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On the evolution mechanism of the shock-accelerated annular SF, cylinder
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Abstract: Based on the compressible multicomponent Navier-Stokes equations, the interaction of a planar shock wave
(Ma=1.23) with an annular SF, cylinder whose inner and outer radii were set as 8 and 17.5 mm respectively was numerically
studied. The simulation was conducted based on the finite volume method. For capturing the complex shock and vortex
structures as well as the interfaces, the adaptive mesh refinement method, level set method, and fifth-order weighted essentially
non-oscillatory scheme were used for the simulation. The adaptive mesh refinement method dynamically refined the uniform
Cartesian grids around the multiple moving shocks and accelerated interfaces. The level set method tracked the interface, while
the fifth-order weighted essentially non-oscillatory scheme captured discontinuities such as shock waves and contact surfaces.
Time advancement was achieved with the third-order strong-stability-preserving Runge-Kutta method. Compared with the
previous experimental results, numerical results revealed the complex evolution of shock wave structures generated in the
process of four shock transmissions in the annular cylinder. It is found that the transition from free precursor refraction to free
precursor von Neumann refraction occurs when the transmitted shock wave passes through the inner cylinder. In addition, the
complex shock structures that developed between the inner and outer downstream interfaces cause the pressure gradient

direction to reverse several times on the inner downstream interface, which eventually leads to three reversals of vorticity on
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the inner downstream interface. In the later stage, the “jet” structure formed on the inner cylinder would impact the

downstream interfaces, and finally induces the interfaces to generate a pair of primary vortices, a pair of secondary vortices and
areverse “jet” . Quantitative analyses of the variation of the length, width, displacement, the circulation and mixing rate of
the annular cylinder were conducted. The results demonstrate that the presence of the inner cylinder attenuates the influence on
the height and length of the annular cylinder during the process of small vortexes merging into the large vortexes in the early
stage, and increases the mixing rate of the heavy gas and the ambient gas.

Keywords: shock wave; annular gas cylinder; Richtmyer-Meshkov instability; vortex

WO s A TR % B B AR AT AR D, i S A AR I R RO R A i IR S R IS, TR R
Richtmyer-Meshkov (RM) A& PE . RM AFRE M VZAATE T IS 88 R 5T RBRIERIE | i 2s LR D S st vk
I 1% B2 77 (inertial confinement fusion, ICF) ! 4 T #2453 4, I 4N7E ICF # i1 T RM ANFa M BIVE R,
REAR T AL OB R ), S 350k SR AR N e AR A 5 AR b e & B L, RML AN M I T REAIE
FRBLRN S AL 2Z (B IR A, DT 3 R BRI, B0 & s LI A R R, D3 4h, RM R R E il &
T A AL WA NS s . FUE AR IE | S AR B R DL RS S S AR I 4, R,
W FE PO AN [R] AR AT RM AN B M (R AR LB, T8 J& 7 24 AR A 2 7F TRE N FH Sl 3% A

HR DTSN
EAER, VG o A [ PR ST G AL RMORERE PRS2 1 T Z ST, Zou S5 il I Jp A5

TSI TN A S B JC AR 1] BT 1 RMOR RS e P, & BAE ROK -7 T RS 0, Bt
R S5 W4 B IR G 548 . Zhai 281 R Luo 25811 3 i S0 RVEUIE 05 ELF9E 1T R e iR L
R 2 (A6 =M B . 220 DL R ) SR B9 RM O R PR AR, 878 T I e 2 1090 L il Y
AT AR D0 A B SRR AR A AR AL AR o YD YR 2500 U35 R IR AUy vk S T 9 5 W Fb SF MR FLR
AR LA R A T T A AL, $8 7R T B RS IE B SORE AAS TE a RR A S 2R AR A . BER AR
SEYGAFSE T AN [ s 22 S S s — vk ol A Y AL R S 0 SF A ST A0 TR AR, 45 AR, S A I
LT R ) S SR A AT T B LA R ST L R 4 7 A R A, DT R M AL T B 3R X 24 A 1
A, TR A BUEA RIS T AT T A T AR A T RM R M, % 05 I 9 3 K
TSR AR ST A3 BURR, ELAR ST T 0 o 2 Al R T DA 2 4R 0 B A S A B A M SR T RS R

