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Richtmyer—Meshkov instability of a thin curtain of heavy gas {SEmbedded in air and
accelerated by a planar shock waiach 1.2 leads to the growth of interfacial perturbations in the
curtain and to mixing. Our experiments produce a phenomenological description of the mixing
transition and incipient turbulence during the first millisecond after the shock interaction. Growth of
scales both larger and smaller than that of initial perturbations is visually observed and quantified by
applying a wavelet transform to laser-sheet images of the evolving gas curtain. Histogram and
wavelet analyses show an abrupt mixing transition for a multimode initial perturbation that is not
apparent for single-mode perturbatiof81070-663(99)00501-2

I. INTRODUCTION with a thin membrarf®® and interrogating the flow with
shadowgraphy or schlieren. In these studies, membrane frag-
The Richtmyer—MeshkoVRM) instability results from  ments influence the development of the flow, especially the
impulsive acceleration of density interfaces. Both RM and itssmall scales at late times. Also, the line-of-sight integration
constant-acceleration analog, Rayleigh—TayR) instabil-  of the diagnosticgschlieren, shadowgraphy, or radiography
ity, result from the acceleration of inhomogeneities in thegliminates much of the information from the smallest spatial
flow (i.e., density gradientsand are vortex driven via baro- scales. Benjamin and Fritzerformed a similar test using
clinic generation of torque. Likewise, both produce flow pat-high explosively driven liquids. Again, the diagnostics failed
terns of bubbles and spikes. Unlike RT, RM causes density record the information of the small scales. Also, the ar-
interfaces to become unstable regardless of orientdtien  yjya| of the Taylor wave from the HE driver complicated the
acceleration going from heavy to light fluid or vice vetsa jnterpretation of the late-time images by also inducing the
Although linear analysis of both instabilities produces sig-RT instability.
nificantly different growth rateglinear growth for RM and Brouillette and Sturtevafhf were the first to produce
exponential growth for RJ both lead to rapid distortion of - ghock-accelerated diffuse gaseous interfaces without mem-
the interface, to mixing, and eventually to turbulence. Ouryanes. They set initial conditions by stratification in a ver-
analysis of the mixing phase of the RM instability provides 4| shock tube experiment, but their diagnostic was still
guantitative measures of the transition from deterministic in‘line-of-sight integration. Several other experiméntshave
stability growth to mixing and incipient turbulence. We seek ganerated membrane-less diffuse interfaces in vertical shock
a phenomenological description of this mixing, apparentlyy,pes | ater Jacobet al!2 and Budzinskiet al*® developed
caused by strain in the flow field a_nd the interaction of ﬂ_owa more precise diagnostic technique by illuminating diffuse-
structures, such as bubbles, spikes, and vortex pairs-pterface flow in a horizontal shock tube with a laser sheet.
characteristic features of fluid interpenetration. These laser-sheet studies, like ours, use a thin layer ofegas
Applications of RM- and RT-induced mixing range from «gaq cyrtain”) embedded within the ambient air. Conse-

the microscopic to the cosmological. In inertial confinementquenﬂy RM instability occurs at two nearby interfaces.
fusion, the RM and RT instabilities have hampered the abily 5rger initial amplitude perturbations on the upstream inter-

ity to produce useful energy by limiting the final compres-¢, e re|ative to those on the downstream and vice versa, i.e.,
sion and mixing the ablative capsule material with the inte-

. 1 ; . ) streamwise-asymmetric initial conditions, develop into
rior fuel.” The RM instability has been used to explain the 55y mmetric flow evolution patterns. More vorticity is pro-

unexpected lack of significant str_atifipation of the prodL_Jcts ofyuced on the interface with larger perturbations, thereby

supernova 198742 In these applications, the concern is not causing instability growth to be more prominent at that in-

with the early time behavior of the instability flowhich o tace.

has_been investigated experimentally, thec')retical'ly_, and nu- Instability growth rates could not be accurately deter-

merically), but with the consequent late-time mixing and ined in the early light-sheet experimelits because only

eventual turbulence. . . . .. one or two images per event could be captured. The diffuse
The earliest experimental studies of the RM instabilityjnerfaces stabilized the smaller wavelengths at early time,

looked at a single interface between gases of different densng the |imited temporal resolution prevented the investiga-
sities. The interface was produced by separating the 9asgg, of |ate-time transition to turbulence and mixing. Recent

