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Large and Small Scale Structure in Rayleigh-Taylor Mixing
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Laser-induced fluorescence is used to image the central plane of the mix region of two immiscible
liquids subject to the Rayleigh-Taylor instability at an acceleration of 70 times Earth’s gravity. The
size of the mixing zone grows with coefficieat, = 0.054. Individual bubbles are clearly resolved and
their structure is measured. The widths of the bubbles are narrower than recent models predict. An
internal structure in the bubbles appears after the mixing zone is established. This structure suggests a
cascade to small wavelengths. The cascade is required for molecular mix. [S0031-9007(98)05869-4]

PACS numbers: 47.20.Ma, 47.20.Ky

If two fluids are accelerated at a ragesuch that the tween two immiscible liquids at Reynolds number of
lighter fluid of density p; pushes the heavier fluid of order ~10°. This Letter shows (i) the measured, is
density p,, any irregularity at the interface will grow. consistent with recent experiments [16], (ii) the measured
This is the Rayleigh-Taylor (RT) instability [1,2]. It large scale bubble and spike widths increase with the size
determines the shape of type-Il supernova explosions [3hf the DMZ but are narrower than models predict, and
it leads to premature mixing of inertial confinement fusion(iii) there is an internal structure in the bubbles and spikes
(ICF) targets [4]; it also appears in terrestrial and nucleawhich appears after the DMZ is established and whose
physics, as summarized in Ref. [5]. average size remains constant late in time.

In the RT instability, small amplitude perturbations at The experiments use the Linear Electric Motor (LEM)
the fluid interface grow as-exp(y/Akg t) wherek is the  [22] at Lawrence Livermore National Laboratory to accel-
wave number4 is the Atwood numbetp, — p1)/(p> +  erate a container for 50 ms at a downward consgant
p1), andt is the time since; began [2,6]. At amplitudes 73g (g0 = Earth’s gravity. The fluid cavity is 73 mm
larger than~1/k, the modes grow more slowly and wide, 88 mm high, and 73 mm deep. For LIF, a laser
couple nonlinearly [5,7-9]. A highly disordered mixing sheet parallel to the acceleration illuminates the central
zone (DMZ) eventually develops in which the initial plane of the cavity from below. Images of the fluores-
conditions are forgotten. The size of the DMZ andcence are recorded on 35-mm film.
the large scale structures within it then scale with the The film images are digitized, converted to intensity
single characteristic lengtdgs®>. It is also presumed images, corrected for the absorption of the laser light by
that shear and inertia produce a cascade to smalletye molecules in the fluid, smoothed to reduce noise, and
wavelengths [9—11]. This cascade is important because #@djusted for variations in the laser intensity across the cell.
leads to molecular mix which determines the constitutiveTo avoid wall effects, only the central 62-mm width of the
properties in the DMZ such as composition (or density)cell is analyzed.
energy, effective opacity, and equation of state. The time The fluids are decang; = 0.73 g/cn?), and salt wa-
at which this cascade occurs is unknown. ter (p» = 1.43 g/cm?®) plus a small amount of fluores-

The extent of the DMZ is defined by a bubble front cent dye (Kiton Red 620), giving an Atwood number of
which penetrates the heavy fluid & ~ a,Agt?> and A = 0.34. The surfactant AOT is added to lower the in-
a spike front which penetrates the light fluid 4s ~  terfacial tension to ultralow values by forming a micro-
a,Agt* [10,12—-16]. The coefficient,, is insensitive td  scopically thin microemulsion phase [23] at the interface.
whereasa, increases withd [10,15]. Experiments [12— Glucose is added to the salt water to match its refractive
14,16] using backlit photography obtain valuesaf ~  index to within 0.03% of that of decane.
0.06-0.07 that are larger than those found in 3D [10,17] Corrected film density images at 27 and 45 ms are
and some 2D [12,17,18] hydrodynamic simulations, and ahown in the first column of Fig. 1. The net displacement
two-phase flow model [19] but similar to those found in of the cell due to the acceleration4sso the characteristic
2D simulations which track the interface [20,21]. length is Agt> = 2AZ. The planar coordinate system

The average width of the large scale bubbles in thanoving with the cell isx, z, with z = 0 at the original
DMZ is observed in backlit photographs to grow with mix interface.
width [13,16], but measurements of individual bubbles The interfacial tensiorr stabilizes the RT growth of
have not been made. Backlit photography cannot measugeerturbations with small wavelengths, leading to a mode
configurations within the DMZ so the cascade has nobf fastest growth with wavelengthirg = 277\/% l.,
been directly seen experimentally [10]. where ¢, is the capillary length?2 = 20 /[(p2 — p1)g]