PATE BRI S 22 8 vh T B0k 15 02 SR SR T A AR T A L, AR S PR IS v T AR AR 22 R LI Y
T, ELUN ICF [n) 8, 08 9 A% R SRR G ASRTR 5 0, A3 U El A1 J2 000 T8 ok oA Ak 0 PR 22 19 T A ST
WRRLZE A . R, S 5 22 2 LT RMAS R PR A ) R Ry 1 3 AF A IR 9T #4405 . Orlicz 261 3l it
SEHIFIE T AN R A G O 5 o 2 Y RMOAS R M DA SR B R, A SRR, B SR, TR
BRI AT A), (HHE S 000 R, (R ATE 2\ SRS BORSS K, RnBRH T4
JEW AT £ 255, Shankar %" Fl Zeng 551 3l 1 BUA BRI 5T T =4I BT I 5 25 R-SF-28 U
4 A A FH B H RMAS R E P, 759 30 1 S0 08 R B S0 5 VE FE S 9 Tt TR 5 7t . De Frahan 450 3
F Y Z AR Buler JyRRBFT T W00 vh i i S T AR 2 1 S e s 3 K, R AR 3 Fh AR A5 BB AR
KB /IN ) B, R 3 ST b 7= 24 1) S a8 (oS 5 08 ) 4 (A5 35 — ST iy 4 sh g4 ] (SR e itk ),
YRS, P, H ) e AR 0 D8 ok 9 s A T SRR PR RE K o Liang %509 SEEGAF9T T B0k oh
S ORI SF, A2 1 RM ASEE M, 40 B 17 2t B B i 254502 P9 I8 22 00 55t T e Wt 398 4 13300, I
Xof Al 2 W B 3 s e X £ — AL T S MR 45 T A R TN A5 SR . Wang ZE U X ol IR E SF/He A
BETH 0 A A R R AT T R, £ oK i i e M S il Samtaney & Zabusky (SZ) FE BN I Yang,
Kubota & Zukoski (YKZ) PR 45810 S F 0 S0 ASOHE i BR i A8 Ak, 75281 TR [R] P B2 42 1 08 O 2 i
HALRPE B B 163 i BRAURIER G 40 A R . VAR AT A5 2021 SR 9280 S U R R o T P T O S
TWUZE SF, SAE AL LA, FEAHT T PR A8 KN 5 O 50 X e S Ak e s i, 98 R B, 9 2
SRR B A7 T BT Ui ST AN (04 g 2200, oA LT i A T S A R T PR A i R AR

013201-2



%43 % X2l 5 WS S PR SE U AL R HLIE %1

A S AE T U 75 T A B I X, e i X (1 RUEE R A AR Y LU AE T AH G

BARET A TAE AR 2] T IIE SF, AU S A Ak 25 31, (R0 5 PR SOM: ST A0 B4 20065
S W 52 2 0% R a4, HLE T 00 f A - A X S S T AR R SAARTR A VR L R o A i
BRI, A, T 4k 0T JE 45 22 4 ) Navier-Stokes(NS) 7 #2, 254 5 B it B INAUAS JFi PR
¥ (weighted essentially non-oscillatory, WENO) #% =X LA & [ 4% H 1 )i fill % (adaptive mesh refinement, AMR)
HARHN level-set J7 i, XV TH UL 5 38 SF 3 AR B9AE i 2 R A7 BB AU, & 00 T
58 FUHAE R A 2 U A5 . AT AL AR T DL SR i A TR A G R, IR IR R AR
B A DR AR AR

1 HEFESITEEE

1.1 BERE
B 5 AR SRR d B8 oA RN . 24 0y W ARE B B, B SRS, T 28R
RS B B B LA R s i P2 R, ) O RR SR FH OGS . 28 4H 43 B ] [ 45 Navier-Stokes 5 FE4H :
dp  dpu,)
—+ =0

ot 0x; .
‘§+W—£(ajiu,—gj—Hj>=o ®
a%?J+a%£f»+%§{:0 (4)

