50 mm Axr=0. 25 mm
p1/(kg/m3) 2.8373X10° 35.5000 26.2700 18. 3100 0.4776
pg/(kg/m‘g) 2.1341X10* 64.1000 49. 5000 24. 8000 0. 6850
e /(J/kg) 1.1378X 107 2.3130X10° 2.0220X10° 1.7500X10° 0.2012
e,/ (J/kg) 3.8578X10° 7.7710X10° 5.9345X10° 4.5095X10° 0.3925
p1/Pa 6.6451>10" 8.7890x10° 8.0710Xx10° 7.4520X10° 0.1190
p./Pa 6.6451X10" 3.6750X10° 3.1780X 10" 2.6860Xx10° 0.2261
v /(m/s) 1. 6801X10° 1. 1830 1. 1070 1. 0340 9.7100X10?
v, /(m/s) 1. 6801 X 10° 1.0710 1.0020 0.9232 0.1071
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Fig. 3 Numerical results about model 3 (¢=100. 00 ps)
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Table 6 Errors and convergence accuracy orders of model 3

. A Ol i 15 2 )
SR T i &
Ax=1.00mm Ax=0. 50 mm Ax=0.25mm
o/ (kg/m®) 2.0000X10° 0 0 0
o2/ (kg/m?) 2.0000 X 10* 0 0 0
e /(J/kg) 5.0000X10° 0 0 0
e/ (J/kg) 2.5000X10° 0 0 0
p1/Pa 2.0000X10" 0 0 0
p2/Pa 2.0000X10" 0 0 0
v /(m/s) 0 0 0 0
v, /(m/s) 0 0 0 0
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Fig.4 Numerical results about model 4 (=50. 00 ps)
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Table 7 Errors and convergence accuracy orders of model 4