This Letter describes RT experiments using laser{24]. In the present experimenf, = 0.10 mm at73g,,
induced fluorescence (LIF) which image the DMZ be-so Agg ~ 0.7 mm with ane-folding time [24] ~0.9 ms.
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FIG. 1(color). Images from a single run at two times illustrating the various types of processed images. The corrected film-density
images are used to generate the bilevel images. The bilevel images are used to generate the edge images and the envelope image:

When the amplitude becomesl /k ~ 0.1 mm, the mode The variation ofh, and h, with 2AZ appears linear,
saturates. Thus, by 27 ms (the top image in Fig. 1), theas shown in Fig. 3. This collection of data represents
system has evolved into the DMZ regime. six separate runs, recording three images per run. The
The images are processed (Fig. 1) into bilevel and edgerrors are the same size as the plot symbols and are
images to emphasize the internal structures, and envelopkie to the uncertainty in the location of the original
images to display the large scale features. The bilevahterface. The data are fit to straight lines [13,18]=
image is generated from the corrected film-density imagé, + «2AZ. The linear fits in Fig. 3 giver, = 0.054 =
by mapping all pixels with less than-50% intensity 0.003 and a, = 0.062 * 0.003. The value ofa, is
to 0%, and all pixels with greater than50% intensity = ~10% smaller than thex;, = 0.061 obtained in backlit
to 100%. The cutoff level used for the mapping isphotography [16], which is shown as the upper dashed
chosen to keep the same number of pixels in each fluitine in Fig. 3(a). This is expected because the laser sheet
(conservation of volume). The bilevel image is used tomay not illuminate the most penetrating bubbles or spikes
generate (i) the edge image using the Roberts edge method their tips. This effect is greater later in time when
[25] and (i) the envelope image using single-valuedthere are only a small number of bubbles (2—4) with large
(in x) bubble and spike envelopes. The lower (bubblepenetrations. Thus, backlit photography is not seriously
envelope function is obtained by finding the valuezait  contaminated by wall effects. The present measurement
which the maximum penetration of the top fluid into the of «, is ~7% higher than thex, = 0.05 obtained found
bottom fluid occurs. The spike envelope is similar but onin 3D hydrodynamic simulations [10,17], as shown in the
top. In the envelope image, the region between the twdéower dashed line in Fig. 3(a). The simulations obtajn
envelope functions is shown in black to mimic the backlitand’, from the 99%, 1% [10] points of a volume-fraction
photographs [12—14,16]. The resolution of the processegdrofile. The simulation results appear to be low.
images is<1 mm [26]. Finally, the ratiohs/h, = 1.1 = 0.05 is obtained by
The width of the DMZ is obtained from the bilevel calculating h;/h, for each data point. The error bars
image. Backlit photographs [12—-14,16] obtain the width
by measuring the penetration of the bubble and spike 1.4F—1
fronts. The present data sample only one plane of the _
DMZ, so fewer bubbles and spikes are observed. Tc%

T T J F
t=27 ms

Py

L . § 1.2} 4 F
overcome the reduced statistics, a new penetration dept 5,
is defined from the projection of the bilevel image onto - [ h T
the z axis, as shown in Fig. 2. The projection is plotted G 1.01- s 1T

as a density profile and generally has many fluctuations 2
so it is fit to a straight line. The bubble (spike) penetration  o.8}
hy, (hy) is defined as the distance between the intersectiol 20 o0 20
of the straight line withp, (p;) and the original location z (mm) z (mm)

of the flat interfacgz = 0). The latter can be measured FIG. 2. The projection of the bilevel images of Fig. 1 onto

to within ~1 mm. The present definitions df, and i, the z axis. The projection is normalized to the density of the

are statistically robust because they depend on the entifgjids. The definitions of bubblés,) and spike(h,) penetration
profile. distances are shown.
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| B S — T T 1 where IMQx,z) is the pixel value, either black or
3o a)h AF white, at(x,z). The actual calculations minimize aliasing
and correct for the finite sample size as described in
Ref. [26].

Figure 4(b) shows the normalized , vs x’ for the two
bilevel images in Fig. 1. The shape 61, is determined
by the underlying size distribution of structure widths.

