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Power-Law Spectra of Incipient Gas-Curtain Turbulence
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We investigate the evolution of a thin curtain of heavy gas)®fmbedded in a lighter gas (air) and
accelerated with a Mach 1.2 planar shock wave. The Richtmyer-Meshkov instability leads to growth
of the initial perturbations of the curtain and eventually to transition to turbulence. We visualize a time
sequence of images of a section of the flow illuminated with a laser sheet. This femixed with
tracer (glycol fog), so the intensity of the light scattered off the curtain grows with the local density. As
the curtain evolves towards a fully mixed state, real-space correlations of the density, inferred from scat-
tered light intensity, show the emergence of a power-law behavior, indicative of transition to turbulence.
[S0031-9007(98)07098-7]

PACS numbers: 47.27.Cn, 47.20.Ma, 47.40.Nm

The problem of transition to turbulence is a very gen-ing (histogram analysis) and scale evolution (wavelet
eral one. A unified theory describing it has yet to be detransform) were produced recently [10]. This Letter of-
veloped, and to date, experimental and numerical studifers new quantitative results in a form more easily com-
of the transition by no means present a complete phesarable with the well-known statistical theories of fully
nomenological picture. Clear, quantitative experimentadeveloped homogeneous incompressible turbulence.
results are particularly scarce. We present statistical evidence of the transition to tur-

This Letter describes an experimental study of transibulence in a thin curtain of heavy gas (¥fembedded
tion to turbulence due to Richtmyer-Meshkov (RM) insta-in a lighter gas (air) and accelerated by a planar shock
bility. RM is the shock-accelerated analog of the more(Mach 1.2) in a horizontal shock tube. We analyze se-
widely known Rayleigh-Taylor instability driven by con- quences of instantaneous images acquired by illuminating
stant acceleration. As the shock wave passes throughthe curtain with a laser sheet, and produce second-order
density interface, it produces vorticity wherever the shoclstructure functions of the intensity of light scattered off
front is not parallel to the interface. Vortices forming on the curtain material. Structure functions have been ex-
the interface dominate the instability growth after its initial tensively employed to characterize fully developed tur-
linear stage. After a period of nonlinear vortex-dominatecbulent flows. In fact, the original 1941 formulation of
growth, secondary instabilities produce disordered feature§olmogorov turbulence theory [11] was made in terms
on multiple scales, leading to the onset of turbulence.  of structure functions of velocity rather than in terms

The RM instability serves as a useful test problemof Fourier spectra of kinetic energy. The second-order
for the studies of transition to turbulence, because thstructure function of intensity can also be regarded as
RM-unstable interface “coasts” after the initial accelera-the intensity-intensity correlation. Our results for the
tion, whereas the growth of an RT-unstable interface ixases with the strongly perturbed initial conditions show
continuously driven by gravity. Thus RM instability has the second-order structure functions evolving towards a
smaller growth rates, simplifying the investigation of the power-law behavior consistent with tie /3 scaling of
transition interval. the density spectra. These results agree with several

RM instability, in particular, the linear and vortex- other works observing a similar scaling, as well as with
dominated stages, has been the topic of experiment#ihe recent theory. We present a detailed evolution anal-
[L-4] and numerical [5,6] studies, as well as subject toysis for the exponent of the second-order structure func-
theoretical treatment [7,8]. The instability growth in the tion of density. For RT instability, results similar to ours
turbulent regime has also been examined [9]. Some dfave been reported [12]. This similarity, as well as the
these studies describe the evolution of a single interfaceimilarity between the gas-curtain “mixing transition” we
[5,7-9]; some consider the situation when a gas curtaiobserve [10] and the mixing transition in shear layers
is formed by two nearby interfaces [1-4,6]. [13,14], suggests general traits of transition to turbulence

