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An experiment is described in which an interface between materials of different density is subjected
to an acceleration history consisting of a strong shock followed by a period of deceleration. The
resulting flow at this interface, initiated by the deposition of strong laser radiation into the initially
well characterized solid materials, is unstable to both the Richtmyer–Meshkov~RM! and Rayleigh–
Taylor ~RT! instabilities. These experiments are of importance in their ability to access a difficult
experimental regime characterized by very high energy density~high temperature and pressure! as
well as large Reynolds number and Mach number. Such conditions are of interest, for example, in
the study of the RM/RT induced mixing that occurs during the explosion of a core-collapse
supernova. Under these experimental conditions, the flow is in the plasma state and given enough
time will transition to turbulence. By analysis of the experimental data and a corresponding
one-dimensional numerical simulation of the experiment, it is shown that the Reynolds number is
sufficiently large (Re.105) to support a turbulent flow. An estimate of three key turbulence length
scales~the Taylor and Kolmogorov microscales and a viscous diffusion scale!, however, shows that
the temporal duration of the present flow is insufficient to allow for the development of a turbulent
inertial subrange. A methodology is described for estimating the time required under these
conditions for the development of a fully turbulent flow. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1534584#
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I. INTRODUCTION

An unstable flow driven by strong laser radiation is d
scribed in which the interface between two materials of d
similar densities is first subjected to a strong shock and t
decelerated over a longer time scale. The acceleration his
of the interface is similar to that which occurs during t
explosion of a core-collapse supernova in which the den
core materials are initially shocked and then decelerated
the surrounding lower density materials.1–5 In both the astro-
physical and laboratory cases, perturbations on the inter
are unstable to the Richtmyer–Meshkov~RM!6,7 and
Rayleigh–Taylor~RT!,8,9 instabilities. Given a large enoug
value of an appropriately defined Reynolds number,
growth of these interfacial instabilities will eventually cau
the interface to transition to turbulence.

The Reynolds number based on the length and velo
scales of the interfacial perturbations in the present exp
ment is time dependent, but quickly becomes large eno
(Re,105) to allow for the transition to turbulence. For
wide range of stationary flow geometries~shear flows, jets,
wakes, boundary layers, etc.!, Dimotakis10 has shown that
there appears to be a nearly universal value of the Reyn
number (Remix'23104) at which a rather abrupt transitio
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to a well-mixed state is observed to occur. This abru
change in flow character has been termed the ‘‘mixing tr
sition.’’ Since these flows exhibit relatively small changes f
Reynolds numbers above this value, Dimotakis has s
gested this mixing transition Reynolds number as a poss
criterion for the onset of fully developed turbulence. T
goal of this paper is to adapt this stationary flow criterion
the present nonstationary experiments in order to estim
the time required for the development of a fully turbule
flow.

The present experiments are designed to study the
and RT induced mixing that occurs in the explosion phase
a core-collapse supernova. In Ryutovet al.,11 the spatial and
temporal scales appropriate to the supernova problem w
given together with estimates of fluid properties such as
kinematic viscosity. From these, the Reynolds number w
estimated to be extremely large (Re.1010). Under these
conditions, as will be discussed later, the interfacial mixi
will indeed the turbulent. Ryutov also showed that a las
driven experiment could be conducted in which a scaled
terface velocity history matched that of the supernova. Si
the spatial scale of the experiment is much smaller than
of the supernova, the Reynolds number is correspondin
© 2003 American Institute of Physics
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smaller (Re5105). This value of the experiment Reynold
number is clearly large enough that the effect of viscosity
negligible on the large-scale motions involved in the int
penetration and stirring of the more-dense and less-dense
ids. As pointed out by Galmiche and Gauthier12 in a closely
related flow, however, a large value of the Reynolds num
is a necessary, but not sufficient condition to insure that
flow transitions to turbulence. This large value of the Re
nolds number must be sustained for a long enough perio
time. That a turbulent flow takes a finite period of time
develop has, of course, been well known since the pionee
work of Stokes.13 Stokes analyzed the early time solution
the Navier–Stokes equations for an impulsively accelera
infinite flat plane boundary layer, where the balance betw
acceleration and viscous dissipation gives a boundary la
thickness that grows as (nt)1/2, regardless of the value of th
Reynolds number.It is only after a finite period of time, tha
perturbations initiated by instability mechanisms can g
rise to a turbulent spectrum. In strongly accelerated flo
this time scale for the onset of turbulence can be compar
to the duration of the flow, itself.

