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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—MegRidyand Rayleigh—
Taylor (RT) instabilities. These experiments are of importance in their ability to access a difficult
experimental regime characterized by very high energy defisigyh temperature and pressues

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-10°) to support a turbulent flow. An estimate of three key turbulence length
scalegthe Taylor and Kolmogorov microscales and a viscous diffusion sdabevever, 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. D03 American Institute of Physics.
[DOI: 10.1063/1.1534584

I. INTRODUCTION to a well-mixed state is observed to occur. This abrupt
change in flow character has been termed the “mixing tran-

An unstable flow driven by strong laser radiation is de-sition.” Since these flows exhibit relatively small changes for
scribed in which the interface between two materials of disReynolds numbers above this value, Dimotakis has sug-

similar densities is first subjected to a strong shock and thegested this mixing transition Reynolds number as a possible
decelerated over a longer time scale. The acceleration histoRyiterion for the onset of fully developed turbulence. The

of the interface is similar to that which occurs during the 445 of this paper is to adapt this stationary flow criterion to

explosion of a core-collapse supernova in which the densef,. resent nonstationary experiments in order to estimate
core materials are initially shocked and then decelerated b,

the time required for the development of a fully turbulent
the surrounding lower density materias.In both the astro- d P y
physical and laboratory cases, perturbations on the interface

are unstable to the Richtmyer—Meshka®M)®” and The present experiments are designed to study the RM

Rayleigh—Taylor(RT),2° instabilities. Given a large enough and RT induced mixing that occurs in th?lexplosior] phase of
value of an appropriately defined Reynolds number, th core-collapse supernova. In Ryutewal,™ the spatial and
growth of these interfacial instabilities will eventually cause (€MPOral scales appropriate to the supernova problem were
the interface to transition to turbulence. given together with estimates of fluid properties such as the
The Reynolds number based on the length and velocitftinématic viscosity. From these, the Reynolds number was
scales of the interfacial perturbations in the present expergstimated to be extremely large (R&0'). Under these
ment is time dependent, but quickly becomes large enougfonditions, as will be discussed later, the interfacial mixing
(Re<10°) to allow for the transition to turbulence. For a Will indeed the turbulent. Ryutov also showed that a laser-
wide range of stationary flow geometriéshear flows, jets, driven experiment could be conducted in which a scaled in-
wakes, boundary layers, eicDimotakis® has shown that terface velocity history matched that of the supernova. Since
there appears to be a nearly universal value of the Reynoldbe spatial scale of the experiment is much smaller than that
number (Rg;~2X 10* at which a rather abrupt transition of the supernova, the Reynolds number is correspondingly
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smaller (Re=10°). This value of the experiment Reynolds high Reynolds number flows of short time duration, the Tay-
number is clearly large enough that the effect of viscosity idor microscale grows likest) * until it reaches its stationary
negligible on the large-scale motions involved in the inter-flow value. For such time-limited flows, this viscous devel-
penetration and stirring of the more-dense and less-dense fl@gpment scale sets the time for the appearance of an inertial
ids. As pointed out by Galmiche and Gautfifein a closely ~ subrange in the turbulent spectrum, and provides us with a
related flow, however, a large value of the Reynolds numbef€ans of estimating the time required for the development of
is a necessary, but not sufficient condition to insure that thé fully turbulent flow which will exhibit a mixing transition.
flow transitions to turbulence. This large value of the Rey-

nolds number must be sustained for a long enough period df. EXPERIMENTAL SETUP AND RESULTS

time. That a turbulent flow takes a finite period of .time tp A. Experimental setup

develop has, of course, been well known since the pioneering

work of Stokest® Stokes analyzed the early time solution of ~ The experiments are conducted on the Omega Laser at
the Navier—Stokes equations for an impulsively acceleratedh® Laboratory for Laser Energeti¢iLE), University of
infinite flat plane boundary layer, where the balance betweeﬁz()?hes"e}- " Figure Xa) shows a three-dimensional illus-
acceleration and viscous dissipation gives a boundary laydfation of the experimental setup that is used. The strong
thickness that grows as/{)Y/2 regardless of the value of the shock co.nd|t|ons qf interest are achieved by directing 10
Reynolds numbett is only after a finite period of time, that P€ams with a nominal measured energy of 500 J/beam at a