The present study chooses to charactere by its e !
Dy T v Tl T T T Width_, Sl,_and its 5% width,V_Vl._ C_alculations [26]
2 A Z (mm) 2 A Z(mm) on bilevel images of sample distributions show that the
average width of structures is2-3S, and thatw, ~

—~20F

.C.'o_ . ~ -

FIG. 3. (a) Bubble n, and (b) spike h, penetrations vs

the characteristic lengthAZ. The solid lines are (aj, = 2-35. if the underlying size distribution has a single
—0.45 + 0.054(2AZ) and (b)h, = —0.95 + 0.062(2AZ). The  characteristic length. For an underlying size distribution
dashed lines in (a) show, = 0.061 (upper line) and 0.05 with some long-length tai2—3S, is the average size of

(lower line). structures andW, ~ the size of the largest structures.

o ) ] ) For the present dat&/, ~ 3S, until 4, + h; ~ 30 mm
reflect the sensitivity of this ratio to the location of the gng thenW, /S, increases withh, + h,. Late in time,

flat interface. Thi; ratio_is in agreement with preViOUStherefore,SL and W, are measuring two different sizes.
data [12] and 3D simulations [10] but lower than the 1.355 s approximately the average width of the internal
predicted from 2D simulations [21] and models [15,27]stryctures, wherea#, is the average width of the larger
for A = 0.34. structures, the bubbles and spikes. (The bubbles and

The images in Fig. 1 suggest that the widths of thegpikes are treated the same in these calculations because
bubbles and spikes increase with time. This is clearlyhb ~ h.)

seen in the envelope images, which are used to measurerijgyre 4(a) shows this interpretation &, is valid

the bubble widths. Thet symbols in Fig. 4(a) show pecausew, (filled circles) agrees with the measured
the widths of bubbles with penetrations greater thanngjvidual bubble widths. The straight line fit t&
~0.82hy, versush;, + hy. There is much scatter in data, jg ~1.7 mm + 0.077(hy + hy) = 1.7 mm + 0.15h,

but the bubble widthslo increase withz;, + h;. (usingh, =~ hy), but there is scatter af 50%.

_The size of structures can also be deduced from the The ratio of bubble penetration to bubble size is a pa-
bilevel image by calculating its correlation functigA.  rameter of many models [9,15,20,28—30], but the defi-
in the x direction. LetA.(x’,z;) be the correlation pition used varies widely. In this Letter, the measured
function of a horizontal line at = z;. Then A, isthe  (atio is h, /W, ~ 2-6 consistent with Mikaelian’s ana-

sum over allA,’s: lytical model [11]. The Glimm-Sharp bubble merger
, , model [9,20,29] usesk., the radius of curvature of
Ax) = ZAX(X .21) the bubble tip as a measure of bubble size, and pre-
zl dicts h,/2R. = 1 [30]. In the bubble-interaction model
— Z Z|MG(X,Z1)|MG(X + x',71), of Alon etal. [15] &, /(A) = 0.5/(1 + A) = 0.4, where
a1 = (A) = Py/n (Py = width of the image and = number

of rising bubbles in the image). This predicts an av-
e L i e o W erage of 2-3 rising bubbles in the images in the top
] b) E row of Fig. 1, and ~1 rising bubble in the images
in the bottom row. This appears inconsistent with our
observations.
The internal structure, seen in the bilevel and edge
images of Fig. 1, has an average widthe2S,. Fig-
1 ure 5(a) shows thaS, levels off whenh, + hy ~
\ 4 30 mm or 2AZ ~ 270 mm. A different aspect of the
NI E T internal structure is measured by the amount of con-
0 2 X (?nm) 6 tact area between the mixing fluids. The contact area
is important because it determines the opportunities for
FIG. 4. The large scale structure size. (a) The individualparticle and energy exchanges. In the 2D edge image
bubble widths(+), measured from the envelope images vsjn Fig. 1, the contact area reduces to the periméter

h, + hs. (b) The correlation functionA , vs x’ obtained from ; ; ; ;
C—_5 early and( ) late time bilevel images in Fig. 1. that is, the length of the white pixels. Figure 5(b) plots

S., thee ! width, andW,, the 5% width, are indicated. The £ — Po VS iy + hy. (P has been reduced by 20% to
filled symbols in (a) are the measur®d, s. The straight line ~correct for digitization errors.) The data are fit to a
in (@) is(W) = 1.7 mm + 0.077(h;, + h,). straight line,P — Py = (ps)Po(hy + hy), where(p;) is
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