An important consequence of an insufficient develo
ment time is seen at the smallest scales of motion, where
degree of molecular mixing may be vastly different betwe
the full-scale problem and the scaled laboratory experim
In the present study, we explore this temporal aspect of
problem. By adapting the mixing transition work of Dimo
akis, a methodology is given for estimating the time requi
for the attainment of fully developed turbulence in a tran
tional flow at a high Reynolds number.

The outline of the paper is as follows. In Sec. II, th
experimental setup and essential results are described.
tion III summarizes the results of a corresponding o
dimensional numerical simulation that is used to estimate
underlying fluid properties~pressure, density, temperatur
degree of ionization, etc.! for the experiment. From thes
conditions, two important plasma transport properties,
kinematic viscosity and the binary mass diffusivity are th
estimated. In Sec. IV, the experimental measurements
gether with the kinematic viscosity estimate are used to
timate the time-dependent value of the Reynolds number
two important turbulence length scales, the Taylor micr
cale and the Kolmogorov dissipation scale. The Taylor m
croscale is useful as an estimate of the largest scale
turbulent spectrum at which the flow is isotropic, and the
fore independent of the large-scale features driving the fl
evolution. It therefore can be used as an estimate of
large-scale, low-wave-number end of a turbulent iner
range. The Kolmogorov dissipation scale provides an e
mate of the small-scale, high-wave-number end of the in
tial range.

These results are then used in Sec. V to develop a m
odology for estimating the time required for the developm
of an inertial subrange in the turbulent spectrum. This
done by exploiting the well-known analogy between t
Reynolds number dependence of the Taylor microscalelT

;Re21/2) and that of a viscous laminar boundary layerd
;Re21/2). The essential idea that is developed is that
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high Reynolds number flows of short time duration, the Ta
lor microscale grows like (nt)1/2 until it reaches its stationary
flow value. For such time-limited flows, this viscous deve
opment scale sets the time for the appearance of an ine
subrange in the turbulent spectrum, and provides us wit
means of estimating the time required for the developmen
a fully turbulent flow which will exhibit a mixing transition.

II. EXPERIMENTAL SETUP AND RESULTS

A. Experimental setup

The experiments are conducted on the Omega Lase
the Laboratory for Laser Energetics~LLE!, University of
Rochester.14–16 Figure 1~a! shows a three-dimensional illus
tration of the experimental setup that is used. The stro
shock conditions of interest are achieved by directing
beams with a nominal measured energy of 500 J/beam
laser wavelength of 0.351mm onto the target. Each beam ha
a super-Gaussian spatial intensity profile defined asI /I 0

5exp@2(r/412 mm)4.7]. The combined spatial profile of al
drive beams also follows this profile, withI 05931014

W/cm2. The intensity is reasonably constant over a cen
diameter of 600mm and falls off by about 10% by 800mm.
The target diameter, by comparison, is 800mm. Since con-
siderable laser energy extends laterally beyond the diam
of the target packages, a 75mm thick Beryllium shield with
an outer diameter of 2.5 mm and an inner aperture of 9
mm was used to delay the propagation of a shock around
sides of the target. This proved to be successful in genera
reasonably planar shock propagation through the target
terials. For all experiments, the temporal pulse is nomina
flat with a duration of 1 ns.

Figure 1~b! shows a schematic of a two-dimension
slice through the center of the target. The target is moun
within a Be shock tube with an outer diameter~OD! of 1100
mm and an inner diameter~ID! of 800 mm. The presence o
the shock tube improves the planarity of the experiment
decreasing the lateral expansion of the target materials.
ryllium was used for the shock tube material, since it is
sentially transparent to the diagnostic x rays. The target c
sists of a 150mm thick polyimide layer~r51.41 g/cm3),
with the remainder of the target filled with a low densi
carbonized resorcinol formaldyhide~CRF! foam ~r50.1
g/cm3). Embedded within the polyimide layer is a radio
graphically opaque tracer strip of 4.3% brominated polys
rene~CH! as shown at the bottom of Fig. 1~b! in an end-on
view of the target. This tracer layer measures 75mm in the
direction along the Be tube, and its 200mm wide in the
transverse or diagnostic line-of-sight direction. The dens
of the CH~Br! layer ~r51.42 g/cm3) is nearly identical to
that of the surrounding polyimide. Throughout this pap
this composite layer of polyimide and brominated polys
rene will simply be referred to as the ‘‘plastic’’ layer. Whe
viewed in side-illuminated radiography, most of the contr
comes from the more opaque CH~Br! tracer layer, allowing
visualization of the interfacial structure over only the cent
200mm of the target. This helps to eliminate wall effects th
are inherent in such an integrated line-of-sight diagnosti17