horizontal shock-tube studishave overcome the temporal
dCurrent address: University of California, Santa Barbara, CA 93106.  resolution limitations. In these experiments, as well as in the
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experiments presented here, the Reynolds number for thdensity values is particularly appropriate in locating a mixing
initial stage of the flow evolution based on the perturbationtransition in a flow initially characterized by density gradi-
wavelength(6 mm), characteristic perturbation velociff0  ents. As the two species mix, producing densities intermedi-
m/s), and the kinematic viscosity of s R=2x10%, indi-  ate to either “pure” species, the histograms evolve in time.
cating a strong tendency toward turbulence. An abrupt decrease in the histogram for densities of one or
The nature of the mixing transition resulting from the the other of the species is indicative of the mixing transition.
RM instability and subsequent turbulence has been difficult ~ Application of wavelets to the study of transitional pro-
to characterize because of experimental limitatigmem-  cesses is new, although wavelet transform has been success-
brane effects, spatial/temporal resolujionntil recently. fully employed in numerous studies of developed turbulence.
Studies have shown that the Kelvin—HelmhdlkH) insta-  Because this integral transform uses a basis of spatially lo-
bility of free shear layers progresses through complex, preealized functions, it is particularly useful for identification
dictable steps prior to the transition to turbulence. Streamand quantification of coherent structures. In our case, such
wise vorticity superimposed on the dominant spanwisecoherent structures are the vortices that dominate the flow in
vortex structures begins a cascade of energy to smalleghe interval between the early instability growth and the on-
scalest®>8while the coalescence of the spanwise structureset of turbulence. These structures should produce a signa-
produces larger scales. After the three-dimensional vorticityure clearly identifiable in the wavelet transform space,
field has developed for some time, the flow breaks déain which contains both the scale and physical space informa-
the “mixing transition”) into a highly disordered state. tion. This makes it possible to quantify the characteristic
Presently, there exists no developed theory describing albcations and sizes of coherent structures. The reviews by
the steps of the RM instability and the consequent transitiofrargé? and by Fargest al?® describe the wavelet techniques
to turbulence. Visual analysis of gas-curtain experimentghat can be employed in studies of turbulence and refer to
shows three stages in the flow evolution toward turbulencenumerous such studies. Most of these studies deal with nu-
Immediately following the shock-wave acceleration, RM in- merical simulations. Among the noteworthy experimental
stability causes a vortex-dominated ffowin which the  works, we will mention two. Eversoat al?* used wavelets
prominent coherent structures are pairs of counterrotatingh their study of three-dimensional jet turbulence to analyze
vortices manifest as “mushroom caps” in laser sheet im-images of passive scalédye) advected by the flow. Voro-
ages. The first stage is deterministic and can be accuratehjeff and Rockwefl® employed wavelet transforms to re-
predicted with adaptive-grid simulaticfor qualitatively re-  cover information about the scale and location of a particular
produced with a simple vortex-blob modél.The second coherent structure in the vorticity field acquired in turbulent
stage is characterized by the coexistence of determinististalling flow under a maneuvering delta wing. The latter
(large scalg and disorderedsmall scal¢ flow as strain in-  study is of particular interest because it applied the idea of
creases and interaction between vortex pairs becomdspological flow decomposition via wavelets to experimental
relevant?! This interaction(mode coupling and emergence data. This idea utilizes the knowledge about the flow to con-
of small-scale three dimensionality are important during thestruct the wavelet basis in such a way that in the transform
third stage which is largely disordered. Numerical simula-plane coherent structures specific to the flow have an easily
tions predict the behavior of the deterministic part of theidentifiable signature. For the present study, the erosion of
flow reasonably well, but cannot reliably describe the behavthis signature would indicate transition to a disordered state.
ior of the disordered component, which is crucial to mixing. Methods based on Fourier transform, although employed
Here it is worthwhile to note a difference between the invesin many turbulence studies, are not utilized in this work. The
tigations of RM instability and the classic studies of freestrength of these methods lies in the possibility of compari-
shear layers. Many of the latter are unfordgm external son of experimental data with theoretical results. However,
perturbation. In our RM experiments, the initial perturba- most of the theories apply only to fully developed, homoge-
tions are imposed upon the interface prior to shock accelerateous, uniform-density turbulence. Our flow, as well as other
tion. Thus in some sense RM would be analogous to forcethstability flows, e.g., Kelvin—Helmholtz or Rayleigh—
shear layer experiments. In our setting, the case similar tdaylor, is driven by density gradients and is spatially inho-
unforced shear layer would be that of a gas curtain withmogeneous and time dependent. To date, there is no well-
initially flat interfaces, which is not investigated here. developed statistical theory for such flows. The excellent
Our analysis of the experimental data concentrates pril974 work of Kraichnaff provides analysis of the theoreti-
marily on a quantitative phenomenological description of thecal ideas about the statistics of the inertial range in turbulent
mixing transition in a shock-accelerated gas curtain. Whaflows. This work could be a good starting point for someone
analysis methods are suitable for the purpose? attempting to create a statistical theory of inhomogeneous
We consider several techniques, including histogranturbulence.
analysis, wavelet, and Fourier transform. The specific fea- The important role the interaction of coherent structures
tures of the gas curtain flow that we regard as crucial for thglays during the mixing transition also raises concern about
right choice of analysis procedures are transience, inhomahe applicability of the Fourier techniques. In particular, Fou-
geneity, the presence of strong density gradients, and thger spectral methods are problematic for providing a phe-
importance of coherent features. nomenological description of our flow. It would be desirable
A density (proportional to scattered light intensjthis-  to quantify the properties of the coherent structures, and Fou-
togram analysis determining the frequency of appearance afer transform spreads the information about each individual
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FIG. 1. View of the DX-3 gas shock tubéa) test section(b) injection FIG. 2. Schematic of the test section, optical diagnostics, and curtain gen-
nozzles. eration.

structure(e.g., vortex across the transform space, with spa-
tial features manifesting themselves primarily in the phaseiezoelectric pressure transducers flush mounted on the wall
plane, not the amplitude plane. Thus, as Armi and Flamenof the driven section. The first two transducers are employed
show?’ this information is lost in the process of obtaining to measure the velocity and pressure jump of the shock. The
the power spectrum, and the shapes of amplitude spectra afgrd transducer, adjacent to the test section, triggers the op-
weakly related with the spatial structure of the flow. Conse-ical diagnostics.
guently, we use histograms and wavelet transforms for our A vertical “curtain” of SFg (pure or mixed with tracejs
phenomenological analysis in order to focus on the mixings injected through a nozzle in the top of the test section and
transition. Besides helping one to understand the physics gemoved through an exhaust plenum in the test section bot-
the mixing transition, our quantitative results can be utilizedtom [Figs. Xa) and 3. Both the injection nozzle and the
for code benchmarking. exhaust plenum are flush with the test section wall. The con-
Section 1l discusses the experiment and diagnostics intour of the injection nozzle imposes a perturbation on the
cluding the several methods of improving spatial and tempoeross section of the curtain. Interchangeable noz#tégs.
ral resolution of images from the shock-driven events. Secl(b) and 3 make it possible to create initial conditions con-
tion Il qualitatively describes the flow morphologies taining one or more perturbation wavelengths. The velocity
resulting from both single-mode and multimode initial con-in the curtain is on the order of 10 cm/s. The direction of the
ditions. Quantitative analysis of the images aimed at underSF; flow (downward improves the curtain stability and two
standing the evolution of the instability flow are presented indimensionality. To further reduce shear instability at the
Sec. IV. Along with the application of wavelet transforms to SRy/air interfaces and reduce the contamination of surround-
the images, a density histogram analysis shows the existenggg air masses by $Fthe volumetric flow rate through the

of a mixing transition occurring within the flow. exhaust plenum is chosen to be greater than that through the
injection nozzle, so that some of the ambient air adjacent to
Il. EXPERIMENTAL DETAILS the curtain is also removed from the test section. To provide

replenishment for the air, two open poffar upstream and
far downstream of the curtairconnect the interior of the
The 5.5 m shock tube employed in the experiments ishock tube with the ambient atmosphere. Variation of the
shown in Fig. 1. The cross section of the tube is square witlturtain velocity within the range 5—10 cm/s from experiment
a side of 75 mm. The driver section, pressurized to 140 kP& experiment does not produce an observable influence on
gauge pressure before the shot, is separated from the resttbk initial conditions. Visual checks confirm that the flow in
the tube at ambient pressure by a polypropylene diaphragnthe curtain is laminat? The curtain flow takes 5-10 s to
A solenoid-actuated scalpel ruptures the diaphragm, productabilize after the initialization. The scalpel rupturing the dia-
ing a Mach 1.2 planar shock wave propagating in the air ophragm is actuated immediately after the flow becomes
the driven section. There is a temporal uncertainty inherensteady. Small changes in this flow over time lead to initial
in the creation of the shock, so the test section diagnosticsonditions varying from shot to shot for each nozzle. Al-
are triggered by the passage of the shock wave past threkough the initial conditions are not precisely controlled,

