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Fig. 1. Computational model.
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Table 1.  Gas parameters.
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Fig. 2. Grid convergence validation: (a) 500 x 200; (b) 1000 x 400; (c) 2000 x 800; (d) convergence of density profile. p/p; is the ra-
tio of fluid density to SFg density. CRS: curved reflected shock; LI: cylinder’s left interface; T'S1: transmitted shock; RI: cylinder’s

right interface.
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SHE)  (al) t = 120 ps; (a2) ¢ = 120 ps; (b1)t = 280 ps; (b2) t = 280 ps; (cl) t = 580 ps; (c2) ¢ = 580 ps; (d1) ¢ = 1100 ps; (d2)
t = 1100 ps

Fig. 3. The comparison of experimental and numerical density schlieren images during the interaction between the incident shock
wave and the N, cylinder (IS: incident shock; TS;: transmitted shock; TSs: third transmitted shock): (al) ¢ = 120 us; (a2) t =
120 ps; (b1)¢ = 280 ps; (b2) ¢ = 280 ps; (cl) t = 580 ps; (¢2) ¢ = 580 ps; (d1) ¢ = 1100 ps; (d2) ¢ = 1100 ps.

(a) CRS

4 TEREHNEGE S Ny SRR R b i 8 S0 I (IS: AT TS1: B EHME; CRS: UL AT RRW: 253 B ik ;
FPS: H M A ME; TS2: UGBS RS, MS: Thkff; TP: =i ai; FP: AL S1l 1; RAS: Hihi#ik; TS3:
SIS RS2: WK GTIAE; TS4: DUV ST URS: L RE T R SHE; LRS: T B S 41 00E; BRS: FERE R GT#E; SL:
WHL) (a) t =160 ps; (b) t = 180 ps; (c) t = 210 ps; (d) ¢ = 240 ps; (e) t = 290 ps; () ¢ = 330 ps; (g) t = 430 ps; (h) ¢ = 700 ps;
(i) t = 1200 ps; (j) ¢t = 1650 ps

Fig. 4. The density schlieren image sequences during the interaction between the incident shock and N, cylinder in the absence of
magnetic fields(IS: incident shock; TS;: transmitted shock; CRS: curved reflected shock; RRW: reflected rarefaction shock; FPS: free
precursor shock; T'Sy: second transmitted shock; RS;: reflected shock; MS: Mach stem; TP: triple point; FP: focus point; S;: shock 1;
RAS: refracted shock; TSs: third transmitted shock; RS,: second reflected shock; TSy: fourth transmitted shock; URS: upper wall re-
flected shock; LRS: lower wall reflected shock; BRS: back wall reflected shock; SL: slip line): (a) ¢ = 160 ps; (b) ¢t = 180 ps; (c) ¢ =
210 ps; (d) ¢ = 240 ps; (e) ¢ = 290 ps; (f) t = 330 ps; (g) ¢ = 430 ps; (h) ¢ = 700 ps; (1) t = 1200 ps; (j) ¢ = 1650 ps.
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Fig. 5. The density schlieren image sequences during the interaction between the incident shock and N, cylinder in the presence of
the longitudinal Bl (upper) and transverse B2 (lower) magnetic fields: (al)¢ = 290 ps; (b1) ¢ = 290 ps; (a2) ¢ = 330 ps; (b2) ¢ = 330
ps; (a3) t = 430 ps; (b3) t = 430 ps; (ad)t = 700 ps; (b4) t = 700 ps; (ab)t = 1200 ps; (b5) ¢ = 1200 ps.
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N )a My 5 AR 2% 00 e L P R BE A i R340 h (0, 0.01), (0.025, 0.01)

Fig. 6. Results from longitudinal and transverse magnetic fields at ¢ = 200 ps: (al)longitudinal magnetic field lines (blue) and
streamlines (red), the background are density schlieren images;(bl) transverse magnetic field lines (blue) and streamlines (red), the
background are density schlieren images;(a2)Lorentz forces distribution of longitudinal magnetic field in z direction, F,;(b2)Lorentz
forces distribution of transverse magnetic field in z direction, F;(a3)Lorentz forces distribution of longitudinal magnetic field in y
direction, F,;(b3)Lorentz forces distribution of transverse magnetic field in y direction, F;(a4)the specific Lorentz forces distribu-
tion of longitudinal magnetic field along a horizontal line A, indicated by the black solid line in Fig. 6 (a2), and the two end points
are (0, 0.01), (0.025, 0.01);(b4)the specific Lorentz forces distribution of transverse magnetic field along a horizontal line A, indic-

ated by the black solid line in Fig. 6 (a2), and the two end points are (0, 0.01), (0.025, 0.01).
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Fig. 7. The vorticity distribution in the vicinity of the density interface at ¢ = 600 ps: (a) in the absence of magnetic fields, B = 0

T; (b) in the presence of longitudinal magnetic fields, B; = 0.01 T; (c)in the presence of transverse magnetic fields, B, = 0.01 T.
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Fig. 8. The evolution of characteristic scales of the bubble:

(a) L, length; (b) H, height. Dy = 35 mm; W,, the velocity
of the incident shock wave; t, time.
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Fig. 9. The SVD of X.
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Fig. 10. The eigenvalues of DMD.
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(al) (a2) (a3)

(b1) (b2) (b3)