A perturbation of wavelengthl550 mm and initial peak-to-



-
ty
dd

e
a-
ve
on
c -

ock

616 Phys. Plasmas, Vol. 10, No. 3, March 2003 Robey et al.
valley amplitudeaPV55 mm is preimposed at the polyimide
foam interface. The evolution of the interfacial instabili
was diagnosed with x rays generated by directing an a
tional 7 Omega beams onto a 2.5 mm2 by 12 mm thick tita-
nium backlighter foil located 4 mm from the center of th
target as shown in Fig. 1~a!. These beams, driven by a sep
rate oscillator, were delayed in time relative to the dri
beams by up to 14 ns to observe the instability evoluti
The contrast generated by differential absorption of the ba
lighter x-rays by the target materials was imaged with
gated framing camera.18

FIG. 1. ~a! Three-dimensional illustration of the experimental setup.~b!
Schematic of a two-dimensional slice through the center of the target.
i-

.
k-
a

B. Experimental results

Experimental radiographs obtained using 4.7 keV Hea
x rays from the Ti backlighter foil are shown in Fig. 2 att58,
12, and 14 ns. In each image, the location of the sh

FIG. 2. Radiograph of the interface at~a! t58 ns,~b! t512 ns,~c! t514 ns.
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~propagating from right to left! is seen due to the differenc
in optical depth of the shocked and unshocked foam. T
instability at the plastic-foam interface is seen as well.
reference grid consisting of 5mm Au wires with a period of
63 mm was used to determine the mean interface loca
and the peak-to-valley amplitude of the interfacial pertur
tion. The perturbation amplitude clearly grows with time, b
remains dominated by a single-mode structure. The app
ance of a vortical roll-up at the tips of the denser polyimi
spikes is seen in the later time images, though there is
clear indication that the interface has become turbulent.
will be shown, the Reynolds number based on this measu
perturbation amplitude and growth velocity is sufficien
large to support a turbulent flow. It is even greater than
mixing transition Reynolds number Remix . The remainder of
the paper will be aimed at providing at plausible explanat
for this delayed onset of turbulence and may offer a mea
predicting the conditions required for the appearance of
bulence in this and other such strongly accelerated flows

A one-dimensional numerical simulation of the under
ing, unperturbed flow was performed using the radiation
drodynamics code HYADES.19 Figure 3~a! shows the decel-
eration history of the mean interface taken from th
simulation. A plot of the experimentally measured non
mensional perturbation amplitudeka vs time is shown in Fig.
3~b!, where the perturbation amplitudea is defined as one
half of the full bubble-to-spike extent and is normalized
the wave number. The solid points att58, 12, and 14 ns are
taken from the images of Fig. 2, and the line is a linear fit
the experimental data.

The shock passes through the interface att53 ns. The
interface inverts phase and begins to grow due to both
Richtmyer–Meshkov and Rayleigh–Taylor instabilities. T
amount of RM growth is significant early in time, bu
quickly becomes small in comparison to the subsequent
growth as the interface is decelerated. The relative contr
tions of RM and RT to the perturbation growth can be e
mated by looking at the linear growth rates of the two ins
bilities. The initial RT and RM growth rates areȧRT