A. Experimental facility
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tion system that is scattered by the gas curtain. The task of
producing lighting sufficient to resolve at least 100 bright-
camera combination to maximize the spatial and temporal

a c
\ ness levels at exposure durations on the order @fslis
difficult for gaseous scatterers. Due to the small amount of
light scattered from the gas curtain, the use of an image
intensifier is practical, but this happens at the expense of
spatial resolution.

In our experiments, we sought an optimal lighting/tracer/
and keeping the error due to flow tracking fidelity of the
the combinations and their respective advantages and disad-

\ \ \ vantages.

resolution while maintaining an acceptable dynamic range
tracer on the same order as the error due to other limitations
in spatial resolution. The paragraphs below describe some of
Budzinski et al!® used planar laser Rayleigh scattering
(PLRS to measure the concentration of Séirectly. Sk
FIG. 3. Injection nozzles forming the gas curta{a) one-wavelength X scaFters light about six t!mes mqre efflc_lently than air. The
—6mm) perturbation(b) two-wavelength perturbation “smiley nozzle” ObVious advantage of this technique is in the ease of direct
(\y=6mm, N\,>\;), (0 two-wavelength perturbation “two modes” interpretation of the images in terms of concentration of
nozzle (,=6 mm, \,=12 mm). SFky—flow tracking fidelity of the tracer is not a matter of
concern. Unfortunately, PLRS image acquisition requires a
they are accurately characterized just before the shock-wavr(]enge amount .Of I|g_ht_and the_<_j|ff|cu_lt elimination of un-
interaction. yvanted scattering within the _facnlty. With dye lasers produc-
ing about 0.2-1.0 J of optical energy per pulse used for
illumination and a 512 by 512 digital, thermoelectrically
cooled camera employed for image acquisition, only 20—30
To capture images of the evolution of the gas curtainlevels of brightness could be resolved. The use of two lasers
several combinations of lighting, image acquisition systemsmmade it possible to acquire two images per event—one of the
and flow tracers added to the curtain have been &é?®  curtain before the shock arrival and the other a dynamic im-
In all cases, the flow was illuminated by a horizontal light age. The images resolve &€oncentrations directly and the
sheet created by passing laser lightilsed or continuoys spatial resolution is adequate. The limitations of this method
through an optical system involving a cylindrical lens, asare in the low temporal resolutioftwo images from two
shown in Fig. 2. The data quality can be judged by severalasers; difficulties of operating multiple dye laseasnd lim-
parameters that depend on the acquisition system. Spatiaéd dynamic range.
resolution is dictated by a combination of the resolution of  The addition of tracers to the curtain material makes it
the charge-coupled devid€CD) of the camera and an im- possible to produce images with considerably lower levels of
age intensifier used for gain and/or gating. It is also influ-illumination, improving the dynamic range and reducing the
enced by the flow tracking fidelity of the tracér?® Motion  laser energy required to produce images. Two kinds of trac-
blur is minimized by using short-duration pulses from theers have been successfully employed in the experiments—
laser or pulsing the image intensifiéor cw laser illumina-  fluorescent gagdiacety)'*?® and glycol fog'*?°*° Addi-
tion). The number of images that can be acquired per everitonal complications one must consider when tracers are
and their minimum spacing in time depends on the numbeemployed are the difference in the diffusion time between
of independent CCD/intensifiers used in the camera as wethe tracer and the $Rwithin the curtain prior to shock im-
as the characteristics of the laser system. The mean motigract(since diffusion is not important during the submillisec-
of the evolving gas curtain at the shock’s piston velocityond time extent of the dynamic evemind the particle lag in
allows the capture of several images on a single CCD, bethe case of droplets. To follow the flow adequately, the par-
cause the curtain is a bright object moving through a darkicles must be sufficiently small.
field. In this case, a minimum time interval between expo-  In the case of diacetyl gas used as the tra¢é&tone
sures exists to prevent images from overlapping. To reducplanar laser-induced fluorescen@eLIF) image of the per-
the minimum interexposure interval, one could use a combiturbed Sk-diacetyl curtain per event was recorded. A single
nation of several quickly pulsing lasers or a powerful cwdye laser provided the illumination, and a gated, intensified
laser and a multiple-CCD camera. Multiple CCDs, however,CCD camera recorded the images. The optical pulse was 200
typically mean smaller CCDs and therefore a loss in spatiamJ, however, only about 50% of the light was usable since
resolution. Finally, improved dynamic range of the imagesthe pulse duration was 1f0s, and the intensifier was acti-
(i.e., the number of useful brightness leyels very impor-  vated for 5us during the pulse to reduce motion blur. Nev-
tant for a clear understanding of the mixing processes withirertheless, at least 50 brightness levels in the curtain were
the curtain. The main factor determining the dynamic rangeesolved.
in an image is the amount of light produced by the illumina-  Small(i.e., typical dimension of 0..xm) glycol droplets

