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We demonstrate that, when initialized with experimental data, numerical simulations of Rayleigh–
Taylor mixing show reasonable agreement with experimental measurements of the self-similar
growth ratea. The experimental data include high-resolution velocity and density measurements
from a closed water channel facility. For the simulations, a monotone integrated large eddy
simulations technique was used that employed a finite-volume, Eulerian equation solver with van
Leer flux limiters. Calculations were initialized with both density and velocity fluctuations. A
comparison of the late-time, self-similar growth constant with the experiments showed simulations
initialized with velocity perturbations gave better agreement with experiments. ©2004 American
Institute of Physics.@DOI: 10.1063/1.1765171#

Rayleigh–Taylor~RT! instability1 occurs when a pres-
sure gradient accelerates a sharp density gradient (r1.r2)
such that¹p•¹r,0. Infinitesimal perturbations present at
this density interface grow exponentially according to linear
stability theory1 before reaching nonlinear saturation.2 In the
nonlinear regime, larger structures grow faster than smaller
structures, resulting in a quadratic development in time of
the mix-width:

h5aAtgt2. ~1!

Here, h is the half mix-width of the mixing layer,At5(r1

2r2)/(r11r2) is the governing Atwood number,g is the
acceleration due to gravity, anda is the growth constant. The
assumption behind~1! is that memory of the initial condi-
tions has been lost, and the only relevant length scale isgt2.
However, experiments3–5 report values ofa;0.07, whereas
simulations6–8 have reported lower values ofa;0.03. It is
believed that this discrepancy is due to the presence of long
wavelengths in the initial conditions in the experiments9 that
are not captured in numerical simulations. When initialized
with long wavelengths, numerical simulations are expected
to give highera values, and exhibit sensitivity to initial con-
ditions. Conversely,a approaches a universal lower bound
value6 of about;0.03 when such long wavelengths are ab-
sent. We test these arguments by initializing numerical simu-
lations with long wavelength content measured directly from
experiments, with the objective of reproducing the late-time
experimental values ofa.

A detailed description of the experimental setup is pro-
vided in Ref. 10, while the diagnostics are described in Refs.
4 and 11. Some essential details are summarized herein. Fig-
ure 1 shows a schematic of the experimental setup of the
closed water channel facility~flow is from left to right!. The
unstable RT flow is set up by a temperature gradient between
two water streams that enter through separate inlet plenums.
The streams are kept separated by a splitter plate with a 2.5°
knife edge at its end. As the cold and hot water streams leave
the edge of the splitter plate, an unstable density gradient is
established, which results in a statistically steady, spatially
evolving RT mix. A wake flow is generated due to the splitter
plate, which is quickly suppressed~by a streamwise distance
of x;2 cm) as buoyancy dominates the evolution.4 E-type
thermocouples~diameter50.1 mm, sampling rate5100 Hz!
collect density data atx51 mm ~initial conditions! and fur-
ther downstream (x52, 10, 20, 30, 40, 50, and 60 cm!. A
dual-pulse N-D YAG laser system~sampling rate530 Hz!,
was used with particle image velocimetry~PIV! to record
horizontal and vertical velocities3 in a plane perpendicular to
the splitter plate for 2.5 cm,x,60 cm. The PIV window
sizes were 634 cm2 and at a resolution of 6403480 pixels.
The Reynolds number (Re5hḣ/n) of the experiment is about
1000 ~see Ref. 4!.

A 3D, finite volume, Eulerian solver was used for the
numerical calculations. The algorithm and numerical tech-
niques are described in Ref. 12. Numerical dissipation serves
to smooth out sharp gradients characteristic of Euler equa-
tion solutions. Convective fluxes were computed by the van
Leer method,13 which prevents the occurrence of spurious
overshoots and undershoots associated with higher order nu-
merical schemes. This algorithm belongs to the class of tech-
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niques commonly referred to as MILES~monotone inte-
grated large eddy simulations!, and has been shown to be
well-suited to the simulation of RT and Richtmeyer–
Meshkov flows.8