5AAkga0 and ȧRM5ka0Auinterface, respectively. In each o
these,A5(rCH2r foam)/(rCH1r foam) is the Atwood number,
g is the interface acceleration, anda0 is the pre-shock per
turbation amplitude. From Figs. 3~a! and 4~e!, the peak in-
terface deceleration is 1015 cm/s2 and the Atwood number is
approximately 0.55. This gives an initial RT growth rate
2.13105 cm/s. The corresponding magnitude of the R
growth rate is 1.43106 cm/s, which is 6.5 times greater tha
the initial RT contribution.~Note that in the estimation of th
RM contribution, the pre-shock amplitudea0 was deliber-
ately used as an upper bound on the growth rate. In rea
the average of the pre-shock and post-shock amplitu
should be used as suggested by Meyer and Blewett.20 This
will result in a smaller relative RM contribution.! Within a
few nanoseconds, however, the RT contribution begins
dominate. By 3 ns after shock passage~t56 ns!, for example,
the RM/RT growth rate ratio is 0.5. Beyond this time, t
experiment is dominated by Rayleigh–Taylor growth, a
the RM contribution is small.
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At t53 ns, the interface begins to decelerate, and ex
nential RT growth initially occurs. When the perturbatio
amplitude becomes comparable to the wavelength (ka;1),
the perturbation growth rate saturates to a constant valu21

As Fig. 3~b! shows, the exponential growth phase ends v
quickly, within 1 ns of the shock arrival time. The remaind
of the perturbation growth occurs in the saturated nonlin
phase and is characterized by a constant growth rate. A lin
fit to the data of Fig. 3~b! gives a saturated RT growth rat
da/dt of approximately 6.8mm/ns. As this is a strongly
shocked flow, it is of interest to assess the effect of co
pressibility on the perturbation growth. The role of com
pressibility is characterized by a Mach number formed fro
the ratio of the perturbation growth velocity and the loc
sound speed as determined from the HYADES simulati

FIG. 3. ~a! Time history of the mean interface deceleration.~b! Nondimen-
sional perturbation amplitude vs time.~c! Perturbation Mach number vs
time.
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FIG. 4. Numerical simulation of the temporal history of~a! pressure,~b! density, ~c! temperature,~d! degree of ionization,~e! Atwood number, and~f!
adiabatic index.
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M5(da/dt)/AgP/r. The flow parametersP, r, and g are
given in the next section for both the more-dense plastic
less-dense foam side of the interface. The resulting pertu
tion Mach number is plotted in Fig. 3~c!. It differs on either
side of the interface due to the difference in sound speed
the two materials. After passage of the shock this pertur
tion Mach number increases rather slowly, and remains
low 0.4 throughout the duration of the experiment. The
fects of compressibility on the perturbation development
therefore expected to be rather small.

III. ESTIMATION OF TRANSPORT PARAMETERS

A. Plasma kinematic viscosity

In order to determine the Reynolds number or estim
any of the length scales of importance to the description
d
a-

of
a-
e-
-
e

e
a

turbulent flow, we must first determine an appropriate va
for the kinematic viscosity. The simplest formula for the e
timation of the viscosity of a plasma is that given b
Braginskii22 which is applicable to the low density, high tem
perature plasma state where ionic coupling is weak. The c
pling is determined by the plasma parameterG
5Z2e2/(kBTl i), where Ze is the ionic charge andl i

5(3/4pNi)
1/3 is the average interionic distance (Ni is the ion

number density in cm23). G is therefore a measure of th
ratio of potential to kinetic energy of the plasma. ForG<1,
the plasma ions are weakly coupled, and the formula of B
ginskii for the kinematic viscosity is given as

n i53.331025
AAT5/2

ln~L!Z4r i

. ~1!
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Here, n is the kinematic viscosity in cm2/s, T is the ion
temperature measured in eV,r is the density in g/cm3, A and
Z are the atomic weight and number, and ln~L! is the Cou-
lomb logarithm, which is again a function of temperature a
degree of ionization. For numerical evaluation of the kin
matic viscosity, we use the Coulomb logarithm definiti
given in the NRL Plasma Formulary.23

For dense plasma conditions or for conditions wh
mixing between two ionic species is involved, we also u
the more extensive viscosity model of Clerouinet al.,24

which is applicable over a wide range of temperatures
densities than the Braginskii model. For this model, the
nematic viscosity is given by

n~cm2/s!56.55310210Zeffmi
1/2ni

5/6

3H 1.1Geff
21.895, Geff,2,

lI 11
~11lI 2!

lI 3
, 2,Geff,160,

~2!

where the parameterl and fits to the integralsI are given by

l5
4p

3
~3Geff!

3/2,

I 15~180p3/2Geff!
21,

~3!
I 25~1/60p2!~0.4922.23Geff

21/3!,

I 35~1/10p3/2!~2.41Geff
1/9!.

