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Figure 4. Results of experiments with air–Xe interface (time is counted after SW arrival to IPI). SW, shockwave; TMZ, turbulent
mixing zone; IPI, initial location of interface; p, power exponent by the k-ε model; , experiment. (a,b) Motion pictures and
(c) L(t) diagrams. (Online version in colour.)

the mixing zone H can be described by the following relations at the stage of TM in the self-similar
regime:

hhl = α1Agt2; hlh = α2Agt2; H = αAgt2, (5.1)

where A, the Atwood number; g, acceleration; t, time; αi, constant, which characterizes rate of hi
or H growth. αi is different in different sources.

So, there is α2 ≈ 0.07 in the earlier experimental researches [10], there is α2 ≈ 0.05 in the
calculations [11]. In later calculations [12], α2 ≈ 0.03 was obtained for ideal liquids, α2 ≈ 0.04 was
obtained in the experiments with intersoluble liquids [13], and α2 ≈ 0.03 was obtained in the
experiments at the gas–water interface at g ≈ 105 g0, gas temperature of ≈2000◦C and pressure
of ≈400 atm (i.e. at the overcritical state of the liquid surface layer) [14]. Reasons for the α2 scatter
are not clear presently. It was supposed that α2 was reduced as the flow Reynolds number grew.

To investigate this problem, there is a large-scale facility, KU-210, which provides a flow with
Re ≈ 107 (figure 5).

In this facility, the liquid layer with weight of ≈3 kg was accelerated by compressed gas. The
acceleration value reached g ≈ 103 g0 (where g0 = 9.8 m s−2), the layer displacement was 350 mm
and the mixing zone width H was 200 mm.

In the motion picture (figure 6a), the classic character of growth of the liquid–gas mixing
zone is observed in these experiments, namely, gas penetrates into liquid in the form of bubbles
increasing with time, and liquid penetrates into gas in the form of jets. Some bubbles ‘grow’ up to
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Figure 5. Accelerating channel KU-210. 1, driver (steel); 2, manometer; 3, liquid; 4, sealing ring (rubber); 5, stud; 6, substrate
(foam plastic); 7, measuring section (Plexiglas); 8, membrane (lavsan); 9, flange; 10, support; 11, electric contacts for triggering
the recording equipment; 12, cotton wool; 13, concrete. (a) Facility scheme (sizes in millimetres); (b) photo of facility. (Online
version in colour.)

30 mm in diameter at the end of recording. Also small bubbles occur in the TM zone. Secondary
smaller bubbles are observed on large bubbles (figure 6c).

The dependences hlh(2S) and Re(2S) are presented in figure 7. Slope ratio of the dependences
hlh(2S) to the abscissa axis α2 = �hlh/�2S characterizes dimensionless velocity (rate) of hlh
growth.

Two parts are observed for the hlh(2S) dependences. The rate of mixing zone growth is high
in the first part (0 mm < 2S ≤ 100 mm). It is lower in the second part (2S > 100 mm). In the first
part, according to numerical analysis [15], turbulence is not in the self-similar regime. Therefore,
we will not consider this part. The second part is longer; it can be considered as self-similar. In
this part, the average value of α2 is 0.075 ± 0.005 (α1 ≈ 0.26, α ≈ 0.33). The asymmetry ratio of the
zone is k = α1/α2 ≈ 3.

In the experiments, the Reynolds number was determined as Re = H · √A · g · H/ν (where
A ≈ 1 is the Atwood number, ν is the kinematic viscosity coefficient of water). Based on them,
it is possible to see that, if Re ≤ 105 and α2 ≈ 0.11 (in the first part), the value of α2 is decreased to
0.075 (in the second part) as Re grows up to ≈ 5 × 105. If Re grows further up to ≈107, then the
average value of α2 is not changed.

 on November 18, 2018http://rsta.royalsocietypublishing.org/Downloaded from 

http://rsta.royalsocietypublishing.org/


8

rsta.royalsocietypublishing.org
PhilTransRSocA371:20120291

......................................................

J

R

air

jets

X3

X2

X1

water

S = 0 mm

(a)

(b) (c)
51.5 mm 188 mm

mixing zone
on bubbles

288 mm

substrate

bubbles

TMZ
14

2
m

m
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Therefore, α2 ≈ 0.07 at the gas–liquid interface (in the conditions of heterogeneous mixing) at
g ≈ 103 g0 and the Reynolds number 5 × 105 < Re ≤ 107; i.e. it coincides with results of the earlier
experiments. Thus, the reduction of α2 to (0.03–0.04) cannot be explained by the increase of only
the Reynolds number. The value α2 ≈ 0.03 can be a particular case of particular experiments and
calculations. There is need for researches with search for conditions when α2 is decreased.

6. Growth of hemispherical local perturbation at gas–liquid interface
According to [16], hemispherical LP turns to the self-similar regime of growth with time at
unstable interface. It is shown in [17,18] that, as the initial radius of this perturbation is growing
(from R ≈ 0.5 mm to R ≈ 3 mm) with presence of TM zone at the gas–liquid interface, rate of its
penetration into liquid grows approximately 2 times, i.e. self-similarity is absent. Experiments [17]
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and calculations [18] were performed at relatively low displacements of IF (S ≈ 40 mm). In
what way will this perturbation grow at large displacements of the interface? For clearing
up this question, additional researches were performed at the large-scale facility KU-210
(figure 5).