perturbations initiated by instability mechanisms can give!@Ser wavelength of 0.35im onto the target. Each beam has

rise to a turbulent spectrum. In strongly accelerated flows2 SUper-Gaussian4spatia| intensity profile defined! /g
exf —(r/412 um)*]. The combined spatial profile of all

this time scale for the onset of turbulence can be comparable | . i ) 4
to the duration of the flow, itself. drive beams_ also_ fo!lows this profile, withy=9x 10"

An important consequence of an insufficient develop-wlcmz' The intensity is reasonably constant over a central
ment time is seen at the smallest scales of motion, where t ameter of 60Qum and falls off by about 10% by 80am.

degree of molecular mixing may be vastly different between _he target diameter, by comparison, is §0@. Since con-
the full-scale problem and the scaled laboratory experimenl':?'Iderable laser energy extends laterally beyond the diameter

In the present study, we explore this temporal aspect of thglc the target packages, a {bn thick Beryllium shield with

problem. By adapting the mixing transition work of Dimot- an outer diameter of 2.5 mm and an inner aperture of 950

akis, a methodology is given for estimating the time required™ " " &> used to delay the propagation of a shock around the
' gyisg 9 dU"Cides of the target. This proved to be successful in generating

for the attainment of fully developed turbulence in a tran5|-reasonably planar shock propagation through the target ma-

tional flow at a high Reynolds number. . . . _
Th i f th . oll n's I th terials. For all experiments, the temporal pulse is nominally
e outline of the paper is as follows. In Sec. Il, the g . oo o qiration of 1 ns.

experimental setup and essential results are described. Sec- Figure 1b) shows a schematic of a two-dimensional

tion Il summarizes the results of a corresponding ON€5jice through the center of the target. The target is mounted

dimensional numerical simulation that is used to estimate thgvithin a Be shock tube with an outer diamet@D) of 1100
underlying .flui_d properties{pressure, dgnsity, temperature, um and an inner diametéD) of 800 um. The presence of
degree of ionization, etcfor the experiment. From these yne snock tube improves the planarity of the experiment by
conditions, two important plasma transport properties, thejecreasing the lateral expansion of the target materials. Be-
kinematic viscosity and the binary mass diffusivity are theny)jiym was used for the shock tube material, since it is es-
estimated. In Sec. IV, the experimental measurements Qsgniially transparent to the diagnostic x rays. The target con-
gether with the kinematic viscosity estimate are used to eSsists of a 150um thick polyimide layer(p=1.41 g/cm),
timate the time-dependent value of the Reynolds number angith the remainder of the target filled with a low density
two important turbulence length scales, the Taylor microstarponized resorcinol formaldyhidéCRP) foam (p=0.1
cale and the Kolmogorov dissipation scale. The Taylor mi-g/cnd). Embedded within the polyimide layer is a radio-
croscale is useful as an estimate of the largest scale in gaphically opaque tracer strip of 4.3% brominated polysty-
turbulent spectrum at which the flow is isotropic, and thereyene (CH) as shown at the bottom of Fig(H) in an end-on
fore independent of the large-scale features driving the flowjiew of the target. This tracer layer measures#b in the
evolution. It therefore can be used as an estimate of thgjrection along the Be tube, and its 2¢n wide in the
large-scale, low-wave-number end of a turbulent inertiakransverse or diagnostic line-of-sight direction. The density
range. The Kolmogorov dissipation scale provides an estiof the CHBr) layer (p=1.42 g/cmi) is nearly identical to
mate of the small-scale, high-wave-number end of the inerthat of the surrounding polyimide. Throughout this paper,
tial range. this composite layer of polyimide and brominated polysty-
These results are then used in Sec. V to develop a methene will simply be referred to as the “plastic” layer. When
odology for estimating the time required for the developmentjiewed in side-illuminated radiography, most of the contrast
of an inertial subrange in the turbulent spectrum. This iscomes from the more opaque (@f) tracer layer, allowing
done by exploiting the well-known analogy between thevisualization of the interfacial structure over only the central
Reynolds number dependence of the Taylor microscaie ( 200 um of the target. This helps to eliminate wall effects that
~Re 1?) and that of a viscous laminar boundary layé ( are inherent in such an integrated line-of-sight diagndstic.
~Re Y?). The essential idea that is developed is that forA perturbation of wavelength=50 um and initial peak-to-
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FIG. 1. (a) Three-dimensional illustration of the experimental set(lp.
Schematic of a two-dimensional slice through the center of the target.