Nonetheless, the process of tiensitionto turbulence independent of the details of the transition mechanism.
has not been investigated thoroughly, despite its imporThese results indicate that the scaling predicted and ob-
tance for a large number of applications, their scope rangserved for fully developed, isotropic and homogeneous
ing from microscopic to astrophysical. Evidence of thisturbulence emerges in strongly nonisotropic and inhomo-
transition due to RM instability in both single-interface geneous transitional flows.
and gas curtain experiments was largely phenomenologi- The layout of the experiment is shown in Fig. 1. The
cal. Some quantitative gas-curtain measurements of mieurtain is formed by injecting SFpremixed with a small
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(<107%) volume fraction of glycol fog (droplet size lar varicose shape. In this case, alternating concentrations
<0.5 um) into the top of the test section of the shock of positive and negative vorticity are deposited along the
tube through a varicose nozzle. A horizontal section ofxtent of the curtain, and the shock interaction causes phase
the curtain is illuminated with a thin (2 mm) laser sheet.inversion of the downstream interface of the curtain. As
The glycol fog is a reliable tracer, and the intensity ofthe vortex pairs roll up the curtain material, the curtain
laser light scattered off the droplets serves as a goorktains a regular, sinuous structure, eventually developing
indicator of the local concentration of the curtain materialinto a row of mushroom shapes facing upstream and down-
[4]. The initial cross section of the curtain is imposed bystream—the evolution pattern labeled “sinuous mode” in
the varicose shape of the injection nozzle. The curtaithe previous studies. In Fig. 2b, the pattern known as
material is actively removed at the bottom of the test‘multimode” is presented. This flow pattern evolves from
section. Pressure transducers trigger a gated, intensifietiongly perturbed initial conditions (amplitude0.452).
CCD camera as the shock approaches the test sectioBtrong mixing of the curtain material with air is apparent
leaving multiple images of the evolving curtain on the at late stages, as is the presence of numerous small-scale
CCD as the curtain is carried downstream after shoclstructures in the flow.
acceleration. The images record the initial condition of Results of the quantitative analysis of the images
the curtain and up to eight subsequent dynamic exposurefmllow. We plot the second-order structure function of
showing several distinct flow morphologies that evolvethe intensity I of the light scattered off the curtain,
[4,10]. L(r) = {I(x + r) — I(x)]*), where(-) denotes spatial
This experimental setup offers several advantages faaveraging in the image plane for all points= (x,y)
the study of transition to turbulence. The initial geometryand all 2D radius vectors, |r| < 1.5A. Intensity I is
of the curtain determines the structure of the vorticity fieldproportional to the local density of the curtain material
produced after the shock interaction. A spatially regulafwith the maximum value corresponding to 60%¢BF
varicose cross section imposed on the curtain produceBhe visually noticeable nonuniformity in the intensity of
a row of counterrotating vortices that drive the nonlinearthe laser sheet in Fig. 2 does not exert any systematic
growth of the curtain. Small variations in the shape of thenfluence on the structure functions within the scale range
curtain from experiment to experiment produce a varietywe investigate { < 1.5A), as the characteristic scale of
of initial conditions, while the initially regular structure of this nonuniformity is approximately four fundamental
the flow makes it possible to concentrate the analysis owavelengths. Analysis is carried out in real space rather
the growth of stochastic features. than Fourier space because the resolution of our digital
Figures 2a and 2b show two image sequences acquiréthages is modest (typicallyi20 X 400 per dynamic
as described in Ref. [4]. The direction of the shockexposure). Thus we avoid problems that might arise from
is from left to right, the vertical extent of each image windowing effects.
is 35 mm, and the perturbation wavelength imposed on Figures 3 and 4 showk(r) for the initial conditions,
the curtain by the varicose nozzle s= 6 mm. The first, fifth, and eighth dynamic exposures for the images
first image from the left is the initial condition, the shown in Figs. 2a and 2b, respectively. The corresponding
second image from the left is the first dynamic exposuralimensionless exposure timings at&/x = 0, 0.77, 6.43,
(about60 ws after the shock), and the intervals betweenand 12.43 for Fig. 2aand// A = 0, 0.93, 6.67, and 12.60
the following dynamic exposures are 60, 80, 80, 120for Fig. 2b.
120, 120, and120 ws. Labels in Fig. 2 show time
nondimensionalized by the combination of piston velocity
(U = 100 m/s) and the fundamental wavelengih This
dimensionless time can also be interpreted as downstream
distance in units of\ traveled by the perturbed curtain. :
The initial perturbation in the first image sequence
(Fig. 2a) has a moderate amplitude((251) and a regu-
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FIG. 2. Sinuous (a) and multimode (b) curtain evolution pat-
FIG. 1. Schematics of the experimental setup: Test section derns. “IC” marks initial conditions. Dimensionless exposure
the shock tube. timings in the figures are described in the text.
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FIG. 3. Second-order structure functidn: Sinuous mode ik

flow pattern, Fig. 2a. FIG. 4. Second-order structure functidst Multimode flow

pattern, Fig. 2b. The solid line indicates exponent 0.73.