B. Diagnostics
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The first of these systerfsuses an intensified, gated
cameraHadland Photonics SVRwith a single 1134 by 437
CCD array. During each event, nine exposures are taken, the
first recording the initial condition of the curtain before the
shock arrives. The light source & 1 W Ar" cw laser. The
subsequent exposures are produced by triggering the intensi-
fier, with the exposure duration beings and the optical
energy per exposure 2J. The dynamic range of the images

e e i

c d is 120 levels of brightness or better. The combination of the
1 ﬁ 1 enhanced scattering from the fog droplets and the intensified
G % camera improves the dynamic range of the images while us-
= & % = ing five orders of magnitude less optical energy per exposure
g 5" % § % than the PLRS experimentd Comparison of the PLRS re-
g Y e K - sults with the images of the curtain with fog droplets sup-
ﬁ 9? o, é a:‘:l'g.. ports the notion that the fog does indeed track thg &éll.
2 4 '358: Z2 ., R P Figure 4 shows superpositions of three normalized intensity
o t,:"'g %’d o P& B %%gsgf’ - profiles of the initial conditions and at times near 408
C - Bt & ' after the shock interaction for two experiments—PLRS and
° . ' ° . ' the curtain with fog. Figure 5 shows a similar comparison for

the pixel intensity histograms in the curtain. In Figs. 4 and 5
FIG. 4. Initial conditions, dynamic exposure, and normalized intensity pro-intensity was normalized by subtracting the background
files at three cross sections through the gas curtain for PLRS and fog scafixel value and dividing the result by the dynamic range of

tering: (a) initial conditions and subsequent dynamic exposures with(fmg, . .

initial conditions and dynamic exposure approximately 406 after the the |mag§. As .Flg. 4 ,ShOWS’ both the Qk,)s_erved mprphology
shock via PLRS(the lines in the images show locations of the sections@Nd the intensity profiles through the initial conditions and

where intensity profiles were taker(c) curtain profiles for initial condi-  dynamic exposure are extremely similar in the images ac-
tions, (d) curtain profiles for dynamic exposu(®@—fog, ®—PLRS. quired via PLRS and with the fog tracer, providing addi-

tional confirmation that the fog accurately tracks with the

flow. Histograms of the normalized intensity of PLRS and

have proven to be a very good tracer. Analysis of their flowfog images show similar tendencies in their evolutigig.
tracking fidelity* shows that immediately after the passage5). The initial condition has two peaks—one at normalized
of the shock, the error due to particle lag is only slightly intensity 0.2 corresponding to ambient air, the otliess
worse than the CCD resolution limitation. During the insta-promineni at normalized intensity at and above 0.7 corre-
bility and mix phases, the tracer follows the flow accurately.sponding to 60% sulphur hexafluoride in the gas curtain. In
Several cameral/lighting systems have been employed tine dynamic images, the second peak in the histogram is
record the motion of the QFeurtain mixed with this tracer. eroded. The amount of detail that can be recovered from this
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FIG. 5. Pixel brightness histograms comparison fog 8f&d fog scatteringta) PLRS, (b) fog.
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histogram comparison is limited by the low dynamic range
of PLRS images. The wider dynamic range of fog images
makes it possible to do a more thorough analysis of the his:
tograms. Such an analysis is presented in Sec. IV.

An alternative system employed in conjunction with the
fog tracef® uses an unintensified, thermoelectrically cooled |
512 by 512 cameréPhotometricsand a Positive Light Mer-
lin Nd:YLF laser pulsing at 5 kHz. This system allowed the
acquisition of only 4 images per event, but with excellent
spatial resolution and dynamic rangaore than 200 bright-
ness levels The optical energy per pulse is 3 mJ.

Finally, to maximize the temporal resolution, we used an
eight-channel, intensified Hadland Photonics Imacon 468
camera with te 1 W Ar" cw laser as the light souré8The
spatial resolution of each CCD in this camés86 by 385 is
somewhat lower than that of the single-CCD devices and is o
further reduced through the use of the microchannel plat€lG. 6. Gas curtain morphologies evolving from single-mode perturbations:
(MCP) intensifier at high gain. The presence of eight inten-(@ upstream mushrooméy) sinuous mode(c) downstream mushroomé&)

sified CCDs allows the recording of up to 32 images perirregular morphology. Nd:YLF laser pulsed at 5 kH200 us between

. . . pulses used for illumination, glycol droplets employed as tracer. The image
event(up to 4 images per channewith the intervals be-  shows nearly the entire spanwise extent of the tube.

tween the images as low as 28. This reveals the features

of the curtain evolution that have not been experimentally

observed before, such as nonmonotonic growth of the curtaition because it provides additional physical information
width due to phase reversal. about the flow. The tracer is injected and advected with the

In each experimental setup, there are three sources @fas curtain, thus tracking the §€oncentration field—a rel-
random errors and one source of systematic errors. Randoavant physical property of the flow. It also helps that in our
errors stem from limitations in th@l) dynamic range an@®)  experiments vorticity is originally generated only in the pre-
spatial resolution of the CCD, as well as fraB) intensifier sense of density gradients. This means that most of the
noise in the case when the intensifier is used. The source afacer-free parts of the images are also vorticity free, and we
systematic error is the tracer lag during the shock accelerdargely avoid one of the major pitfalls of generic streakline
tion, but our earlier work estimates the spatial extent of this visualization—the inability to see a vortex if no tracer gets
lag to be on the order of the pixel resolution of the C@DL  into it. Moreover, we have knowledge of the overall vortex
mm for the images quantitatively analyzed in this papso  structure of the flow from the initial curtain geometry, be-
random errors due to CCD limitations are more importantcause vorticity production is baroclinic. With this knowl-
The dynamic range of the images varies from 30 levels okdge, we can provide a more thorough interpretation of the
brightness for the Imacon 468 to 120 for Hadland Photonicslow images than that possible with streakline information
SVR camera and 200 for Photometrics camera. The rms esnly.
timate of the background noise introduced by the intensifier A cylindrical lens is employed to produce the laser sheet,
(SVR camerais 4.5 brightness levels, thus the rms randomso the intensity of the illumination in the sheet falls off to-
error in brightness measurements is 3.75% per pixel. In thevard the edges, as seen in the experimental images presented
graphs presented in this paper the influence of random errén this paper. The nonuniformity was taken into account dur-
is reduced even further, because the graphs show results iplg the processing of the data, as described in Secs. IV A and
spatial averaging over a considerable number of pixels. |V B.