) A 15 2% ,
ZH L 3
Ax=1. 00 mm Ax=0. 50 mm Ax=0. 25 mm
pl/(kg/ma) 3.2790X10° 11. 4100 9.5700 7.9500 0.2606
pg/(kg/mg) 2.3630X10" 2.2920X10* 1. 8260 X 10? 1. 2430 X 10? 0.4414
e /(J/kg) 1.2220X107 2.0350X10° 1.5370X10° 1.0440X10° 0.4815
e/ (J/kg) 3.2818X10° 1.8968X 10" 1. 2841 X 10" 5.2998X10° 0.9198
p1/Pa 8.5462X10" 8.0987X10° 7.4782 X108 6.8667<10° 0.1190
p>/Pa 8.5462X10" 4.1430X10°* 3.9770X10° 3.7940X10° 6.3500x10"*
v, /(m/s) 1. 8984 X 10* 2.0640 1. 9820 1.8310 8.6400X10*
v, /(m/s) 1. 8984 X 10* 2.1220 2.0120 1. 8530 9.7800x10*
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Fig. 5 Numerical results about model 5 (z=50. 00 us)
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Table 8 Errors and convergence accuracy orders of model 5
. A Ol i 15 2 )
S K Wi 3
Ax=1.00mm Ax=0. 50 mm Ax=0. 25 mm
o1/ (kg/m?) 2.3697X10° 4.4700 4.3100 4.2300 3.9800X10*
o2/ (kg/m®) 2.1658X10" 5.7000 4.3000 3.1000 0.4393
er/(J/kg) 6.2894X10° 2.3650X 10" 2.0034X10" 1.7523X 10" 0.2163
e,/ (J/kg) 5.7040X 10" 8.7840X 10" 4.3780X10° 2.4320X10* 0.9264
p1/Pa 2.9808X10" 1.6830X10° 1.5213X10° 1.4010X10* 0.1323
p2/Pa 2.9808X10" 1.6330X10° 1.4370X10° 1.2420X 10" 0.1974
v/ (m/s) 3.3776X10° 0.7740 0.6210 0. 5470 0.2504
v /(m/s) 3.3776X10* 0.7940 0. 6340 0.5590 0.2531
30 o RKPM 5T o RKPM
[« PECM |« PECM °
20 [ — Exact —eeoosece | — Exact °
: —0—0—0—0—0—0—0—0—«{”“
E 10f 2 o ° VR *
S [ = I o &% S
= of = +[0.026 o
= W = L o
Q : 0002 o @ F °
7 [ ° 2 0.024
2 -10h o trevest o & 5r
20 F-0.002 ° F{0.022 &
Hoooalc Ot | °
H -0.75 —050 -025 0 Ll -025 0 025 050 075 1.00
-30 [ | SRR RS N E S E S I |
-1.0 -0.5 0 0.5 1.0 -1.0 0.5 0 0.5 1.0
x/m x/m
(a) T (b) e
3F o RKPM 3000 ¢
) [ PECM r °
[ — Exact F % R
L or . .
] F [
& 0F - [
2 : £ —3000 o
S -1 f s o = r "
3 [ %% T 0 O S [ °
Y o 8% £ 6000 F °,
- F[-1500 ° > C
-3 H-2000 r
H 2500 —9000 ° RKPM
-4 H o [ * PECM °
A -050 025 0 025 050 075 100 [ —— Exact
_5-||||l||||||x||I|||xl||||Ix|||l||A|I||||I _12000||||I||||I||||I||||I||||I||||I|||°|I||||I
-1.0 —-0.5 0 0.5 1.0 -1.0 —-0.5 0 0.5 1.0
x/m x/m
(c) JEB# (d) B
6 KA 6 RBE T A5 2R (1=100. 00 ps)
Fig. 6 Numerical results about model 6 (+=100. 00 ps)
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Table 9 Errors and convergence accuracy orders of model 6
B fif iR 22 A
28 T fie 3
Ax=1.00mm Axr=0. 50 mm Ax=0.25mm
o/ (kg/m®) 0.3958 2.3180X10°° 2.1460X10° 2.0126X10° 0.1019
o2/ (kg/m?) 1.9284x10* 1.0000 0.5000 0.2600 0.9717
e /(J/k) 1. 4877 X107 1. 8210X10° 1. 7510 X 10° 1. 6890 X 10° 5.4300X10?
e/ (J/kg) 2.3211X10° 7.1982X%10? 3. 624910 2. 072610 0.8981
p1/Pa 2.9438X10° 1. 6680 10" 1.2190X 10" 9.0900X10° 0.4379
p2/Pa 2.9438X10° 2.2573X10° 1. 2179 X 10° 6.1771X10° 0.9348
v /(m/s) 1.1926X10° 1. 4500 1.0200 0.6200 0.6129
v, /(m/s) 1.1926X10° 0.8400 6. 500 0.4300 0.4830
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Fig. 7 Numerical results about model 7 (=50. 00 ps)
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Table 10 Errors and convergence accuracy orders of model 7

