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Turbulent Rayleigh-Taylor instability experiments with variable acceleration
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Turbulent mixing due to the Rayleigh-Taylor instability is experimentally found to vary strongly with the
temporal acceleration profilg(t). For constanty, the bubble amplitudé,, increases agt? consistent with
previous results. For sustained acceleration profiles dghdt+0, hy, increases, not with the displacement
Z=[Tg dt'dt, but with the lengthS=0.5[f+/g dt]2. For an impulsive acceleration, mixing is minimized
with hp~Z%4 These results are used to test mix modg#d.063-651X96)12410-1

PACS numbeps): 47.20.Bp, 47.27.Jv

When a fluid of densityp,; accelerates another fluid of dicts 6,~0.4 for bubbles and, for spikes, an exponent
density p,, hydrodynamic instabilities at the interface en- 0.4<f,<1 that depends oA. The transition to the power
hance the interfluid mixing. Two such instabilities are thelaw [14] occurs wherg decays faster than tf/ Laser RM
Rayleigh-Taylof1] (RT) instability for a sustained accelera- experiment§29] at A=—0.87 obtain an exponent0.6, but
tion and the Richtmyer-Meshkd2] (RM) instability for an ~ for the combined bubble and spike amplitude because of
impulsive accelerationy=U §(t) from a shock. Both insta- diagnostic limitations. Shock tub¢80,31] obtain exponents
bilities are important in inertial confinement fusigfCF) ~ ~1.0, but they suffer from membrane and edge effects. Ex-
because they can produce enough mixXiggl] to contami- perimentq 32] with liquids investigated impulsivg profiles,
nate, cool, and degrade the yield of the thermonuclear fuebut with imposed sinusoidal perturbations in two dimen-
They also affect the evolution of supernova explositbls ~ Sions. Laser Rayleigh-TaylofRT) experiments[28] use

Both instabilities evolve through three stages, each wittshaped accelerations, but they reach only the weakly nonlin-
characteristic scales and growth rates. First, small amplitudear regime.
modes grow independently with growth rates and wave- We describe turbulent mix experiments with four qualita-
lengths determined by the respective linear thefdry,6—  tively different acceleration profiles using a linear electric
10]. Second, when the amplitude of a mode becomes conmotor (LEM) that produce different mixing rates. These ex-
parable to its wavelength, weak nonlinearities reduce théend previous experiment&7—19 with constang that have
penetration ratef5,7,9—13. In the third stage, the perturba- been used to test reduced mix models, such as in[E3k
tions have large amplitudes with a broad range of scalefQur experiments show that the mixing rate depends strongly
Here, the nonlinearities are strong and the mixing is turbuon the acceleration profile. Moreover, it is important to vary
lent[13-18. g(t) to not only calibrate the strength of particular terms in

Turbulent mixing rate$17—20 have been measured for a the reduced mixing models, but to test their validity and
constant acceleration and an Atwood ratio form.

A=(p,—pp)l(py+p1)>0. The light fluid is found to penetrate ~ The LEM[33] is depicted in Fig. 1. A forc&~21,DB is

the heavy fluid as bubbles with an amplitulg=a,Agt®  applied by two armatures of length=10 cm that slide

with an empirical constanty,~0.06. Similarly, the heavy along four linear electrodegails). The magnetic field is

fluid penetrates the light fluid as spikes with a parameteproduced by the rail/armature currépt30 kA (~25%) and

as~1—3a,, that depends oA. Direct numerical simulations @ pair of elongated coils with currem{<60 kA (75%). A

(DNS) [18,20-22 reproduce this scaling fdm,, but with a

range of valuegy,~0.035-0.07 depending on the initial am-  (a)

plitudes and the use of interface tracking. Since DNS cannot

resolve the full range of turbulent scales, reduced mix mod-

els[3,4,13-16,18,21—J7re also used for subgrid modeling

and ICF design, but they are empirical and need verification. 1,
It is important to investigate different acceleration profiles '

because diverse calculations can all reproduce the corgstant
result, yet the acceleration is variable in most applications
[3,5]. Additional applications are discussed in Ref8]. As
an example, with a varying but sustained acceleragjie®,
h, is thought[14,17-19 to increase with the lengt6=0.5
[ /g dt]? rather than the displacement [Jg dt’ dt. This

Coil
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hypothesis cannot be tested with a constantsince \ oot
S=27=0.59t%. An impulsiveg is particularly useful because -asegr beam
Sis constant during the coast phase wizilencreases ablt. \

In this case, turbulence moddt24,25 predict thath,~ Z%

with 6,~3 for bubbles. A large structure modgl4,15 pre- FIG. 1. Schemati¢a) and photograpltb) of LEM.