The initial conditions in both cases show peaks at
r = A and atr ~ 0.6A. The second peak matches theOne must note, however, that the shapes of amplitude
size of “bulges” in the initially varicose shape of the cur- spectra are only weakly related with the spatial structure
tain. After the phase inversion following the shock inter-of the flow [15]. As pertains to density power spectra,
action, it moves to- ~ A/2—the scale of the developing much less information is available both from theory and
“mushroom caps.” The peaks are somewhat sharper f@xperiment. The-5/3 scaling characterizes the spectra
the more regular initial conditions in Fig. 2a, but qual- of the concentration of a passive scalar advected by ho-
itatively the structure functions of the initial conditions mogeneous turbulent flow [16,17]. The recent work [18]
and first dynamic exposure show no other differenceon stochastic interpretation of fluid mechanics, as well
As the flow evolves, however, the differences becomes some theories applied to astrophysical observations
apparent, in particular, in the randel < r/A < 0.6. [19,20], give the same scaling exponent for density spec-
For the sinuous mode, the fifth dynamic exposure plotra. So do experimental measurements in turbulent wakes
(tU/A = 6.43) shows several peaks associated with thg21] and the recent study of explosively driven flows with
initial wavelengthA and scales of the mushroon&3A  density variations [22]. The latter case does not involve
and0.7A. These well-defined peaks are not present in théully developed homogeneous turbulence. Emergence of
corresponding plot for the multimode flow morphology —5/3 exponent has also been observed in the evolu-
(tU/X = 6.60). In the eighth dynamic exposure plot for tion of Rayleigh-Taylor instability [12]. Thus the-5/3
the sinuous moderly/A = 12.43), the peaks associated scaling may apply to a wider scale of phenomena than
with the mushrooms are still present. In contrast, the muljust homogeneous, isotropic, fully developed Kolmogorov
timode morphology plot#{//A = 12.60) shows mono- turbulence. It must also be mentioned that, while our
tonic power-law-like behavior over the extent of about 1.6results are consistent with the5/3 scaling, other theo-
decades i/ A, with an exponent 0.73. This would trans- retical predictions (e.g., the 1 scaling or the exponential
late into a—1.73 power law in wave number space. Vi- decay suggested by Batchelor [23]) would be inconsistent
sual comparison of the last dynamic exposures in Figs. 2aith these results.
and 2b reveals persistence of the regular flow structure Also of interest is the evolution of the exponent of
for the sinuous mode and apparent turbulence in tha power-law fit applied to the structure functions in the
multimode case. range r/A < 0.3, corresponding to scales smaller than

We analyzed four other multimode morphology imagesthe characteristic scale of the regular structures. Figure 5
with apparent strong mixing at late times. For all of theseshows the exponents and errors of such fits applied to the
the second-order structure functions of intensity of theémages in Fig. 2. In both cases, the exponent is close
final dynamic exposure show similar features. Over mordo 1.4 at early times and approaches 0.7 at late times.
than a decade in, their behavior is consistent with power However, the transient behavior is different, with the
law, the exponents beiny70 = 0.04. multimode morphology exponent reaching the minimal

Can this result be compared with theory? The scalvalue after the fifth dynamic exposuré/f/A = 6.60). In
ing of velocity power spectra has been studied extenthe sinuous morphology case, the exponent approaches
sively, and numerous experimental confirmations of thé.7 slower and the error of the fit does not decrease as
Kolmogorov k 5/ power law exist—to the extent that much as it does for the multimode case. The duration
observation of such scaling is often considered to be af the experiment may be too short an interval for the
signature of fully developed incompressible turbulenceregular morphology to develop a sufficient amount of
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