- ) BE 1R 2 A
e W 3
Axr=1. 00 mm Axr=0. 50 mm Axr=0. 25 mm
o1/ (kg/m?) 1.9683X10° 14. 6400 12.3100 10. 1300 0. 26560
o2/ (kg/m®) 1. 8608 10° 21.8700 13. 7860 10. 9030 0.50210
er/(J/kg) 3.9042X10° 1.0290X10° 8.8990X 10" 7.1150X 10" 0.26620
e/ (J/kg) 1.6471X10° 3.0250X10" 2.3830X 10" 1. 6550 10" 0.43510
p1/Pa 1. 5975X 10" 6.8640X10° 5.9250 X 10° 5.0830X10° 0.21670
p:/Pa 1.5975X 10" 3.5290X10° 2.8100 X 10° 2.1340X10° 0.36290
v, /(m/s) 4.2025%10° 24.5810 15. 8350 9.7200 0.66930
v, /(m/s) 4.2025X10? 16. 2670 11. 6880 7.5320 0.55540
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Fig. 8 Numerical results about model 8 (:=50. 00 us)
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Table 11 Errors and convergence accuracy orders of model 8
B fif iR 22 A
28 T fi 3
Ax=1.00mm Ax=0. 50 mm Ax=0.25mm
o/ (kg/m®) 9. 6843107 26.0590 19. 8460 14. 3130 0.4322
o2/ (kg/m®) 1.0884X10° 30. 6800 21.7000 14. 9800 0.5171
e /(J/kg) 1. 5456 10° 2.2800X10° 1. 6400 10° 1. 2500 10" 0.4336
e/ (J/kg) 2.3503X10° 9.1810x10° 6.7720X10° 4.1560X10° 0.5717
p1/Pa 0 1. 6943 X 10° 1. 2985 X 10° 9.5232X107 0.4156
p2/Pa 0 1. 0416 < 10° 7.5423 X107 5.1728 X107 0.5049
v /(m/s) 90. 9740 89.1310 62.3720 40. 6380 0.5665
v, /(m/s) 90. 9740 36. 4320 28.5760 20. 3540 0.4199

AR W TR RSO TG A B AR
PECM W358 42 % H. 50 0 i 77 5 13 B4, o

TR O 77 7 I 5t 1] DR A1 43 25 R B 114 ol fo 25 i
J3E 8] 17 o o [ 56 I L 2 L TR A R R B

F T2 JRE A PR~ o 5L e s A 41 o 1

M2 R ORI Z2 12 o %l B A% 72 Al FR )

3000; o RKPM
r ¢ PECM
2500 p —— Exact
2~ 2000 F
%) [
£ f &
E‘ 1500; §o
g ¥ 3
2 1000 f b
500 | °o
0_ 1 il 1 TR | Lol I Ll
-1.0 -0.5 0 0.5 1.0
x/m
(a) BE
4_
i o RKPM
* PECM
3: — Exact
< F
!
s |
T 2r
s Tt
oI
= [
1F e
i S &
i o &
0_ll||I||||I||||I||||I||||I||||I||A|I||||I
-1.0 -0.5 0 0.5 1.0
x/m
(c) Hhik
& 9

Energy/10° (J/kg)

0

-1.0

10000
8000
6000
4000
2000

0

2000

—4000

—6000

-8000

—-10000

Velocity/(m/s)

-1.0

o RKPM
e PECM
—— Exact

©

o o%’
O
%
o

LI

I T T T T T A A O A |

-0.5 0 0.5 1.0
x/m

(b) PIRE

o RKPM
¢ PECM
—— Exact

%o

-0.5 0 0.5 1.0
x/m

(d) HE

BT O i B fE 31 45 B (1=50. 00 us)

Fig. 9 Numerical results about model 9 (=50. 00 pus)
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Table 12 Errors and convergence accuracy orders of model 9
B fif iR 22 A
SR T i 3
Ax=1.00mm Axr=0. 50 mm Ax=0.25mm
o/ (kg/m®) 9. 6843X10° 18. 3870 14. 1820 10. 4960 0.40440
o2/ (kg/m®) 1. 0884 X 10° 25.5800 18.3400 12.5700 0.51250
e /(J/k) 1. 5456 X 10° 2.2700X10° 1. 6700 X 10° 1. 2400 X 10° 0.43620
e/ (J/kg) 2.3503X10° 6.5160x10° 4.7260X10° 3. 685010 0.41120
p1/Pa 0 1.2102x10¢ 9.3305X107 6. 9260107 0.40260
p2/Pa 0 8. 8720107 6. 4597 X107 4.4750X 107 0.49370
v /(m/s) 3.9090X10° 89.1700 80. 7650 71.5430 0.15880
v, /(m/s) 3.2568X10° 34.7300 32.4700 30.1700 0.10150
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