valley amplitudeap,=5 um is preimposed at the polyimide-
foam interface. The evolution of the interfacial instability ©)

was diagnosed with x rays generated by directing an addi-

tional 7 Omega beams onto a 2.5 fby 12 um thick tita-  FIG. 2. Radiograph of the interface @ t=8 ns, (b) t=12 ns,(c) t=14 ns.
nium backlighter foil located 4 mm from the center of the

target as shown in Fig.(4). These beams, driven by a sepa-

rate oscillator, were delayed in time relative to the driveB E _ | |

beams by up to 14 ns to observe the instability evolution.™ Xperimental results
The contrast generated by differential absorption of the back- Experimental radiographs obtained using 4.7 keVdle-
lighter x-rays by the target materials was imaged with ax rays from the Ti backlighter foil are shown in Fig. 2tat8,
gated framing camer&. 12, and 14 ns. In each image, the location of the shock
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(propagating from right to leftis seen due to the difference

in optical depth of the shocked and unshocked foam. The
instability at the plastic-foam interface is seen as well. A
reference grid consisting of Bm Au wires with a period of

63 um was used to determine the mean interface location
and the peak-to-valley amplitude of the interfacial perturba-
tion. The perturbation amplitude clearly grows with time, but
remains dominated by a single-mode structure. The appear-
ance of a vortical roll-up at the tips of the denser polyimide
spikes is seen in the later time images, though there is no
clear indication that the interface has become turbulent. As
will be shown, the Reynolds number based on this measured
perturbation amplitude and growth velocity is sufficiently
large to support a turbulent flow. It is even greater than the
mixing transition Reynolds number Rg. The remainder of

the paper will be aimed at providing at plausible explanation
for this delayed onset of turbulence and may offer a mean of 10
predicting the conditions required for the appearance of tur-
bulence in this and other such strongly accelerated flows.

A one-dimensional numerical simulation of the underly-
ing, unperturbed flow was performed using the radiation hy-
drodynamics code HYADE® Figure 3a) shows the decel-
eration history of the mean interface taken from this ‘ A
simulation. A plot of the experimentally measured nondi- 0 5 10 15 2
mensional perturbation amplitu#t@ vs time is shown in Fig. (b) Time (ns)

3(b), where the perturbation amplitudeis defined as one-

half of the full bubble-to-spike extent and is normalized by 1777
the wave number. The solid pointstat8, 12, and 14 ns are

taken from the images of Fig. 2, and the line is a linear fit to 0.8
the experimental data.

The shock passes through the interfacé=a8 ns. The
interface inverts phase and begins to grow due to both the
Richtmyer—Meshkov and Rayleigh—Taylor instabilities. The
amount of RM growth is significant early in time, but
quickly becomes small in comparison to the subsequent RT
growth as the interface is decelerated. The relative contribu- e
tions of RM and RT to the perturbation growth can be esti- 5 10 15 20
mated by looking at the linear growth rates of the two insta- (© Time (ns)

bilities. The initial RT and RM growth rates ar@gr _ _ _ _ _
. . FIG. 3. (a) Time history of the mean interface decelerati@l). Nondimen-
= VAkga andagy=kagAUinerface: espectively. In each of = sjonal perturbation amplitude vs timéc) Perturbation Mach number vs
these A= (pcu— pioam/ (PchT Pioam 1S the Atwood number,  time.
g is the interface acceleration, alg is the pre-shock per-
turbation amplitude. From Figs(& and 4e), the peak in-
terface deceleration is ¥0cm/s and the Atwood number is At t=3 ns, the interface begins to decelerate, and expo-

