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Structure of Mix in a Rayleigh-Taylor Unstable Fluid
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Marilyn B. Schneider, Guy Dimonte, and Bruce A. Remington
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P. O. Box 808, L-43, Livermore, CA 94550 USA

Abstract: Laser-induced fluorescence is used to image the central plane of the mix region of
two immiscible liquids subject to the Rayleigh-Taylor instability. The familiar bubbles and
spikes display a complex internal structure. This small-scale structure creates a large contact
area whose density is constant in time. The size of the mixing zone, defined in a new way,
grows with coefficient ~b >= ().054.

1. Introduction

The Rayleigh-Taylor (RT) instability [l, 2, 3, 4], occurs during the acceleration of a heavy fluid
by a light fluid. The rate of the instability is parameterized by the acceleration, g, and the

Atwood number, A=(pz – pl)/(pz + pl) where pl (pz) is the density of the light (heavy) fluid.
For small initial perturbations, there are linear[2, 6] and non-linear growth phases [5, 7, 8, 9].

Eventually a highly-disordered mixing zone (DMZ) develops, bounded by a bubble front which
penetrates the heavy fluid as N @Agt2 and a spike front which penetrates the light fluid as

N crsAgt2. [10, 11, 12, 13, 14, 15] The coefficient ~b is insensitive to A whereas a, increases
with A[13, 14].

Experiments[IO, 11, 12, 15] using backlit photography obtain values of ~b N 0.06 – 0.07

that are larger than those found in all 3-D [13, 16] and some 2-D [12, 16, 17] hydrodynamic
simulations, but similar to those found in 2-D simulations which track the interface [18, 19]. The
backlit photography experiments cannot measure the structure within the DMZ. This structure
is important because it determines the constitutive properties in the DMZ such as composition

(or density), energy, effective opacity, and equation of state.

This report describes RT experiments using laser-induced fluorescence (LIF) which image
the DMZ of a cell containing two immiscible liquids at Reynolds number of order N 105. The
images show a complex internal fine structure in the bubbles and spikes. While the large
bubbles and spikes define the boundaries of the DMZ, their small-scale internal structures
increase the mix entropy, which eventually (for miscible fluids) leads to molecular mix. This
study shows that: (i) the measured ~b is consistent with recent experiments [15]; and (ii) the
internal structure is responsible for the large amount of contact area between the mixing fluids.

2. Experimental configuration

The present experiments use the Linear Electric Motor (LEM) [20] at Lawrence Livermore
National Laboratory to accelerate a container for 50 ms at a downward constant g (= 73g0
where go = earth’s gravity). The fluid cavity is 73mm wide, 88 mm high, and 73mm deep. For
LIF, a laser sheet parallel to the acceleration illuminates the central plane of the cavity from

below. Images of the fluorescence are recorded on 35mm film.
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fluid (conservation of volume). The hi-level image is used to generate (i) the edge image using
the Roberts Edge method[23] and (ii) the envelope image using single-valued (in x) bubble and
spike envelopes. The lower (bubble) envelope function is obtained by finding the value of z

at which the maximum penetration of the top fluid into the bottom fluid occurs. The spike

envelope is similar but on top. In the envelope image, the region between the two envelope

functions is shown in black to mimick the backlit photographs[lO, 11, 12, 15]. The resolution
of the processed images is < lrrun [24].

3.1. The growth of the mix region (DMZ)

The width of the DMZ is obtained from the hi-level image. Backlit photographs[lO, 11, 12, 15]
obtain the width by measuring the penetration of the bubble- and spike-fronts. The present
data samples only one plane of the DMZ, so fewer bubbles and spikes are observed. To overcome
the reduced statistics, a new penetration depth is defined from the projection of the hi-level
image onto the z axis, as shown in Figure 2. The projection is plotted as a density profile and
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Figure 2. The projection of the hi-level images of Figure 1 onto the z axis. The projection is normalized
to the density of the fluids. The definitions of bubble (h~) and spike (h,) penetration distances are
shown.

generally has many fluctuations, so it is fit to a straight line. The bubble (spike) penetration,
hb, (h,) is defined as the distance between the intersection of the straight line with p~(pl )
and the original location of the flat interface (z= O). The latter can be measured to within

1* mm. The present definitions of hb and h, are statistically robust because they depend
on the entire profile. A procedure could have been employed which defines hb[h.] by the

PI + 0.95(Pz – P1) [PI + 0.05(pz – PI )] point of the profile, but the results would be too sensitive
to fluctuations in the projections.

