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Fig. 1. Application of double flux model in high order scheme.
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Fig. 2. Convective flux at cell face.
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Fig. 3. A schematic of computational domain for SBI.
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Fig. 4. Helium cylinders geometry: (a) Circle; (b) shock hitting along major axis of ellipse; (c) shock hitting

along minor axis of ellipse.
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Table 1. Parameters of gas cylinder boundary equation.

Geometry a b Eccentricity
1 4.00 1.5625 0.92
2 3.25 1.9231 0.81
3 2.50 2.50 0
4 1.9231 3.25 0.81
5 1.5625 4.00 0.92
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Fig. 5. Grid refinement test (left, 600 x 83; middle,
1200 x 166; right, 2400 x 330): (a) 62 ps; (b) 240 us;
(c) 427 us; (d) 674 ps.
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Fig. 7. Space-time diagram for the interaction of a
shock wave with a helium bubble at initial stage; com-
parisons with the results of Ref. [30, 31].
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Fig. 8. Comparison between numerical schlieren and ex-
perimental results [7): (a) 62 us; (b) 102 us; (c) 467 us;
(d) 674 ps.
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Fig. 9. Sequence of numerical schlieren images of shock-accelerated elliptic helium cylinder for Geometry 1

(shock hitting along major axis of ellipse; a = 4.0 cm, b = 1.5625 cm).
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(a) t=19.4 ps (b) t =144.4 ps (c) t =269.4 ps )t =394.4 ps

E &

(e) t =519.4 ps (f) t =644.4 ps (g) t =769.4 ps (h) t =894.4 ps

K10 JUTHR 2 BUESGE E (BBIRRIE A E ) T o = 3.25 cm, b = 1.9231 c¢m)

Fig. 10. Sequence of numerical schlieren images of shock-accelerated elliptic helium cylinder for Geometry 2 (shock

G

hitting along major axis of ellipse; a = 3.25 cm, b = 1.9231 cm).

,/ S

(a) t=17.0 ps (b) t =142.0 ps (c) t=267.0 ps (d) t =392.0 ps

(e) t =517.0 ps (f) t =642.0 ps (g) t="767.0 ps (h) t =892.0 ps
11 U 3 BAESGE B (BasfE A T 42 709 2.5 cm I BB SAT)

Fig. 11. Sequence of numerical schlieren images of shock-accelerated elliptic helium cylinder for Geometry 3 (shock

hitting circular helium cylinder; a = b = 2.5 cm).

WL (ERG

) t =18.6 ps (b) t =143.6 ps (c) t =268.6 ps ) t =393.6 ps
(e) t =518.6 ps (f) t =643.6 ps (g) t =768.6 ps ) t =893.6 us

Bl12  JUTHRY 4 BUE S (BBTR AR R R ) T o = 1.9231 cm, b = 3.25 cm)
Fig. 12. Sequence of numerical schlieren images of shock-accelerated elliptic helium cylinder for Geometry 4 (shock

hitting along minor axis of ellipse; a = 1.9231 cm, b = 3.25 cm).
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AR/, PR T RALT A A RS (12 (b) AN
K12 (c), 13 (b)—K 13 (e)), HIGHHEMAR —
ST 45 1 B R o 7 A, ST S i O ) R REE,
kB, BV RRE LR =R h AL w4
Mor i S5 R (K12 (d)—(h) B 13 (f)—(h)).

(a) t =20.2 ps (b) t =145.2 ps (c) t=270.2 ps (d) t=1395.2 ps

(e) t =520.2 ps (f) t=645.2 ps (g) t=770.2 ps (h) t =895.2 ps

13 U HL 5 AL K (Bap iR Al 1 Sk @ = 1.5625 cm, b = 4.0 cm)
Fig. 13. Sequence of numerical schlieren images of shock-accelerated elliptic helium cylinder for Geometry 5 (shock

hitting along minor axis of ellipse; a = 1.5625 cm, b = 4.0 cm).

Incident shock wave Incident shock wave Incident shock wave
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shock wave wave shock wave rarefaction wave
wave /
/ Transmitted
Transmitted Transmitted shok wave
shok wave shok wave
Shock 2 Shock 1
i i Shock 1 Triple point
Triple point ple p Shock 2 s
o¢
(@) (b) () Triple point Shock 2
Incident shock wave Reflected Incident shock wave Reflected
rarefaction rarefaction
wave wave

/

Transmitted
shok wave

Transmitted
shok wave

Shock 1
(d) (e)

Bl14  REFDR T BRSO 20 ps FREE R (a) JUTHEL 1 (b) LT 2; (c) JUTHE 3; (d) JLITHE 4;
(e) JLfATFY%L 5
Fig. 14. Typical wave systems derived from numerical simulation for shock-accelerated elliptic cylinder at 20 us:

(a) Geometry 1; (b) Geometry 2; (c) Geometry 3; (d) Geometry 4; (e) Geometry 5.

2) FHHRHE s B AL HraEA.
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kg 5
Fig. 15. Movement of distorted upstream, jet and downstream interfaces, and the interface length and height:
(a) Geometry 1; (b) Geometry 2; (c) Geometry 3; (d) Geometry 4; (e) Geometry 5.
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Fig. 16. Volume compressibility for different elliptic

interfaces.
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Fig. 17. Approximate method of shock incident angle 6.
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Abstract

In shock bubble interaction (SBI), the baroclinic vorticity generated by misalignment of pressure and density gradient
will lead to flow instability which promotes the mixing between the bubbles and surrounding gas. A numerical study on
the flow and mixing of shock-accelerated elliptic helium cylinder with the surrounding air is presented in this study. To
well simulate the SBI, compressible multi-component two-dimensional Navier-Stokes equations are solved by combining
with double-flux model and five-order weighted essentially non-oscillatory scheme. Both the wave system evolution and
the interface deformation are clearly illustrated by using the present numerical method. Quantitatively, the length scales
of distorted interface, compressibility of helium cylinder, circulation, and total mixing rates of helium are measured and
compared to investigate the mixing mechanism and structure effect of the helium cylinder. It is found that the evolution
of elliptic interface is closely related to its shape. In the case of elliptic gas cylinder shock-accelerated along major axis,
the most remarkable feature is the “air jet” which grows constantly with time and penetrates the downstream interface
boundary, forming two independent vortices. The penetration speed of the air jet is found to increase with ellipse
eccentricity increasing. In addition, like the case of the circular helium cylinder, typical free-precursor irregular shock
wave refraction occurs when incident shock wave passes through the interface. In the case of shock-accelerated elliptic
gas cylinder along minor axis, a distinct flat structure appears due to the shock compression during the evolution of
interface, and then vorticity concentrates at the two ends of the ellipses, which finally bends the interface severely. Simple
regular shock wave refraction occurs in the large frontal area of the helium cylinder. These features also grow intensely
with the eccentricity of the initial elliptic interface increasing. The distinct morphologies of these elliptic interfaces also
lead to the different behaviors of the interface features including the length and height. The comprehensive analysis
shows that for the elliptic helium cylinder, the structure effect not only affects the interface evolution in a length-scale
manner but also plays a role in their mixing process. The mixing rate of helium cylinder shocked along the major axis

is significantly superior to that along the minor axis.
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