approximately 0.55. This gives an initial RT growth rate of nential RT growth initially occurs. When the perturbation
2.1x10° cm/s. The Corresponding magnitude of the RM amp"tude becomes Comparab|e to the Wa\/e|engm\(l),
growth rate is 1.4 10° cm/s, which is 6.5 times greater than the perturbation growth rate saturates to a constant Value.
the initial RT contribution(Note that in the estimation of the As Fig. 3b) shows, the exponential growth phase ends very
RM contribution, the pre-shock amplitud® was deliber-  quickly, within 1 ns of the shock arrival time. The remainder
ately used as an upper bound on the growth rate. In realityf the perturbation growth occurs in the saturated nonlinear
the average of the pre-shock and post-shock amplitudgshase and is characterized by a constant growth rate. A linear
should be used as suggested by Meyer and Bléidthis  fit to the data of Fig. @) gives a saturated RT growth rate
will result in a smaller relative RM contributionWithin a  da/dt of approximately 6.8um/ns. As this is a strongly
few nanoseconds, however, the RT contribution begins tghocked flow, it is of interest to assess the effect of com-
dominate. By 3 ns after shock passdge6 ng, for example, pressibility on the perturbation growth. The role of com-
the RM/RT growth rate ratio is 0.5. Beyond this time, the pressibility is characterized by a Mach number formed from
experiment is dominated by Rayleigh—Taylor growth, andthe ratio of the perturbation growth velocity and the local
the RM contribution is small. sound speed as determined from the HYADES simulation,
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FIG. 4. Numerical simulation of the temporal history @ pressure(b) density, (c) temperature(d) degree of ionization(e) Atwood number, andf)
adiabatic index.

M= (da/dt)/yP/p. The flow parameter®, p, and y are turbulent flow, we must first determine an appropriate value
given in the next section for both the more-dense plastic anfP" the kinematic viscosity. The simplest formula for the es-
less-dense foam side of the interface. The resulting perturbdmation 0; the viscosity of a plasma is that given by
tion Mach number is plotted in Fig.(®. It differs on either Braginski?” which is applicable to the low density, high tem-
side of the interface due to the difference in sound speeds &€rature plasma state where ionic coupling is weak. The cou-
the two materials. After passage of the shock this perturba‘—’"ng 2 determined by the plasma parametdf

tion Mach number increases rather slowly, and remains be=Z € /(kBl—/g‘i)v where Ze is the ionic charge and

low 0.4 throughout the duration of the experiment. The ef-= (3/4mN;)~is the average interionic distand(is the ion

fects of compressibility on the perturbation development ar&lumber density in Cfns)-_ I is therefore a measure of the
therefore expected to be rather small. ratio of potential to kinetic energy of the plasma. Hoe 1,

the plasma ions are weakly coupled, and the formula of Bra-
Ill. ESTIMATION OF TRANSPORT PARAMETERS ginskii for the kinematic viscosity is given as

\/KTS/Z
In order to determine the Reynolds number or estimate  ,=3.3x 10*574_
any of the length scales of importance to the description of a IN(A)Z%p;

A. Plasma kinematic viscosity

@
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Here, v is the kinematic viscosity in cffs, T is the ion 100

temperature measured in g)s the density in g/c) A and

Z are the atomic weight and number, andAhis the Cou-

lomb logarithm, which is again a function of temperature and 10

degree of ionization. For numerical evaluation of the kine-

matic viscosity, we use the Coulomb logarithm definition ~

given in the NRL Plasma Formulafy. '
For dense plasma conditions or for conditions where 1

mixing between two ionic species is involved, we also use

the more extensive viscosity model of Clerouét al,?

which is applicable over a wide range of temperatures and o1t L o 1 b

densities than the Braginskii model. For this model, the ki- (@) 0 5 Tim1e(zns) 15

nematic viscosity is given by

V(CI’T‘IZ/S)=6.55><10_1ozeﬁm|1/2n|5/6 1 JLE E B B B R B B B R B LA
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=5 (32