Low-strength jelly of gelatine water solution was used as the liquid, the same as in [17]. Gelatin
concentration in the solution was ≈2.2%. Strength of this jelly was less than 0.05 kg cm−2, and the
coefficient of dynamic viscosity was less than 200 cP. It behaves as a liquid under a pressure higher
than 3 atm.

At deliberately unstable (upper) surface of the jelly, LP was specified as a hemispherical
groove with radius of 2, 3 or 6 mm. The jelly layer was accelerated by compressed air. The layer
acceleration was (6–9) × 102 g0, the Reynolds number reached 4 × 104 and the layer displacement
was 300 mm. The flow recording was performed by high-speed video camera in transmitted light.

Figure 8a presents frames of the motion picture for LP growth with R ≈ 6 mm; figure 8b
presents the dependences hlp(2S) and hlh(2S). (Here, hlh is the penetration of the leading edge
of the TM zone into the jelly; βi = �hi/�2S is the coefficient, which characterizes growth rate of
hlp or hlh.)

It is possible to see from the motion picture and the graphs that
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Figure 10. (a–e) Results of experiments with SF6–water interface. St, substrate; P, piston; TMZ, turbulent mixing zone; S,
distance travelled by layer; LP, random local perturbation.

— LP, similar to that in [17], initially grows as a quasi-circular bubble, which takes the lead
over the TM front. As time passes, the bubble mouth is partially closed, and a shaped
jet is formed, which impacts against the bubble pole. The bubble becomes a mushroom
shape (figure 8a).

— If the layer is displaced for 2S < 100 mm, as the initial radius of LP grows, the velocity of
its growth (βlp), the same as in [17,18], increases (figure 8b).

— In the layer displacement range 100 mm < 2S < 600 mm, values of βlp become close for the
investigated values of R, i.e. the perturbation growth process gets the self-similar regime.
Time of perturbation getting the self-similar regime increases, as its initial size grows.
Some differences of βlp at 100 mm < 2S < 600 mm can be caused by different overlap
of LP channel by a neighbouring zone of mixing. The relation of the average values is
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n = βlp/βlh ≈ 1.4, i.e. LP always takes the lead over the leading edge of the mixing zone.
Growths of these perturbations in shells of ITF targets can cause them to break.

7. Influence of Atwood number sign changing on mixing growth
In the case of the Rayleigh–Taylor instability, the situation is possible when a ‘light’ substance
is compressed up to the extent that its density becomes higher than the density of a ‘heavy’
substance, that is, the Atwood number changes its sign. What would be the behaviour of the
TM zone in this case? This situation was simulated in [19]. It is presented in this section.

Scheme of the experimental device is presented in figure 9. The device is a gas gun. Water
was poured into the substrate. Volume between the piston and the water layer was filled with
SF6 under pressure of ≈9 atm, and the GEM chamber was filled with the mixture C2H2 + 2.5O2
under pressure of ≈4 atm. After detonation of GEM, the membrane was destroyed, the piston
was accelerated and it compressed the gas below it. When the gas pressure reached a pressure
higher than the critical pressure (P ≈ (30–100) atm), the substrate flange was cut, and the water
layer together with the substrate were brought vertically down. The Rayleigh–Taylor instability
took place at the interface of compressed gas and water. Pressure in SF6 reached 500 atm and
temperature reached 100◦C. The Atwood number was determined in the experiments with the
condition of adiabaticity of the gas compression process.

It is possible to see from the motion picture of the experiment (figure 10a) that fine fractions
prevail in the TM zone structure. There are no evident jets and bubbles observed; a random LP
does not grow at 1.7 mm < S < 17 mm.

SF6 penetration into water hlh stops after some time. Then it becomes smaller slightly and it
starts growing again (figure 10d,e). This behaviour of hlh is caused by the fact that the Atwood
number is reduced from A ≈ 1 to A ≈ −0.2 in the experiments, then it grows up to A ≈ 0.8
(figure 10c). SF6 is compressed to the density that exceeds the water density. The situation occurs
when acceleration is directed from a heavy substance to a light substance, where the interface of
the substances should be stable. But the mixing zone H, which was formed at A > 0, continues
expanding slowly in SF6 under its own inertia. Therefore, change of the Atwood number sign
does not cause a stop to total mixing zone growth but just reduction of the liquid density in it.

8. Conclusion
— When the interface is accelerated by SW, high compression of ‘heavy’ gas causes:

(i) approach of the leading edge of the TM zone to the SW and interaction between
vortices of the zone and the wavefront that results in its distortion;

(ii) change of character of LP growth.

— Attenuation of turbulence is approximately 2 times reduced as the Mach number of the
SW grows in ‘heavy’ gas from ≈2 to ≈8.

— In the case of the Rayleigh–Taylor instability growth at the gas–liquid interface:

(i) the self-similar constant, which characterizes the rate of penetration of the gas front
into the liquid, is not changed and it is α2 = 0.075 ± 0.005 as the Reynolds number
grows from 5 × 105 to 107;

(ii) a LP, which was specified at the unstable surface of the liquid layer as a
hemispherical groove, grows in the shape of quasi-circular bubble, which takes
the lead over the front of the TM zone. Time of when this perturbation gets the
self-similar regime of growth is increased as its initial size grows; and

(iii) when the Atwood number sign changes from positive to negative, penetration of
gas front into liquid stops, but the mixing zone, which was formed at the positive
Atwood number, continues expanding into gas under its own inertia.
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The work results enrich knowledge in the field of hydrodynamic instabilities and they can be
used for testing numerical techniques.
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