Table I is a list of the simulations to be considered.
Cases 1–3 were initialized with density perturbations from
thermocouple data, while case 4 was initialized with velocity
data obtained from the PIV technique. Case 1 had a compu-
tational box size of 15330315 cm3 @in the x- ~streamwise!,
y- ~vertical!, andz- ~spanwise! directions respectively, with
30 cm set to the depth of the water channel#, while the other
cases had a box size of 30360330 cm3 to capture longer
wavelengths that are likely present in thex-direction in the
experiment. All of the simulations had a grid resolution of
12832563128 points in thex-, y-, andz-directions, respec-
tively, wherey was the direction of gravity. The density per-
turbation cases 1 and 2 had energy in modesn51 – 16, while
cases 3 and 4 were initialized with energy in modes 1–32 to
study the effect of the higher mode numbers, wheren
5kL/2p. From single-mode RT simulations,6 it was deter-
mined that the highest mode number resolved in these calcu-
lations wasn;24. Forn.24, an effective numerical viscos-
ity was inferred. The light and heavy fluid densities were set
as r251000 kg/m3, and r151001.5 kg/m3, respectively, to
give the same Atwood numbers employed in the experiment
(At57.531024), while g was set to 9.81 m/s2. We employ

the Taylor hypothesis to transform the downstream spatial
distance in the experiment to time in the simulations using
the mean convective velocity (U054.4 cm/s from PIV!.
Thus, converting single-point temporal data to spatial data
removes the necessity to perform spatial simulations that are
computationally intensive~and involve nontrivial boundary
conditions!. Instead, we perform temporal simulations with
periodic boundary conditions~in the x-z plane! initialized
with statistically homogenous density/velocity initial condi-
tions. A zero-flux condition was used in the vertical direc-
tion.

The centerline density data were obtained atx51 mm,
using thermocouples while the velocity data were obtained at
x52.5 cm using the PIV technique. We describe below the
method used to transform the single-point density data ob-
tained from experiments to 2D datah0(x,z) in thex-z plane
for the simulations. These 2D perturbations of the density
interface can be expressed as

h0~x,z!5 (
kx ,kz

ak cos~kxx!cos~kzz!

1bk cos~kxx!sin~kzz!1ck sin~kxx!cos~kzz!

1dk sin~kxx!sin~kzz!, ~2!

wherek5Akx
21kz

2. From the Fourier amplitudes of experi-
mentally measured density fluctuations atx51 mm, the
measured amplitudes of the 32~16 for cases 1 and 2! longest
modes were used for the associated Fourier amplitudesak ,
bk , ck , anddk in ~2!. To generate a 2Dh0 perturbation field
in wavenumber space@when expressed in polar coordinates
as the radial and azimuthal wavenumber vectors (kr ,ku)]
from the 1D amplitude vectors, the Fourier amplitude coef-
ficients are multiplied by a 2D random number field. The
random numbers were chosen to have a mean value of 1 and
a standard deviation of 0.3 in the azimuthal direction~i.e.,

FIG. 1. Experimental setup and diagnostics.

TABLE I. List of simulations initialized with experimental conditions.

Simulation
Type of

perturbation Modes Box size Objective

1 Density 1–16 15315330 cm3 Baseline case
2 Density 1–16 30330360 cm3 To study the effect of

longer wavelengths
3 Density 1–32 30330360 cm3 To study the effect of

higher mode numbers
4 Velocity 1–32 30330360 cm3 To study the effect of

velocity perturbations
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alongku). Thus, we assume the flow field to be statistically
isotropic in the horizontal plane. The value of;0.3 for the
standard deviation was chosen to ensure that the azimuthally
averaged power spectra used in the calculations has the same
energy for the included wavenumbers as the single-point
power spectra from the experiments. Thus,

E
k1

k2

^ENS~k!&udk5E
k1

k2
E~k!experimentdk. ~3!

In the above,̂ •&u denotes azimuthal averaging. The density
surface perturbations were then converted to volume fraction
fluctuations usingf 1(x,z)511h0(x,z)/D for h0,0, and
f 1(x,z)5h0(x,z)/D for h0.0, whereD is the zone width
@the amplitudes in~2! were obtained by using the inverse
expression#.