As the fog tracer proved to be an excellent choice in
terms of optimizing the spatial and temporal resolution of the
system, all the data discussed in the following sections o
this paper are of the fog-tracer type. Prior to describing the
results of our analysis, we must make some comments re- We briefly describe the flow morphologies observed in
garding the interpretation of tracer visualization results inthe experiments, starting with the single-mode perturbations
general and the specifics of our experiment. The most typicadnd moving on to multiple modes. Several examples of the
tracer visualization technique, streakline visualization, isinstability development in the curtain with a single-mode
known to produce results that can be misleading in the interperturbation on the nozzle are shown in Fig. 6. These images
pretation of time-dependent flows: for instance, the roll-up ofwere acquired with the 512 by 512 CCD array camera/pulsed
a streakline does not necessarily imply the presence of Bd:YLF laser/glycol droplet tracer combination described in
vortex3! Thus one must exercise caution when reconstructSec. Il. In each of the images, the direction of the shock is
ing the flow from a scalar tracer visualization. The shortcom{rom left to right and the firs{overexposedimage of the
ings of scalar tracers are described in the review by Offino. curtain from the left shows the initial conditions of the cur-
However, our technique employing a passive scalar tracer igin. The time delay between the shock reaching the curtain
in some aspects better than a traditional streakline visualizaand the first dynamic exposure is subject to substantial jitter
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(50-150us). Intervals between the subsequent dynamic exdownstream interface results in the curtain acquiring a sinu-
posures are 20@s. The distance downstreateft to right) ous shape and evolving symmetrically for some tifféy.
from the initial exposurdleft edge equals the shock piston 6(b)].
velocity times the exposure delay from the time of shock In the case of the single-mode initial perturbation, there
interaction with the curtain. is relatively little interaction between the wavelengths in the
Small variations in the initial shape of the curtain pro- early to intermediate stages of the curtain evolutiimes up
duce slightly different initial conditions for each shot. This to 400 us after the shogk and the flow morphologies de-
emphasizes the need to obtain many images from each evestribed above can coexi$tFigure §d) shows an example
Perturbations on the upstream side of the curtain start growsf irregular initial conditions(containing more than one
ing immediately after the shock passes, while the downmode producing downstream mushrooms, upstream mush-
stream interface perturbations undergo phase inversion firstooms, and less identifiable structures in the evolving cur-
The combination of the different behavior of the interfacestain. As will be shown later in this paper, the initial condi-
with the variations of the initial conditions produces differenttions with a single prominent spatial scalperturbation
patterns in the process of perturbation growth. wavelength)\) also evolve into flows with scales both larger
If the perturbations on the upstream side of the curtairand smaller tham, which may be indicative of the onset of
have significantly greater amplitude than those on the downturbulence.
stream sidg¢Fig. 6(a)], the upstream mushroom flow pattern In order to focus on the interaction between the different
develops, with the “mushroom caps” aligned with the peaksscales important in the process of transition to turbulence, we
of the perturbation of the upstream interface. Initial condi-employ nozzles imposing multiple-mode initial perturbations
tions with the perturbation of the downstream interface beingipon the curtain. Thus it becomes possible to focus on the
more prominenfFig. 6(c)], produce the downstream mush- interaction between different scales from the very beginning
room pattern. The downstream mushrooms form after thef the experiment. Figures 7—9 show some of our observa-
downstream interface undergoes phase inversion, and thdions for such perturbations. Unlike the images illustrating
growth is delayed in comparison with the upstreamsingle-mode flow morphologies, Figs. 7—9 were acquired
mushrooms? In this case, the mushroom caps are alignedwith a multi-CCD camera. Intervals between exposures were
with the valleys of the initial perturbations. For a relatively varied from 20us at early times to 4Qus at later times.
symmetric initial condition with upstream and downstreamExposure delay times with respect to the shock interaction
perturbation of the same order, the phase inversion of thaith the curtain are shown in Figs. 7—9. Each of the images

Downloaded 26 Aug 2005 to 128.165.51.58. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



Phys. Fluids, Vol. 11, No. 1, January 1999

Rightley et al. 193
20 0 20 40 60 100 140 180
L < el % ;\ .y ‘.
<
1 83% o "4 (\ w
, $ %5 < " 4 <
3! ‘ < § <
et 4 € é <
y ; 1 A €
‘.; p B 5
220 260 300 340 420 460 500
- 5
© o £ & « L &
< <. e & < & O
< € {5 < < < .
‘- " ‘q i < c:‘ ey ,t“v
( ‘»( { (: < s. {. 4
< £ o < £ - £
&« B £ ¥ p
540 . 580 620 660 700 740 780 820
Lo [~ I
e f, e v
£
860 900 940 980
5. §
S kS £

FIG. 8. Gas curtain morphologies evolving from two-mode initial perturbation produced by the “smiley” nozzle turned 180°. Images gfcima8Fwith
the glycol fog are acquired with a multi-CCD Imacon 468 caméra W Ar™ cw laser is used for illumination. An exposure duration ofgidand exposure
delays in microseconds respective to shock arrival are labeled. The spanwise extent of the imaged area is 50 mm.

represents a typical evolution pattern observed in multiplevavelengths presented in Fig. 9. In this case, the initial per-
experiments. turbation contains two wavelengths,;,=6 mm and X,
Figure 7 shows evolution of the gas curtain extruded=12 mm[Fig. 3(c)]. Growth of the perturbation associated
through the “Smiley” nozzlg Fig. 3(b)] with the crest of the with A, appears to suppress the growth of theassociated
large-wavelength perturbation oriented toward the shockfeatures. However, from cleane., no “unwanted” modes
The flow is characterized by two features not present in thénitial conditions, a strongly disordered flow develops within
single-mode experiments. First, the large-wavelength pertutthe limited extent of the test section. This differs from single-

bation appears to decrease in amplitude rather than growmode flows such as those depicted in Figs)-66(c).
Second, there is enhanced growth of the small-wavelength

perturbation near the location of the crest of the large-
wavelength perturbation.