The variation of hb and h. with generalized displacement 2AZ appears linear, as shown in

Figure 3, implying a self-similar evolution. This collection of data represents 6 separate runs,

recording three images per run. The errors are the same size as the plot symbols and are due to
the uncertainty in the location of the original interface. The data are fit to straight lines[lO, 17],
h = ho+ a 2AZ. The linear fits in Figure 3 give ~b = 0.054+ 0.003 and as = 0.062+ 0.003. The
value of ~b is =10% smaller than the value obtained in backlit photography. This is expected
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Figure3. (a) Bubble, h~, and (b)spike, h., penetrations vs. generalized displacement, 2AZ. The solid
lines are (a) hb= -0.45+ 0.0542AZ and (b) h.= -0.95+ 0.0622AZ.The dashed lines in (a) show
@= 0.061 (upper line) and 0.05 (lower line).

because the laser sheet may not illuminate the most penetrating bubbles or spikes or their
tips. This effect is greater later in time when there are only a small number of bubbles (2-4)
with large penetrations. The upper dashed line in Figure 3a shows the backlit photography
result [15], hb= 0.061 2AZ. This line is consistent with the early-time data (2AZ < 200) and
with the most-penetrating late-time data. Thus, the results indicate that backlit photography

is not seriously cent aminated by wall effects. The measured ~b is -5% higher than those
found in 3-D hydrodynamic simulations [13, 16]. The lower dashed line in Figure 3a shows
the simulation result, hb = 0.05 2AZ. The simulations obtain hb and h, from the 99%, 1% [13]
points of a volume-fraction profile. The simulation results may be slightly low. One difference
is that the experiments use immiscible fluids whereas the fluids in the simulations are miscible.

Finally, the ratio h,/hb, obtained from the data in Figure 3, is h,/hb = 1.1 + 0.05. The
error bars reflect the sensitivity of this ratio to the location of the flat interface. This ratio
is in agreement with previous data (see figure 8 in Ref. [19]) and one 3-D simulat ion[13] but
lower than the 1.3 predicted from another 3-D simulation[19] and lower than the 1.3 [19] to 1.4
[14]that models predict for A=O.34.

3.2. Structure of the DMZ

The contact area between the mixing fluids, shown in the edge images of Figure 1, determines
the degree of particle and energy exchanges. In the 2-D edge image, the contact area is the

length of the white pixels. The two edge images in Figure 1 display similar densities of white
pixels in the centers of their respective DMZS, implying some small scale structure is always
present. The edge images will be analyzed in another publication [24]. Models[9, 14, 18, 25,
26, 27] predict the evolution of the boundaries of the DMZ to larger structure sizes. Larger
structures have a smaller perimeter density than smaller structures, so processes not included

in the models appear to be occuring which maintain the density of the small-scale structures.
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The images in Figure 1 do suggest, however, that a large lengthscale increases with time.
This lengthscale, associated with the width and separation of the bubble and spike fronts, is
seen most clearly in the envelope images. Notice the bubbles and spikes are long and skinny in
these images. It will be discussed in a future publication [24].

4. Summary

In summary, images of the central plane of an RT unstable fluid cell are analyzed and give mix
widths that agree with those obtained using the backlit photography technique [15], implying
that the latter are not hampered by window effects. The present study uses a statistically robust
definition for h~ and h, and finds lower limits on ~b = 0.054 + 0.003 and a, = 0.062 + 0.003,
consistent with recent backlit photography experiment s[15] (@b= 0.061). The present results
are still somewhat higher than in 3-D simulations (ab(3D) = 0.04-0.05) [13, 16]. In addition,
late in time, the bubbles and spikes are seen to maintain a complicated internal fine structure,
as predicted in some numerical simulations[12, 19, 29] and models [28]. In contrast, the width
of the large-scale features (bubbles and spikes) appear to grow in time[28].
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