T
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1= (180m T en) 0.014 5 10 15 20

I,= (1/60m2)(0.49- 2.2 ;13), ©® (b) Time (ns)

4= (1107 (2.4 3. o e Pasm
Here Z =x,Z,+%,Z, is the number-density-weighted aver-
age charge for a binary ionic mixture of two species with
number densitiex; andx,. The effective plasma coupling
parameter for this mixture is

plastic layer(polyimide or brominated polystyreha@nd the
dashed line gives the density in the carbon foam. Figures
4(e) and 4f) show plots of two important related parameters.
ezzngT’S _ / / Figure 4e) gives the Atwood numbeA, which after shock
Let=—p 7 Z5P=x,Z3R+x,Z33, (4)  passage remains approximately constant at 0.55—0.6. The At-
"B wood number is a critical parameter for both the RM and RT
wherer; is the mean ionic radius, ang; is the Boltzmann instabilities. Figure &) shows a plot of the adiabatic index,
constant. This model uses an extended form of they, which was previously used to estimate the Mach number
Wallenborn—Baus formul&, which was originally devel- at the interface. In Fig.#), the adiabatic index is estimated
oped for a one-component plasma. Cleroeiral. have ex-  from the pressure and density gs=d(In p)/d(In p). It is
tended this model in two regards. First, they have provided again plotted for both sides of the interface. After passage of
least-squares fit to the weak coupling calculations of Wallenthe shock,y settles down for both materials to a value be-
born and Baus to extend the formula to the regifse2 [top  tween 1.4-1.6.
part of Eq.(2)]. More importantly, they have performed mo- From the basic parameters of Figéaj4-4(d), the plasma
lecular dynamics simulations of plasma mixtures of dissimi-coupling parametef’ can be calculated. This is plotted in
lar species to demonstrate that the effective coupling parantig. 5a). After passage of the shock, the plasma parameter is
eter I' ¢ is indeed the appropriate parameter to use in theseen to be in the “uncomfortable” range close to one, i.e.,
calculation of the transport properties of mixtures. The reneither in the weakly coupling regime where kinetic theory is
sulting model gives results in good agreement with thevalid (I'1) nor the very strongly coupled regimé>1)
model of Braginskii in the low-density regime where both where molecular dynamics simulations can provide rigorous
are applicable. transport propertie$
We can now evaluate the flow conditions for the laser = The kinematic viscosity, calculated using both the Bra-
experiment discussed in the previous section. Figure 4 showginskii formula (dashed curvesas well as that of Cherouin
the time history of the basic fluid parameters of interestet al. (solid curve$, is plotted in Fig. Bb). Again the viscos-
These are again taken from the one-dimensional HYADESty is plotted for both sides of the interface. After passage of
simulation. Figures @)—4(d) show the pressure, density, the shock,v remains reasonably constant at approximately
temperature, and degree of ionization, respectively, for on@.1-0.2 cris for the denser plastic layer and 0.04—0.05
computational zone on either side of the density discontinueny/s for the carbon foam. It is interesting to observe that the
ity. For all plots in Fig. 4, the solid line is the density in the lower density foam has a lower kinematic viscosity than the
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plastic. The reason for this can be understood from the 1
simple analytic form of the Braginskii formula of Eql).
Even though the carbon foam has a higher temperékige
4(c)] and lower densityFig. 4b)] than the plasti¢both of
which would result in a higher kinematic viscositythe
strong dependence on the degree of ionizat#h results in