It is interesting that by changing the orientation of the |, QUANTITATIVE ANALYSIS PROCEDURES AND
“Smiley” nozzle by 180°, we can reverse the effect of large- ResyLTS

and small-amplitude perturbation interactidfig. 8). The

curvature associated with the large-wavelength perturbation Two processes important for the phenomenological char-
is increasing, while the local mixing layer width of the cur- acterization of the mixing transition are: the mixing of the
tain in the late(after 800us) images in Fig. 8 is smaller than curtain material with the surrounding air masses that should
in Fig. 7. This effect has been observed in many experimenbe considerably enhanced by turbule8ec. IV A), and the

tal events. The increase or decrease of interface curvature dormation of spatial scales both larger and smaller than the
the large scale is caused by the deterministic interaction ofcale of the initial perturbatiotSec. IV B).

the vortex pairs deposited by the passage of the shock wavX. | ity hi ¢ diff interf

By modifying the initial conditions and the subsequent regu- ntensity histograms of diffuse interfaces

lar flow we can also increase or decrease the growth of the Measured intensities appearing on the experimental im-

apparently disordered structures at the smallest scale. age are directly related to the mole fraction ofzSEnd
This possibility is further elucidated when we considertherefore to the density of the flyiéth the region of the flow

another example of interaction between perturbations of tweepresenting the pixéf?° Therefore, the histograms of the
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FIG. 9. Gas curtain morphologies evolving from two-mode initial perturbation produced by the “two modes” nozzle. Images of thet@8f with the
glycol fog are acquired with a multi-CCD Imacon 468 cameXal W Ar* cw laser is used for illumination. An exposure duration of d9and exposure
delays in microseconds respective to shock arrival are labeled. The spanwise extent of the imaged area is 50 mm.

intensity field for each dynamic exposure can be used t®ion to mixing is unimportant, so diffusive mixing is relevant
analyze the mixing occurring betweeng#ieg and air within  only in producing the initial conditions.
the flow. Insufficient sampling frequency may cause problems in
Consider two distinct substances in a geometry similar tdiistogram analysis. Figure 10 displays a generic Gaussian
that of the gas curtain described in this stu@y., a thin sampled at several “frequencies” and the resulting histo-
layer of highly scattering material sandwiched between regrams. The Gaussian is selected to mimic the intensity pro-
gions of material that do not scatter lighAn intensity pro-  file occurring in the initial conditions prior to shock impact
file of this would be shaped like a top hat, with the corre-(Fig. 4c, also see Baltrusaitet al?%). In this case, the ordi-
sponding histogram having two peaks. The pixels from thenate of the first part of Fig. 10 represents intensity while the
highly scattering region would read uniformly at high values,abscissa is the streamwise spatial axis. For an image that
while those pixels from other regions would ideally readprovided ten samples across this profitee large, closed
zero. If the system was stirred vigorously and the substancesrcles the histogram is exceedingly spiky. Images with pro-
allowed to mix, this top-hat histogram would erode as moreggressively more samples across the profile converge to a
pixels took on values between the original two extremes dedouble-peak histogram similar to that generated by two un-
pending on the fraction of the two substances in the volumenixed substances. For sufficient sampling “frequency,” the
represented by the pixel. In this way, mixing can be visual-histogram produces peaks from regions of zero gradient of
ized by a histogram analysis. intensity with the height of the peak related to the breadth of
The interpretation of such an analysis is complicatedhe region. In this case, the second peak represents the sec-
when the two substances diffuse into each other reddity, ond “unmixed” substance. We know from earlier
gases—as in this stugyand their initial states are not en- studies:®>?°however, that the fluid at the center of the curtain
tirely pure. One interest of this study is to understand theprior to shock impact is approximately 60% mole fraction
mixing due to the convective motions induced by theSF;.
Richtmyer—Meshkov instability. Therefore, we must distin- Figure 11 shows an image of a sinuous mode event as
guish between the mixing occurring before shock impact duevell as the evolution of the intensity histogram for each ex-
to diffusion and mixing due to the late-time instability mo- posure. The extent of the bounding box containing the expo-
tions. After the shock interaction the contribution of diffu- sure is determined as follows. The vertical boundary is set to
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Original 12=0.04 1/A=0.08 14=0.24 =039 12=0.63 IA=1.26

FIG. 13. Mexican hat wavelet filtering at different di-
lations applied to an image of the perturbed gas curtain.
Dilation scalesl nondimensionalized by characteristic
wavelengthh are labeled. Inserts show dilated wavelet
size. The schematic at the bottom illustrates how mush-
room caps produce a regular pattern in the filtered sig-
nal. The valud/\ =1/2 corresponds to the wavelet size
matching the initial perturbation wavelength.

remove the edges where the light sheet intensity starts to fall Contrast this with the evolution of the histogram associ-
off. This setting is the same for all exposures. The horizontahted with a flow field in which significant turbulent mixing is
span of the bounding box containing the image of the curtaimpparent(Fig. 12. In this case, multiple, irregular wave-
varies between the exposures, so that late-time exposufengths characterize the initial conditions of the interface.
computation uses more points. In order to avoid undersamfhis leads to rapid mode coupling and transition into a
pling errors described in the previous paragraph, we applhighly disordered state. At early timébefore mode cou-
bilinear interpolation between pixels before computing thepling), the evolution of the histogram is qualitatively similar
histogram. The typical number of samples averaged to prato that of Fig. 11. In this region the straining of the curtain
duce each point in the plot is 700. Thus the error due tdluid reduces the concentration of the curtain material, erod-
intensifier noise(3.75% per pixel can be estimated as ing the peak. One can see that in this way, interpolation-
0.14%. In the center of the initial conditioff;itensity bin  histogram techniques can be used to study the mixing asso-
17, representing the least mixed part of the cujtaanpeak ciated with scales smaller than an arbitrary scale—instead of
corresponds to the “unmixed” SF The dominant peak at being limited to the sampling of the image. After the fifth
low intensity in the histogram representing unfogged air isdynamic exposuré~400 us), an abrupt decay of the peak
not shown in Fig. 11. After shock interaction, the peak assoassociated with the curtain fluid occurs. Between the fifth
ciated with the curtain fluid in the initial conditions moves to and sixth dynamic exposures, we see that the interacting
higher intensity levels due to compression. From the imagestructures of the flow have begun to impact each other and
no turbulent mixing is visually apparent within the test sec-produce much more disorder. This sudden transition in the
tion. The evolving histogram shows a smooth decay of theevolution of the histogram signifies a sudden increase in the
peak associated with the curtain fluid, due purely to strainingnixing of the flow field. Approximately 40% of the curtain
effects on the curtain. We suggest that this is a signature ahaterial mixes during the 120s interval between the fifth
“weak mixing.” and sixth dynamic exposures. We suggest that it indicates an

FIG. 14. Mexican hat wavelet transform of the up-
stream mushroom image sequence. The vertical coordi-

¢ nate(translation corresponds to the vertical coordinate
C') in physical space, the horizontal coordinate is the non-
c dimensionalized wavelet dilatiotYA. The valuel/\

¢ 0.05 Dilation, i 100 d 0.05 Dilation, /21 100 =1/2 corresponds to the wavelet size matching the ini-

tial perturbation wavelength. Two-dimensional wavelet
transforms at all dilations are taken along the centerline
of the curtain, marked by a thin white line in the curtain
images. The darkest spots in the transform images mark
amplitude peaks, white is zero amplitude.
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abrupt mixing transition similar to that described for the Sinuous
Kelvin—Helmholtz instability.