Here Zeff5x1Z11x2Z2 is the number-density-weighted ave
age charge for a binary ionic mixture of two species w
number densitiesx1 and x2 . The effective plasma coupling
parameter for this mixture is

Geff5
e2Zeff

1/3Z5/3

r ikBT
, Z5/35x1Z1

5/31x2Z2
5/3, ~4!

wherer i is the mean ionic radius, andkB is the Boltzmann
constant. This model uses an extended form of
Wallenborn–Baus formula,25 which was originally devel-
oped for a one-component plasma. Clerouinet al. have ex-
tended this model in two regards. First, they have provide
least-squares fit to the weak coupling calculations of Wall
born and Baus to extend the formula to the regimeG,2 @top
part of Eq.~2!#. More importantly, they have performed mo
lecular dynamics simulations of plasma mixtures of dissim
lar species to demonstrate that the effective coupling par
eter Geff is indeed the appropriate parameter to use in
calculation of the transport properties of mixtures. The
sulting model gives results in good agreement with
model of Braginskii in the low-density regime where bo
are applicable.

We can now evaluate the flow conditions for the las
experiment discussed in the previous section. Figure 4 sh
the time history of the basic fluid parameters of intere
These are again taken from the one-dimensional HYAD
simulation. Figures 4~a!–4~d! show the pressure, densit
temperature, and degree of ionization, respectively, for
computational zone on either side of the density disconti
ity. For all plots in Fig. 4, the solid line is the density in th
d
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plastic layer~polyimide or brominated polystyrene! and the
dashed line gives the density in the carbon foam. Figu
4~e! and 4~f! show plots of two important related paramete
Figure 4~e! gives the Atwood numberA, which after shock
passage remains approximately constant at 0.55–0.6. The
wood number is a critical parameter for both the RM and
instabilities. Figure 4~f! shows a plot of the adiabatic index
g, which was previously used to estimate the Mach num
at the interface. In Fig. 4~f!, the adiabatic index is estimate
from the pressure and density asg5d(ln p)/d(ln r). It is
again plotted for both sides of the interface. After passage
the shock,g settles down for both materials to a value b
tween 1.4–1.6.

From the basic parameters of Figs. 4~a!–4~d!, the plasma
coupling parameterG can be calculated. This is plotted i
Fig. 5~a!. After passage of the shock, the plasma paramete
seen to be in the ‘‘uncomfortable’’ range close to one, i.
neither in the weakly coupling regime where kinetic theory
valid ~G<1! nor the very strongly coupled regime~G@1!
where molecular dynamics simulations can provide rigoro
transport properties.26

The kinematic viscosity, calculated using both the B
ginskii formula ~dashed curves! as well as that of Cherouin
et al. ~solid curves!, is plotted in Fig. 5~b!. Again the viscos-
ity is plotted for both sides of the interface. After passage
the shock,n remains reasonably constant at approximat
0.1–0.2 cm2/s for the denser plastic layer and 0.04–0.
cm2/s for the carbon foam. It is interesting to observe that
lower density foam has a lower kinematic viscosity than

FIG. 5. Numerical simulation of the temporal history of~a! the plasma
coupling parameterG, and~b! the kinematic viscosity.
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plastic. The reason for this can be understood from
simple analytic form of the Braginskii formula of Eq.~1!.
Even though the carbon foam has a higher temperature@Fig.
4~c!# and lower density@Fig. 4~b!# than the plastic~both of
which would result in a higher kinematic viscosity!, the
strong dependence on the degree of ionization~Z4! results in
a lower value of the kinematic viscosity for the foam. T
Clerouin model gives the same comparative result, thoug
is not obvious from the more complicated analytic form
this model.

B. Plasma binary mass diffusivity

An additional transport term that can strongly affect t
flow development is the binary mass diffusivity. As w
shown by Duffet al.,27 mass diffusivity affects the growth
rate dispersion relation of perturbations on a Rayleig
Taylor unstable interface, eventually causing stability at s
ficiently large wave number. For the range of plasma c
pling conditions of interest~G;1!, the method of Paquett
et al.26 can be used. In this method, the diffusion coefficie
are obtained as high-accuracy analytic fits to numeric
evaluated collision integrals for a screened Coulomb po
tial. By contrast with the method of Clerouin used for es
mating plasma viscosity, the method of Paquette is rig
ously valid in the dilute plasma regime and is extrapolated
the dense plasma regime. Again, by comparison with m
lecular dynamics simulations in the dense plasma regime
method is shown to provide reasonable estimates in the
termediate region~G;1! of interest to the present exper
ments.