a lower value of the kinematic viscosity for the foam. The
Clerouin model gives the same comparative result, though it
is not obvious from the more complicated analytic form of
this model.
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An additional transport term that can strongly affect the
flow development is the binary mass diffusivity. As was 1.2 L L A L L
shown by Duffet al,?” mass diffusivity affects the growth
rate dispersion relation of perturbations on a Rayleigh—
Taylor unstable interface, eventually causing stability at suf- 1.1
ficiently large wave number. For the range of plasma cou-
pling conditions of interestl’'~1), the method of Paquette
et al?® can be used. In this method, the diffusion coefficients 1
are obtained as high-accuracy analytic fits to numerically
evaluated collision integrals for a screened Coulomb poten-
tial. By contrast with the method of Clerouin used for esti- L
mating plasma viscosity, the method of Paquette is rigor- 0'90 5 10 15 20
ously valid in the dilute plasma regime and is extrapolated to (b) Time (ns)
the dense plasma regime. Again, by comparison with mo- _ o _ _
lecular dynamics simulations in the dense plasma regime, th\ljésGti.n?é(a) Binary mass diffusivity andb) Schmidt number at the interface
method is shown to provide reasonable estimates in the in- '
termediate regio'~1) of interest to the present experi-

ment§. ) .. perturbationL from Fig. 3b) and the constant RT growth
Figure Ga) shows a plot of the binary mass diffusivity ye|ocity difference across this layer as the characteristic
D,, at the interface as a function of time. After passage Oflength and velocity scales together with the visco$@yer-
the shockD, remains r_easonably constant at approximate_lyouin mode) given in Fig. 5b), a Reynolds number Rean
0.08 cn/s. The numerical values are observed to be quitg) formed. The Reynolds number is evaluated using kine-
close to those of the kinematic viscosity, falling right be- n\4tic viscosity values on either side of the interface. This is
tween. the values o on either S'de, Qf the_lnterface._ The plotted in Fig. 7. The Reynolds number is increasing with
Schmidt ngmbgr, Sev 44/ D12 quantifying thI.S companson - time  as this is a temporally developing flow. The final Rey-
between diffusion of momentum and mass is plotted in Figpq14s number is seen to be well above the mixing transition

6(b). For this plot, the average of the kinematic viscositiesReyno|dS number of 2 10*. which forms an effective crite-
(taken for the Clerouin modgbn either side of the interface

is used. Prior to shock arrival, the Schmidt number is rather
large (Sc=32). There is probably considerable uncertainty in

oo ey

Sc
T T T T l T T T T I T T T T

this value as the temperature from the HYADES simulation 106; e R W e I
before shock arrival is of order 0.05 eV, which is very com- o S R SR e e -
parable to the plastic melting temperature. After the shock, T, SR B T ol -
however, Sc is observed to be of order one, which is charac- c E
teristic of a wide range of gasses and plasmas. As Fly). 6 o feee- D S CITTCTTPTES -
shows, this experiment, while being complicated somewhat e 10% E
by a nonconstant acceleration and the effects of decompres- B — ]
sion, does have the nice feature of providing reasonably con- 1 03; plastic i
stant transport properties characterizedbyp ,, and Sc. B R e e foam
el thon il i T e e M i
IV. TURBULENT LENGTH SCALES 1 Ob - 0 e o
Having determined the appropriate dissipative transport Time (ns)

properties, it is now interesting to look at some of the length

: : f + FIG. 7. Temporal evolution of the Reynolds number based on the measured
scales of importance in StUdymg the onset of turbulence Irlla:mplitude and growth rate of the interfacial perturbation and the calculated

the experiment. We begin with an estimate of the_ Reynoldgaiue of the kinematic viscosity. The dashed line is the mixing transition
number. Using the measured peak-to-valley amplitude of th@eynolds number of Dimotakis.
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rion for fully developed turbulence in a wide range si&- 3
tionary flow geometries. The important distinction here is
that the present flow is not stationary, but transitional.

Even though the flow is transitional, we can still estimate
some important length scales such as the Taylor microscale
\+28 and the Kolmogorov dissipation scalg. These scales
are estimated based on the integral scale Reynolds number as

N
T

N
I

length scales (um)
— ()]
I I

7‘k_ —3/4 )‘T_ —1/2
T—ReL andT—ReL . (5) 0.5-
These are to be thought of as the dissipation scale and Taylor o0 .