1063-651X/96/5¢4)/37404)/$10.00 54 3740 © 1996 The American Physical Society



54 TURBULENT RAYLEIGH-TAYLOR INSTABILITY ... 3741

they have different values &/ Z, yet they produce the same
final velocity U~31 m/s. The acceleration measured with a
piezoresistive acceleromet@olid) is typically smaller than
that calculated using, and|. (dashed because of friction.
For Fig. 2a), the average values age~70g, (go=earth’s
gravity), I,~11 kA, 1 .~20 kA, andB~0.8 T. The variations
69/g<*=15% are not important an8~Z=*+3%. For the de-
creasing accelerating profilé=ig. 2(b)], S/Z~1 for Z<25

cm and then decreases $Z2~0.74 byZ=95 cm. The in-
creasing profilgFig. 20 hasS/Z~1.27 throughout. For the
impulsive profile[Fig. 2(d)], S~Z during the acceleration,
but S remains constant-15 cm during the coast phase
whereasZ increases to 130 cm. For technical reasons, the
acceleration begins at 2 ms for the sustained profiles and 5
ms for the impulsive profile.

The evolution of the mixing zone for the constant accel-
eration case is shown in Fig. 3. The fluids are immiscible:
Freon (p,=1.57 g/cnl) on the bottom and watefp;=1
g/cnt) on top. A surfactant is added to reduce the surface
tension(T~1.4 dynes/cmand the meniscus at the walls1
mm in amplitude and extentThe mix region is dark because
the fluids have different indices of refraction and scatter the
light in the turbulent region. The data in Fig(aB-3(e) is
characterized in the same way as in the original experiments
[17-20Q; namely, h, is defined by the fastest growing
bubbles as indicated by the dotted line in Figd)3 Other

characterizations such as using the average location of the
Tim:O(ms) &0 80 envelope of the interface fdr, may be preferable, but its
meaning would differ from that in the original papers and
comparisons would be compromised.
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FIG. 2. Acceleration fofa) constant(b) decreasing(c) increas-

ing, and(d) impulsive profiles. Solid lines are measured and dashed The Tterfape IS IlnlltzlgllnyIat andhgl_assy as mglg?tef by
lines are calculated. The final velocities aje-33, 27, 31, and 34 PESPECUVE VIEWS. In ig.( )—3(e), p INcreases-u.21, 1,
mis for (8)—(d), respectively 1.85, and 2.2 cm linearly with the displacement as expected

from turbulence scaling since the Reynolds number exceeds

total energy of 0.6 MJ is available in 16 independent capaci-loﬁ' At the same time, the bubbles also increase their average

tor banks(45Qv, 0.3&° each with different charge voltages diameterD,~0.11, 0.37, 0.72, and 0.83 cm, suggesting a

: . ; o self-similar evolution withh,~3 D, . Even by 12 ms, the
and discharge times for pulse shaping. The projectile has fstability has evolved well beyond the linear regifgj.
fluid cavity (7.3 cm wide, 7.3 cm deep, 8.8 cm longnd a

With surface tension, the fastest growing wavelength is
mass of~1.8 kg. Transverse laser beams are used t0 meg: —27[3T/g(p,—p,)]Y>~0.06 cm with ane-fold time

sure the cell trajectory(t) and to trigger optical backlight- 7o~ (3N /47AQ)Y?~1 ms. This mode would have expo-
ers(5 us). _ o _ nentiated toh,~2 cm~30 X\, (with h,~1 um initially)
The acceleration profiles in Fig. 2 are studied becaushich is 10x larger than observed. FiguréfBis a perspec-

FIG. 3. (a)—(e) Shadowgraphs
for constant acceleration profile at
different times and locations for
Freon and wate(A=0.22. The
white dashed lines indicate the
initial interface and the black
dashed line exemplifies a bubble
amplitude h,. (f) Perspective
image from 12° below the inter-
face atZ=36.8 cm. To indicate
the scale, the fluid cavity is 7.3
cm wide and 8.8 cm tall.

f)Z=386.8cm,t=37.3ms
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a) Constant g b) Decreasing g
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d) Impulsive g
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FIG. 4. Shadowgraphs for the acceleration profiles in Fig. 2 a
similar locations forA=0.22. (a) Z=68.3 cm;t=48.3 ms,(b)
Z=68.3 cm,t=48.7 ms,(c) Z=68.3 cm,t=59.2 ms, and(d)
Z=69.6 cmt=30.3 ms. To indicate the scale, the fluid cavity is 7.3
cm wide and 8.8 cm tall.

tive image aZ=36.8 cm from 12° below the interface and it
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FIG. 5. The bubble penetration distaneg vs Z for the accel-
eration profiles in Fig. 2. A=0.22.

~0.049 for the decreasing profile. For the impulsive chge,
is not linear withZ and there are two phases. During the
9-ms acceleration phase, the cell is displazge¢15 cm and
hpo~0.4 cm. During the coast phaZe>Z,, the penetration
increases slowly with displacement according to a power law
hy/hyo~(Z/Zy) % with 6,~0.37. We estimate the error in
the data(<10%) from the shot-to-shot variation in Fig. 5.
We evaluate two models with this data. Figuréa)6
showsh, vs S where S is calculated from the measured
acceleration profiles. Most of the data is unified along a
ingle lineh,=2a,AS with a,~0.061. The impulsive case
violates this hypothesis during the coast phase, as indicated
by the vertical column of data &~15 cm, becausé, in-
creases whilés is constant. A better description is obtained
with a simplified two-phase flow model

dV,/dt=BAg—Cy4V,2/hy, (1)

indicates that the bubbles are three dimensional; namely, ) ]

they are round and randomly distributed in the transversdhere the bubble penetration velocity d$,/dt=V}. The
dimensions and elongated in the acceleration direction. ThErm of Eq. (1) is taken from the potential flow modf12]
spike penetrations are 10—20 % larger than for the bubbles &d resembles the equation of motion for a bubble rising

seen previously17-2( for low A.