18

16 4 ~— Initial conditions
B. Wavelet analysis :: / ’\\\ —- E%EEEE%EEE%
Besides mixing, transition to turbulence is characterized 11 / \ T Pwnemoopomed
by the formation of multiple scales in the flovTo analyze 91 S \\ )
the evolution of scales, we employ the wavelet transform < :: ’
that has been successfully applied to space-scale analysis « & &
fluid flows22-24 5.

The standard procedure for constructing wavelet trans-
forms is described by Fardé.It begins with choosing the

mother wavelet function/(x) satisfying the admissibility 3
condition, which for an integrable function simply requires . . '
having zero mean. For practical purposes, the mother wave 0.00 0.25 0.50 0.75 1.00
let should also be well-localized in both physical and Fourier A
spaces. Irregular

By translating, rotating, and dilating the mother wavelet :2 — \nitial conditions
#(x), xe R", we generate the family of wavelets: Wl 35::‘;:233:32;

X— X' 12 { ——- Dynamic exposure 5 /
_ _ - — - Dynamic exposure 8 .-~"""
i o(X) =1 ”’Zw(ﬂ NO) —— ) (1) 0 e

s

wherel is the dilation parametex’ is the translation param- 5, : Py S it
eter, and() is the rotation matrix. Then the general expres- <* ' :
sion for a wavelet transform of a scalar functitx) can be 5 -
written in the form

-
1

- e

fx0= [ 100,000 @ N
whereys’, , represents the complex conjugateygf: , from 0.00 025 050 078 100
Eq. (1). I

In our casen=2 andf(x) is the local intensity of the FiG. 15. rms values of wavelet transform amplitude vs dilation for the data
digital image which, as we have shown, grows monotoni-sets shown in Figs. 11 and 12. rms transform values are nondimensionalized
cally with the concentration of SF by rms averages of the corresponqli_ng maps. Thg Value 1/2 corresponds

To construct the transforms employed in the analysi§° the wavelet size matching the initial perturbation wavelength.
presented below, we employed the real-valued and rotation-
ally invariant Mexican hat wavelet, which was first applied
to the studies of turbulent flows by Eversenal.,?* The Mexican hat wavelet is particularly suitable for the

w(x)=(1—|x|2)e*|x|2’2 3 analysis of the gas curtain_flow, as one sees in_Fig. 13. 1t

: shows the results of applying the Mexican hat filter to an

Our implementation of the wavelet transform code isimage of the perturbed gas curtdihe third dynamic expo-
fairly straightforward, since it is applied to relatively small sure in Fig. 6d), multiple-wavelength irregular initial condi-
domains(characteristic size 100 by 40@hus making code tions| at several values of dilatioh The values of in the
efficiency relatively unimportant. To provide reasonablelabels are normalized by the wavelengthmposed on the
transform values near the image boundaries, the exposuresioftial condition by the single-mode nozzle. Inserts in the
the gas curtain are padded with pixels of background valuémages show the size of the dilated wavelet. For wavelengths
in the direction of the shock propagatigfeft and right showing the regular mushroom pattdthe lower part of the
boundaries In the direction parallel to the gas curtditop ~ image$, small dilations [/A~0.1) of the wavelet filter re-
and bottom boundarigswe employ reflections of the origi- sult primarily in edge enhancement combined with smooth-
nal image for padding. In the following paragraphs, we usdng. Intensity peaks$darke) are associated with small-scale
the terms “wavelet filter” or “filter” to denote application structures(e.g., the small downstream mushroom cap near
of wavelet transform at a fixed dilation valli@nd translat- the bottom of the original image or the irregular shapes near
ing it across the entire image plane. This operation is equivathe center.
lent to convolution of the original signal with the dilated As the value of increases, the appearance of the filtered
mother wavelet function. In the data presented below, thémage field changes. A simple regular structure present in
maximum scale of the filter does not exceedrhe lighting  parts of the filtered image is associated with the mushroom
nonuniformity inside the laser sheet becomes relevant opattern, which shows the value of using this particular wave-
scales~4\, thus it does not interfere with the wavelet detec-let in analysis of flows with regular structures, e.g., vortex
tion of coherent features. pairs. When the characteristic size of the dilated Mexican hat
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is close to that of the mushroom, filtering transforms the In the map of the second dynamic exposure, Figcjl4
mushroom shape into a combination of two positive peaksve continue to observe and\/2 periodicity caused by the
(bright) and one negative pedllark). Compare, for instance, presence of the mushrooms. However, a more complex struc-
the windowed regions in the original image and in the imageure emerges at low dilation scales, perhapé periodic.
corresponding td/A=0.24 in Fig. 13. The sketch at the One can also notice that mushrooms showing some evidence
bottom of Fig. 13 clarifies the origins of this pattern. Whenof mode coupling in physical spadghe third wavelength
the arc of the mushroom cap is aligned with the negativefrom the top produce a ridge in the transform map extending
valued “brim” of the hat, the convolution integral is nega- to |/x ~0.75. Formation of features in the large-dilation area
tive. When the “peak” of the hat is aligned with one of the of the map indicates the presence of physical scales larger
concentrations of the curtain material, the integral is positivethan that of the initial perturbation.
For regular flow morphologies, the characteristic scale of the  The signature of the mushrooms in the third dynamic
mushrooms is close ta/2. Correspondingly, the wavelet exposurgFig. 14d)] is much weaker, while structures both
filter with the scald/\ = 0.5 should produce regular patterns on the small and large scale grow. This pattern of evolution
when applied to regular morphology images. The sensitivityis suggestive of developing turbulence. It can also be implied
of wavelets to regular patterns in the flow has been emphahat the small and apparently irregular features on the lower
sized by Fargé?® and exploited by Vorobieff and end of the dilation range formed as the result of a cascade
Rockwelf® for a “topological decomposition” of the turbu- from structures of a spatial scake[Figs. 14a), 14(b), I/\
lent flow: applying an appropriate wavelet to correlate with a-0.3] to structures of scala/2 [Fig. 14b), I/x~0.15] and
specific pattern in the flow and to produce a matching bupp to spatial scale on the order nf4 [Fig. 14c), d, I/x
simpler pattern in the transform plane. ~0.1]. The limited resolution of the images may not allow
For high values of (I/x=1.26 in Fig. 13 the regular  accyrate quantification of this transition for smaller scales,
pattern associated with the single-mode wavelength can NRowever, by means of wavelet transform we do get some
longer be distinguished, though a positive peak is present ifhsight into the properties of the scale evolution.
the general region of the curtain in the filtered plane. At high  aqgitional quantitative information can be provided by
values ofl, the wavelet filter is sensitive to features of Scalesplotting the graphs of the ratio between peak transform am-
greater than. plitude versus dilation for different time&ig. 15. In each