microscale that would result at this Reynolds numibeuf-
ficient time were to be made available for development of

this flow to a stationary state. FIG. 8. A comparison of length scales relevant to the onset of turbulence.
The bold line is the Liepmann—Taylor scales, the thin solid line is 50 times
the Kolmogorov scale, and the dashed line is the viscous diffusion length
V. DISCUSSION scale. The intersection of the two solid lines occurs at the stationary flow

d id . f the ti ired f mixing transition Reynolds number of Dimotakis. The shaded region indi-
In order to provide an estimate of the time require O cates the region where an inertial subrange can exist in this developing flow.

the onset of turbulence, we propose the following modifica-
tion to the idea put forth by Dimotakis. Dimotakis showed
that the appearance of a mixing transition to a well-flow studied. Initially after the passage of the shock, the Rey-
developed turbulent state was consistent with the appearang@lds number is small and the inner scalg exceeds both
of a range of scales that were decoupled from both the largehe Liepmann—Taylor scale and the viscous diffusion scale.
scale driving effects as well as the small-scale viscous efat t~6 ns, the curves of .+ and\ , intersect. This occurs at
fects. Specifically, this range of scales was identified as  a Reynolds number of order 4,0roughly the Dimotakis mix-
x, N A ing transition value. For a stationary flow, this would indicate
T =50 Re:3’4<E<T =5.0 Rg 2, (6)  a sufficient separation of scales to allow for a mixing transi-
tion to occur. In our experiment, however, there has not been
where A ,=50\ is an inner viscous scale well above the sufficient time to allow for the full development of the
Kolmogorov dissipation scal®y, and A+, which Dimot-  Liepmann—Taylor scale, and the appropriate scale to use is
akis calls the Liepmann—Taylor scale, is characteristic of thehe viscous diffusion scale, which is somewhat smaller. At
internal laminar layers generated by viscous diffusion along=17 ns, the dashed curve of the viscous diffusion scale
the boundaries of a large-scale feature of diz&hese two crosses the inner scale in Fig. 8. It is only at this time that a
scales effectively form the lower and upper wavelength lim-sufficient separation of scaléshaded regionwill occur for
its of the inertial subrange. In the present flow, thethis developing flow, and an inertial range will exist. This is
Liepmann—Taylor scale would correspond to the developthe critical time required for the onset of a mixing transition
ment of laminar viscous diffusional layers growing along thein this flow.
boundaries of the spikes of the more dense material interpen- It is of interest to note that the value of the Reynolds
etrating the lower density carbon foam. The essential modinumber in this experiment required for the occurrence of a
fication suggested by the present transitional flow is that thenixing transition is about a factor of 10 greater than that
Liepmann—Taylor scale is now time dependent. The temporequired for a stationary flow. This is due to the finite time
ral development of such a laminar viscous layer is wellscale for development of the turbulent spectrum, which in
known from the early work of Stoké&sand Blasiu&’to go as  this experiment is greater than the duration of the experimen-
(vt)¥? (see also Ref. 30 tal observations.

We therefore propose an extension to the mixing transi- A few comments are in order concerning the role of the
tion work of Dimotakis by determining the experiment time initial spectrum of the perturbation. While we have focused
at which the developing viscous diffusion scale is largeon one specific experiment, the present method is general in
enough and the Kolmogorov dissipation scale is smalthat it depends only on two thingél) the temporal history
enough that a range of scales will exist in between the twoof the integral scale an@?) the kinematic viscosity. The
Since this range of scales is by definition decoupled froninitial spectrum enters through its effect on the growth of the
both the large-scale forcing effects as well as the small-scalmtegral scale. The integral scale development will differ for
dissipative effects, it is essentially the turbulent inertial subsingle mode experiments with different initial wavelengths,
range. for example. It will differ for single mode vs multimode

Figure 8 compares the temporal development of thesexperiments, etc. The present method does not specify the
scales for the conditions of the present experiment. The bolime history of the integral scaléa quantity which can be
solid line is the Liepmann—Taylor scalgt, the thin solid determined by numerical simulation, analytic theory, or ex-
line is the inner scalé =50\, and the dashed line gives perimental measuremegntRather it uses a predetermined
the developing viscous diffusion scaleifY2. The value of history to predict the time of onset of the mixing transitian
the numerical constant depends somewhat on the particulguantity which cannot be readily computed or predicted ana-

Time (ns)
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