through a fluid that exerts a Newtonian dfdd]. It has also

Tests were conducted to check the experimental integritPeen obtained form a large structure model of mixing
We varied the size of the meniscus and found very little[14,19. Youngs[34] postulates that the buoyancy term Ag
difference in the instability amplitude in the center. The me-may be reduced by some factf<1 because fluid entrain-

niscus is more important fak~1, particularly in the corners.

ment in the turbulent region reduces the density contrast. The

The effect of vibration was evaluated by accelerating the celfirag coefficientC, has been evaluated for isolated bubbles

upwards in the stable directiofgA<0). No perturbations

[11] but not for interpenetrating fluids. The denominator in

were observed until the fluids entered the brake region and

became RT unstabl@A>0).

The mixing produced by our four acceleration profiles is
shown in Fig. 4 withA=0.22. The displacements are similar
Z=68.3 and 69.6 cm, but,~1.82, 1.67, 2.3, and 1 cm, and
S$~69.9, 54.3, 84.6, and 15 cm are different in Fig&)4

4(b), respectively. The mixing zone is largest for the increas-

ing acceleration profilédg/dt>0) and smallest for the im-
pulsive profile. The dark region at the bottom of Figdyis
due to cavitation which occurs fg> 150y, when the mini-
mum pressure falls below the Freon vapor presgB4¢ The

cavitation does not seem to affect the mixing at the interface.

Figure 5 shows the bubble penetration depthvs the
displacemen for the four acceleration profiles. For con-
stantg, we find h,=a,Agt? (Z=0.5gt?) with a,~0.061,
consistent with previous experimenf47—-20. The ratio
h,/2AZ becomes~0.074 for the increasing profile and
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FIG. 6. The measurell, vs (a) the parameteS and (b) the
solution to Eq.(1) for B=0.5 andC4=1.6. The line is a regression
fit.
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the drag term represents the ratio of volume to crosstrary but sustained(t) #0, we find thath,=2a,AS with
sectional area of a bubble which Layzer took to be its radiusy,~0.061, which reduces th,=a,Agt® for constantg.
Dy/2. We useh,, for simplicity based on the observed self- This confirms the previous hypothe$ls’—19 that S (rather
similarity h,~3D,,, but this term is still undetermined and thanZ) determines the mixing rate wher#0, and it implies
will require further experiments to resolve. For constgnt that at the same displacemdnj is larger fordg/dt>0 and
the solution to Eq(1) is h,=a,Agt? if B=2ay,(1+2C,), smaller fordg/dt<0. As an example, the increasiggt) is
but the values of3 andC, are not unique. C is best de- shown to be the most hydrodynamically unstable accelera-
termined with an impulsive drive because the solutiohyjs tion profile, and this may be important to ICF. Mixing is
~t% with 6,=(1+Cy) L. minimized with an impulsive profile for which,, obeys the
Numerical solutions to Eq(1) for our acceleration pro- power lawh,~Z% with 6,~0.4 in accordance with the large
files are compared with measured results in Figp) ising  structure mix mode[14,15. A mix model exemplified by
B=0.5 andC4=1.6. The solutions are not sensitive to the Eq. (1) can describe the mixing from all thggt) profiles, but
initial conditionsV,=0 andh,=1 um [26] (h, increases by further experiments with more complegxt) profiles, includ-
<10% with 100um initial amplitudg. Solutions[26] with  ing some deceleratiof34], may be required to develop a
B=1 andC,=3.7 are inadequate because the exponent is tomore complete description of turbulent mix. These are cur-
low 6,=(1+C,) 1~0.2, and they would yielth,~0.6 cm  rently underway.
atZ=100 cm, which is well below that measurbg~1 cm.
With C4=1.6, the exponent i#,~0.38 in accordance with We thank J. Morrison, S. Hulsey, D. Nelson, and S.
Ref. [15]. The bubble competition model is also consistentWeaver for their excellent technical contributions and V.
with our high laser experiment®9] at A=-0.87, which  Smeeton, Yu. Kucherenko, D. Shvarts, D. Sharp, G. Burke,
obtained an exponent0.6 for the combined bubbles and B. Remington, and R. Hawke for useful discussions. We also
spikes. Differenig(t) profiles and Atwood ratios need to be thank D. L. Youngs for encouragement and insightful sug-
investigated to fully evaluate the mix modé¢k3—27. gestions. This work was performed under the auspices of the
In conclusion, turbulent mixing is found to depend U.S. Department of Energy by the Lawrence Livermore Na-
strongly on the temporal acceleration profiyét). For arbi- tional Laboratory under Contract No. W-7405-ENG-48.
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