Kb p IR T15 p FI TR E s w, 2 j 7 1) (RS 3 45 Y, WM ) o WO BRMEL, o= 1,--- N, N BRUE
Aoy MEEL 6, 4 Kronecker delta PR E MR U SAALIRER Y EURE s BYEN 15K & o) Gl E 00 N
FRYT R 8 H, AR E L, 20

(914,- 61/!1 2 (9uk>
Ti=H (ax_,' * ax; 3 Y 6xk ( )

oT
Q=7 (©)
/ 0x_,-
N
Hj = Zhaf‘]nj (7)
a=1
Y, )7
_ a B
Joj=—p <Da8xj_YaZDﬂ0x,~> (3)
p=1 :

e o BVE R B, TOWIRE, « G T R4, D, ARG P40 o B BURYTBUREL, h, A
a R o A IEIRA MR B BEAE MRS Ty R i P ) 5 R 041, U o, 0 E A

hy =cpT )
1 1
E = pep T = p+ ypuit = 2+ pu (10)

A TRME T LI ¢, BEIR BT m ATELEAEL o 53551 0% -

N
&= Yicp (11)
a=1

013201-3



%43 % X2l 5 WS S PR SE U AL R HLIE F1

1 XLy

—=) = 12

— Zm (12)
CP

= 13

Ay 13)

Khr: ¢, Ml m, 535153 o B8 Hs I FIBE R BT &L, R A BIAR SR 0

FE T AT R 45 2 21 43 Navier-Stokes J5 2, R AT BRAR UL AT BUECR A o 2% IR S0 vhaf SO AT
bR AL BT SO | 37 S LA SO - A B AR A AR IR 4, PRLHCR T 5 B WENO A 200 42 il
Jr AT B, JT 45 G AMR HARF level-set J7 i LGB AR i 5 iOAG A e R A5 DL SR TIE A . i
(i) 4fE 3£ W) R FH 3 B Runge-Kutta 5 .
1.2 BRWIE

1 P O 43 00 5 BDE FAIE SF S BAE R B SE 3 8O (1) SEUEBIIE SR ()
FIXT L. [ 1(a) BEEA IR LA 251 . AR E5 L Bn 2% 9 534 5 3k [23] Hog 4 — 2k, milEl 1(b) B0 ih
THE RS EO 5 SR [21] Y “case 7 SEAHE . Ho By Jo i WA E LR T = tW, /Dy, I3
TR A0 55 S T 422 k5 A =0 IF 2200, W7, SR W) B B ) R B, Dy AR IR SR AR . f I 1 AT,
TSR FIE AR 2 A8 AT, 2R SO BUE AL 28 S A 3 98k 28540 (AL 38 A S S, ROHE S, i
SR S, FRB I W ORI ZUGE SR S, STIAEHE I, RS A DL S AR A 5 S0k [21, 23] H iy SR 4
RTBEMT . K 2 HBIE SF, SR L RRIE 5067 5 Bl B 8] 1) 28 A AL ) o X0 e, FErp e By 5 M4
SRR EAE LD RS P A S Py B ST S, T URE BTG S, AT T, IRZEIR 2 th Ay R
[0 A AT 7 ARiE . &1 2 IR SR [23] R SEER AR, SEA AR SO R BUE AU A R . sl 2 AT
HI, S, RS, YA AL FRAL S SCHR [23] HAYSEIR A5 R 58 22— 3, P Py VST (5 I R85 S 00 45 SR s A 22
S, (HRZEAE T 320 B 2 N, 10 BH S SC P BB 7 VR TR AT A

7=9.76

=0.24 7=2.62 =4.96 =9.74 =12.14

(a) Experimental (upper) and numerical (lower) schlieren images of shock-accelerated circular SF, cylinder
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Fig. 1 Comparison of experimental and numerical density schlieren seqences of shock-accelerated
circular and annular SF, cylinder interface
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Fig. 2 Quantitative comparison of experimental (dots) and numerical (lines) diagrams of the
characteristic points on the shocked SF, cylinder
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Fig. 3 Illustration of the computational model
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Fig. 5 Density schlieren sequences of the evolution process of the shock-accelerated annular SF, interface
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Fig. 6 Density schlieren (upper) and pressure contour (lower) of the shock wave structure evolution in the annular SF, interface
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