With this notion of the way wavelet filtering works, let map, we nondimensionalize the peak value by the rms am-

us apply Mexican hat transform to the gas curtain Irnage‘?‘)Iitude. The amplitude of(I,x’,6) corresponds to the local

shown in Fig. 68 (upstream mushroomsFigure 14 shows “energy density” of the signal. Thus these plots can be in-

transforms corresponding to different stages of the evolutior,ger reted as mean “enerav densities” versus scale. The ac-
of the curtain. Transform images were produced as follows. P gy )

Along the centerline of the curtaihe white line in Fig. 12 curacy of the graphs is limited by the pixel resolution of the

] _ o . H
a two-dimensional wavelet transform of each exposure wal ystem_ 1.5%.. The_upp_er plot_ in Fig. 15 shows the rgsults
computed at a range of dilations frolf\ =0.05 tol/A=1. or the image used in Fig. 1Gsmuogs morpho"’@y while
Then the results were plotted as two-dimensional intensit he lower plot corresponds to the image and histograms of

maps of the transform with dilation as the horizontal coordi-F 9- 12 (irregular morphology The decrease of the overall
nate and vertical translatiofcorresponding to the vertical transform peak/rms ratio with time can be explained by the

coordinate in the physical domaias the vertical coordinate. influence of several factors—diffusion of the curtain mate-
Darker regions in the maps are transform intensity peaks”al' loss of features too weak to be detected above the back-

while white corresponds to zero. ground value or too small to be resolved.

What is the signature of the flow evolution in transform In both cases, the initial conditions are characterized by
space? The initial condition transform mfig. 14a)] ex-  an amplitude peak neaf\ = 1/2—dilation corresponding to
hibits a regular structure associated with the varicose shagBe wavelet size matching the initial wavelength. For the
of the curtain. This structure ia periodic in the vertical iregular case, this peak is noticeably wider, showing that the
direction for dilationd/\ <0.5. Low dilations {/\ ~0.1) are initial condition contains a wider range of scales. It is inter-
characterized with high amplitudes of signal, likely due toesting that the subsequent plots for the first dynamic expo-
the fact that at these scales the size of the “peak” of thesure show prominent peaks at half the initial wavelength.
Mexican hat closely matches the curtain thickness. At valueghis transformation can be explained by the following. Ini-
higher tharl/\ =0.5, no features can be distinguished in thetially, the maxima in the transform plane are due to the
transform map. “peak” of the Mexican hat aligning itself with the varicose

The transform map of the first dynamic expos{iFég.  bulges in the curtain. As the downstream side of the gas
14(b)] is radically different. First, it is no longer dominated curtain undergoes phase inversion and the curtain becomes
by peaks at lowl/\. Second, the map is highly regular for sinuous, the bulges disappear. Now the features most distin-
[/\ values up to 0.5. Its periodicity in the vertical direction is guishable in the transform plane are the sinuous “humps” of
\ betweenl/A~0.25 andl/\~0.5 and is due to the overall the curtain developing into mushroom caps, and their char-
sinuous shape of the curtain, or the mushroom “caps.” Atacteristic size is initially half the perturbation wavelength.
lower scales)\/2 vertical periodicity can be associated with Plots for the third dynamic exposure are considerably
mushroom ‘“stems” intersecting the centerline. The part ofdifferent for the sinuous and irregular morphologies. The
the map at/A>0.5 remains practically devoid of structure. sinuous morphology plot still has the peak at the mushroom
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cap size, while the irregular plot has a local maximum at awo-peak histogram is produced with the peaks representing
somewhat smaller dilation and shows strong growth of botH'unmixed” air and Sk, respectively. Early time straining
large and small scales. Here it must be mentioned that sormadong the curtain causes erosion of the peak associated with
of the features of the third dynamic exposure, such as th&F;. When the initial conditions possess perturbations from
high peak transform values at large dilations, may be due tanore than a single wavelength, a mixing transition can be
the motion of the curtain material in the out-of-plane direc-identified by the rapid decay of this peak, corresponding to
tion. Growth of the large scales, indicative of mode coupling,apparent mode coupling.

is also apparent in the sinuous morphology plot. Application of the Mexican hat wavelet transform yields

As the sinuous morphologgdynamic exposure)scon-  clear evidence of the growth of scales both smaller and larger
tinues to develop, the peak corresponding to the mushroorhan the initially imposed wavelength. Mushroom structures
cap size moves toward larger scales, following the cappresent due to the RM instability are readily quantified with
growth. The growth of amplitude at small scales is also apthe use of this wavelet. Plots of the rms-averaged values of
parent, both in this plot and in the fifth dynamic exposure forthe transform versus dilation show the growth of a broad
the irregular morphology. The latter plot is also quite similarspectrum of scales in the flow. Erosion of the peaks in the
to the plot for the eighth dynamic exposure in the sinuougplots associated with spatially regular structures indicates the
case—a peak at small scales and relatively high values fasnset of mixing transition in good agreement with histogram
[/\>1/2. The shape of these plots, with the well-definedanalysis. These results clearly show the onset of a mixing
peaks produced by the coherent structufemishrooms  transition in a shock-accelerated gas curtain with initial mul-
eroding, indicates the increase of disordered features in thttmode perturbations.
flow. The irregular morphology advances toward the disor-
dered state mgch faster, and the steps in the tw_ne evoIL_Jtlon (NCKNOWLEDGMENTS
the peak amplitude/rms plots are roughly consistent with the
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