B 11 ¢ =290 ps BY 3R 3t A DMD S & 181 (al) JCWE By = 0 T, AR B (a2) YA WG B, = 0.01 T, Jeff i &k 4]
(a3) #E MG B, = 0.01 T, IR BRI (b1) TS B, = 0.0 T, DMD T B R E; (b2) A #% B, = 0.01 T, DMD i} i% &
[ (b3) B Y B, = 0.01 T, DMD 4 iR 7

Fig. 11. The distribution of original vorticities and DMD reconstructed vorticities at ¢ = 290 ps: (al)Original vorticities, By = 0 T,
hydro cases; (a2) original vorticities, B; = 0.01 T, longitudinal magnetic fields; (a3) original vorticities, B, = 0.01 T, transverse
magnetic fields; (bl) DMD reconstructed vorticities, By = 0 T, hydro cases; (b2) DMD reconstructed vorticities, B; = 0.01 T, lon-

gitudinal magnetic fields; (b3) DMD reconstructed vorticities, B, = 0.01 T, transverse magnetic fields.

B 12 JGREY G R R RE % T DMD B9 DY A A R B R i B A T (al) BREY, Ay = (0.9764, 0.0000); (a2) RE,
Ay = (0.9061, 0.2856); (a3) LW, A3 = (0.8236, 0.5226); (ad) JTLHEYS, Ay = (0.3514, 0.8943); (b1) 1M #53%, A, = (0.9816, 0.0000);
(b2) DA @37, Ny = (0.9423,0.1925); (b3) DA 7%, A3 = (0.8212, 0.5150); (b4) DA #5357, Ay = (0.3929, 0.8828); (cl) [ % 37,
A = (0.9648, 0.0000); (c2) B [ 7G5, Ay = (0.9601,0.1703); (c3) B 4 G35, Ny = (0.8314, 0.4774); (c4) BE (ARG, Ny = (0.3718,
0.8279)

Fig. 12. DMD modes with respect to four different eigenvalues in hydro, longitudinal and transverse magnetic fields: (al) In hydro
field, A; = (0.9764, 0.0000); (a2) in hydro field, Ay = (0.9061, 0.2856); (a3) in hydro field, A\; = (0.8236, 0.5226); (a4) in hydro field
Ay = (0.3514, 0.8943); (bl) in longitudinal magnetic field, A\; = (0.9816, 0.0000); (b2) in longitudinal magnetic field, Ay =
(0.9423,0.1925); (b3) in longitudinal magnetic field, Ay = (0.8212, 0.5150); (b4) in longitudinal magnetic field, A, = (0.3929, 0.8828);
(c1) in transverse magnetic field, A; = (0.9648, 0.0000); (c2) in transverse magnetic field, Ay = (0.9601, 0.1703); (c3) in transverse
magnetic field, A3 = (0.8314, 0.4774); (c4) in transverse magnetic field, \; = (0.3718, 0.8279).
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Abstract

Based on magnetohydrodynamics(MHD), the evolution of the Richtmyer-Meshkov instability in different
magnetic field configurations are studied. To ensure the zero magnetic divergence, an unsplit integration
algorithm is adopted by combining corner transport upwind and constrained transport (CTU+CT) algorithm.
The second order Godunov flux is obtained by using piecewise parabolic method(PPM) to construct conserved
variables. The numerical results show that the evolution of complex wave patterns is not affected by magnetic
fields, but the interface instability is compressed by magnetic field, especially in the case of transverse magnetic
fields. Specifically, whether there exists magnetic field or not, irregular reflections occur outside the cylinder.
Meanwhile, the central part of incident shock wave interacts with the density interface and generates the
transmitted shock wave. Subsequently, the transmitted shock wave oscillates back and forth inside the cylinder,
forming a transmission-reflection structure multiple times. Besides, in the absence of magnetic field, the density
interface rolls up with a series of vortex sequences and an SFg jet surrounded by vortex pairs appears. Then the
SF¢ jet passes through the downstream interface. In a longitudinal magnetic field, although density interface is
smooth, a few vortex sequences still exist in the downstream interface and SFg jet can still pass through
downstream interface. However, in the case of transverse magnetic field, the interface is much smoother than in
the other cases and the SF; jet cannot pass through the downstream interface. The quantitative study also
indicate that the increase of characteristic sizes is suppressed by the magnetic field. In addition, because of the
influence of Richtmyer-Meshkov instability, magnetic lines are distorted near density interfaces. More
distortions can be observed in the upstream interfaces, resulting in strong Lorentz forces in that area, which
leads to the long distance between two vortex sheets distributed along two sides of the interface. In the
downstream interfaces Lorentz forces are rather small, but the forces are even smaller in the longitudinal
magnetic field, as a result vortex sheets interact with each other in that area. Furthermore, the dynamic mode
decomposition(DMD) is primarily used in this paper and the results illustrate that even controlled by magnetic
fields, vortex sequences can still exist, especially in the case of longitudinal magnetic field. For all cases, the first
DMD modes all illustrate that a stable mode is the dominated feature of fluid field, and the following second to
fourth mode show that the strength of vortex sequences decreases while their frequencies increase continually.
Besides, for the same modes, the frequency of vortex sequences is reduced by magnetic fields, especially by the
transverse magnetic field.

Keywords: Richtmyer-Meshkov instability, magnetohydrodynamic, dynamic mode decomposition, light
bubble
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