Figure 6~a! shows a plot of the binary mass diffusivit
D12 at the interface as a function of time. After passage
the shock,D12 remains reasonably constant at approximat
0.08 cm2/s. The numerical values are observed to be qu
close to those of the kinematic viscosity, falling right b
tween the values ofn on either side of the interface. Th
Schmidt number, Sc5vavg/D12, quantifying this comparison
between diffusion of momentum and mass is plotted in F
6~b!. For this plot, the average of the kinematic viscosit
~taken for the Clerouin model! on either side of the interfac
is used. Prior to shock arrival, the Schmidt number is rat
large~Sc532!. There is probably considerable uncertainty
this value as the temperature from the HYADES simulat
before shock arrival is of order 0.05 eV, which is very co
parable to the plastic melting temperature. After the sho
however, Sc is observed to be of order one, which is cha
teristic of a wide range of gasses and plasmas. As Fig.~b!
shows, this experiment, while being complicated somew
by a nonconstant acceleration and the effects of decomp
sion, does have the nice feature of providing reasonably c
stant transport properties characterized byn, D12, and Sc.

IV. TURBULENT LENGTH SCALES

Having determined the appropriate dissipative transp
properties, it is now interesting to look at some of the len
scales of importance in studying the onset of turbulence
the experiment. We begin with an estimate of the Reyno
number. Using the measured peak-to-valley amplitude of
e
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perturbationL from Fig. 3~b! and the constant RT growth
velocity difference across this layer as the characteri
length and velocity scales together with the viscosity~Cler-
ouin model! given in Fig. 5~b!, a Reynolds number ReL can
be formed. The Reynolds number is evaluated using ki
matic viscosity values on either side of the interface. This
plotted in Fig. 7. The Reynolds number is increasing w
time, as this is a temporally developing flow. The final Re
nolds number is seen to be well above the mixing transit
Reynolds number of 23104, which forms an effective crite-

FIG. 6. ~a! Binary mass diffusivity and~b! Schmidt number at the interface
vs time.

FIG. 7. Temporal evolution of the Reynolds number based on the meas
amplitude and growth rate of the interfacial perturbation and the calcula
value of the kinematic viscosity. The dashed line is the mixing transit
Reynolds number of Dimotakis.
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rion for fully developed turbulence in a wide range ofsta-
tionary flow geometries. The important distinction here
that the present flow is not stationary, but transitional.

Even though the flow is transitional, we can still estima
some important length scales such as the Taylor micros
lT

28 and the Kolmogorov dissipation scalelk . These scales
are estimated based on the integral scale Reynolds numb

lk

L
5ReL

23/4 and
lT

L
5ReL

21/2. ~5!

These are to be thought of as the dissipation scale and Ta
microscale that would result at this Reynolds numberif suf-
ficient time were to be made available for developmen
this flow to a stationary state.

V. DISCUSSION

In order to provide an estimate of the time required
the onset of turbulence, we propose the following modifi
tion to the idea put forth by Dimotakis. Dimotakis showe
that the appearance of a mixing transition to a we
developed turbulent state was consistent with the appear
of a range of scales that were decoupled from both the la
scale driving effects as well as the small-scale viscous
fects. Specifically, this range of scales was identified as

ln

L
550 ReL

23/4,
l

L
,

lLT

L
55.0 ReL

21/2, ~6!

where ln550lK is an inner viscous scale well above th
Kolmogorov dissipation scalelK , and lLT , which Dimot-
akis calls the Liepmann–Taylor scale, is characteristic of
internal laminar layers generated by viscous diffusion alo
the boundaries of a large-scale feature of sizeL. These two
scales effectively form the lower and upper wavelength li
its of the inertial subrange. In the present flow, t
Liepmann–Taylor scale would correspond to the devel
ment of laminar viscous diffusional layers growing along t
boundaries of the spikes of the more dense material inter
etrating the lower density carbon foam. The essential mo
fication suggested by the present transitional flow is that
Liepmann–Taylor scale is now time dependent. The tem
ral development of such a laminar viscous layer is w
known from the early work of Stokes13 and Blasius29 to go as
(nt)1/2 ~see also Ref. 30!.