We believe that the perturbations shed by the splitter
plate are primarily velocity fluctuations, which in turn induce
density perturbations.4 In fact, RT experiments in
general4,5,14,15 have velocity fluctuations, either through vi-
brations of the facility or deliberate shaking. Thus, the natu-
ral initial conditions for RT experiments are velocity pertur-
bations, however, most RT simulations are initialized with
density fluctuations. In our calculations, the velocity pertur-
bations were initialized as derivatives of a velocity potential
function defined as

f5a0 (
j 5n min

j 5n max

(
i 5n min

i 5n max
ai j

ki j
sin~kix!sin~kjz!exp~2ki j uyu!.

~4!

In ~4!, ki52p i /Lx , kj52p j /Lz , ki j 5A(ki
21kj

2), ai j are
the modal amplitudes and the velocities were computed as
n85¹f(x,y,z). Since velocity data were collected from the
experiment atx52.5 cm, and not at the edge of the splitter
plate (x50), the values ofai j were chosen so that the inte-
gral of velocity spectra~for the included wavenumbers! from
simulations and experiments agreed atx52.5 cm. Figure 2 is

a comparison of the velocity spectra atx52.5 cm from simu-
lation 4 and the PIV measurements.

In our experiment, we deduce the growth constanta
from centerline vertical velocity fluctuations as follows. As-
suming self-similarity, from~1! the vertical root mean square
velocity may be written as

n852aAtgt. ~5!

a calculated from~5! at the centerline approaches4 0.07 in
agreement with previous values from experimental measure-
ments of the rate of growth of theedgeof the mix.10 a was
also calculated from the edge of the mix width from the
simulations, and showed good agreement with the above val-
ues. This is because centerline vertical fluctuations span the
entire mix width and drive the growth of the mix. Thus, we
will use the centerline velocity fluctuations to extracta from
our numerical simulations.

Figure 3 is a comparison ofa from simulations 1–3 with
experimental results from PIV. Inspection of Fig. 3 reveals
that the simulations lag behind the experiments in their de-
velopment. Upon saturation of the most dominant mode at
about x;20 cm, the simulations report a smaller growth
constanta than the experiments. This is because the experi-
ments have velocity perturbations that accelerate the initial
density interface through aninertial motion in the vertical
direction. We believe that in the absence of such an inertial
push, density fluctuations lag behind velocity fluctuations re-
sulting in the slower growth rate seen in Fig. 3. Note that
while the theoretical formulation of an RT instability in-
volves density perturbations,1 most experiments have veloc-
ity perturbations or a combination of velocity and density
disturbances.

To test this argument, simulation 4 was initialized with
velocity perturbations given by the gradient of~4! in modes
1–32. The results are compared in Fig. 4, and show better
agreement with the experiments than the density cases. At

FIG. 2. Spectra of velocity initial conditions from
simulation 4 and the experiment~PIV measurements!.
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early time,a from the simulation exceeds the experimental
value. We attribute this to the presence of high-amplitude
short wavelengths in the simulations that saturate early~evi-
dent from Fig. 2!. Conversely, at late time, when the long
wavelengths dominate, the experimental values fora exceed
the simulations. This is attributed to the higher amplitudes of
long wavelengths in the experiment~Fig. 2!. Further experi-
mental data close to the edge of the splitter plate are required
to better match the initial conditions. Furthermore, in these
simulations, the initial perturbations are assumed statistically
homogeneous inx and z, although the experiments do not
have a perturbation field that is isotropic in the horizontal
plane.4 Thus, additional PIV experiments that measure veloc-

ity components in the vertical and horizontal planes near the
splitter plate are required to accurately model the initial con-
ditions.

We have reported numerical simulations of RT initial-
ized with experimentally obtained initial conditions. The pa-
rameters of the flow were kept the same as the experiments.
Simulations initialized with density perturbations from ther-
mocouple data lag behind the experimental growth because
the experiments likely have velocity initial perturbations
shed from the splitter plate, which give an inertial push to the
incipient structures. Indeed, when initialized with velocity
perturbations, the numerical simulations evolve to give
a;0.06 in close agreement with PIV data. Higher-resolution
DNS are being planned to resolve higher wavenumbers not
captured in the current study. These simulations would fur-
ther be initialized with all three velocity components mea-
sured in the horizontal plane using PIV.
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