We therefore propose an extension to the mixing tran
tion work of Dimotakis by determining the experiment tim
at which the developing viscous diffusion scale is lar
enough and the Kolmogorov dissipation scale is sm
enough that a range of scales will exist in between the t
Since this range of scales is by definition decoupled fr
both the large-scale forcing effects as well as the small-s
dissipative effects, it is essentially the turbulent inertial su
range.

Figure 8 compares the temporal development of th
scales for the conditions of the present experiment. The b
solid line is the Liepmann–Taylor scalelLT , the thin solid
line is the inner scaleln550lK , and the dashed line give
the developing viscous diffusion scale 5(nt)1/2. The value of
the numerical constant depends somewhat on the partic
le
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flow studied. Initially after the passage of the shock, the R
nolds number is small and the inner scaleln exceeds both
the Liepmann–Taylor scale and the viscous diffusion sc
At t'6 ns, the curves oflLT andln intersect. This occurs a
a Reynolds number of order 104, roughly the Dimotakis mix-
ing transition value. For a stationary flow, this would indica
a sufficient separation of scales to allow for a mixing tran
tion to occur. In our experiment, however, there has not b
sufficient time to allow for the full development of th
Liepmann–Taylor scale, and the appropriate scale to us
the viscous diffusion scale, which is somewhat smaller.
t517 ns, the dashed curve of the viscous diffusion sc
crosses the inner scale in Fig. 8. It is only at this time tha
sufficient separation of scales~shaded region! will occur for
this developing flow, and an inertial range will exist. This
the critical time required for the onset of a mixing transitio
in this flow.

It is of interest to note that the value of the Reynol
number in this experiment required for the occurrence o
mixing transition is about a factor of 10 greater than th
required for a stationary flow. This is due to the finite tim
scale for development of the turbulent spectrum, which
this experiment is greater than the duration of the experim
tal observations.

A few comments are in order concerning the role of t
initial spectrum of the perturbation. While we have focus
on one specific experiment, the present method is gener
that it depends only on two things:~1! the temporal history
of the integral scale and~2! the kinematic viscosity. The
initial spectrum enters through its effect on the growth of t
integral scale. The integral scale development will differ f
single mode experiments with different initial wavelength
for example. It will differ for single mode vs multimode
experiments, etc. The present method does not specify
time history of the integral scale~a quantity which can be
determined by numerical simulation, analytic theory, or e
perimental measurement!. Rather it uses a predetermine
history to predict the time of onset of the mixing transition~a
quantity which cannot be readily computed or predicted a

FIG. 8. A comparison of length scales relevant to the onset of turbule
The bold line is the Liepmann–Taylor scales, the thin solid line is 50 tim
the Kolmogorov scale, and the dashed line is the viscous diffusion len
scale. The intersection of the two solid lines occurs at the stationary
mixing transition Reynolds number of Dimotakis. The shaded region in
cates the region where an inertial subrange can exist in this developing
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lytically!. In the present flow, the time history of the integr
scale is obtained from experimental observation.

Returning to the original motivation for this work, thi
same procedure can now be applied to the conditions of
full-scale supernova. From Ryutov,11 parameters were give
for a time of 2000 seconds after core bounce. The inte
length scale is 931010 cm, the Reynolds number is 2.
31010, and the kinematic viscosity is 73107 cm2/s. From
these values, the time that is required for the evolution o
fully developed turbulent spectrum is found by settingln

55(nt)1/2 and solving fort. The required time is found to b
a mere 2.8 seconds. The full-scale problem can there
confidently be characterized as fully turbulent, whereas
scaled experiment is only marginal in this regard.

This methodology suggests that the experiments
scribed in this paper are perhaps very close though some
short of the threshold value required for the onset of a m
ing transition. One must be cautious with such predictio
however, since the above analysis has applied the resul
many years of stationary flow experiment and analysis to
explicitly nonstationary, transitional flow. Future expe
ments that follow the interface evolution to longer tim
should be able to achieve the required spectral developm
and will be essential in verifying these results. Certain
with the availability of megajoule-class lasers such as
National Ignition Facility, the development of accelerat
flows driven by strong shocks can be studied well into
fully turbulent regime.
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