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Experimental evidence of random shock-wave intermittency
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We report the experimental observation of intermittency in a regime dominated by random shock waves on
the surface of a fluid. We achieved such a nondispersive surface-wave field using a magnetic fluid subjected to a
high external magnetic field. We found that the small-scale intermittency of the wave-amplitude fluctuations is
due to shock waves, leading to much more intense intermittency than previously reported in three-dimensional
hydrodynamics turbulence or in wave turbulence. The statistical properties of intermittency are found to be
in good agreement with the predictions of a Burgers-like intermittency model. Such experimental evidence of
random shock-wave intermittency could lead to applications in various fields.
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I. INTRODUCTION

Intermittency is characterized by localized bursts of in-
tense activity that even occur in relatively quiescent flows
[1,2]. It has been extensively investigated in past decades,
especially in three-dimensional (3D) hydrodynamics turbu-
lence [2], and has been ascribed to coherent structures such
as vortex filaments [1]. Although successfully describing the
energy cascade, the Kolmogorov dimensional analysis [3]
fails to explain the small-scale intermittency observed exper-
imentally [4,5] and numerically [6,7]. While several models
have attempted to describe it [8§—10], the lack of closure
of the Navier-Stokes equations leaves the discussion widely
open [5,6,11]. Intermittency is a ubiquitous phenomenon that
occurs in a wide range of experimental fields, e.g., wave tur-
bulence [12,13], integrable turbulence [14], solar winds [15],
Earth’s magnetic field [16] or atmospheric winds [17], tur-
bulent flames in combustion [18], quantum turbulence [19],
rotating turbulence [20] or granular systems [21].

Intermittency also occurs for Burgers turbulence, a sim-
plified one-dimensional (1D) model of Navier-Stokes tur-
bulence [22]. Although less complex, Burgers turbulence is
more predictable. It predicts the emergence of highly co-
herent structures, as random shocks governing its statistical
properties, the energy spectrum, the probability distribution
functions (PDFs) of velocity increments and gradients, as well
as intermittency [23]. In the inertial range, Burgers intermit-
tency is predicted by a bifractal model and its origin is due
to shock waves [24-26]. Numerical simulations of intermit-
tency in the 1D stochastically forced Burgers equation have
then been performed [27-29], but experimental evidence of
intermittency in Burgers turbulence remains elusive so far, as
a regime of random shock waves is hardly reachable experi-
mentally.

Recently, we have experimentally shown that an ensem-
ble of stochastic shock waves can emerge from random
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gravity-capillary waves on the surface of a fluid, made nondis-
persive using a magnetic fluid [30]. Their fronts are not fully
vertical, conversely to theoretical Burgers shock waves, and
they drive the dynamics [30]. Here, we explore the possible
intermittent nature of such a random shock-wave-dominated
field. We show that shock waves lead to intense small-scale
intermittency that is quantified by the PDFs of the incre-
ment of the wave-amplitude fluctuations and by high-order
statistics. In particular, the experimental structure-function
exponents are found in quantitative agreement with a Burgers-
like intermittency model, modified to take account of the finite
steepness of the experimental shock-wave fronts. When the
shock waves are removed by numerical postprocessing, the
nonlinear wave field is smoother and exhibits much weaker
intermittency of a different nature. The latter is close to wave
turbulence intermittency, reported experimentally [12,13] and
numerically [31], involving other coherent structures (e.g.,
sharp-crested waves), and for which its origin is still a highly
debated topic that may be related to the fractal dimension
of these coherent structures [32,33]. Our experimental results
thus appear of primary interest regarding the wide range of
fields in which Burgers turbulence [23] and wave turbulence
[34] occur.

II. THEORETICAL BACKGROUND

Intermittency corresponds to a continuous deformation
over the scales of the PDFs of increments of a given field
(e.g., fluid-velocity or wave-amplitude fluctuations) [2]. Phe-
nomenological models have been developed since the 1960s
to quantify such small-scale intermittency [2,8]. To do so,
first-order increments of a temporal signal n(¢) are defined
as én(t,t) =n( + tv) — n(t), where t is the time lag. The
scaling properties of the corresponding structure functions of
order p as S,(t) = (|8n|P), ~ % (with p a positive integer)
are the key quantities to characterize intermittency. A non-
linear dependence on the exponents ¢, with p is indeed a
signature of intermittency. In 3D hydrodynamics, experiments
showed a nonlinear scaling of ¢, with p [1,4] that is not
described by the Kolmogorov nonintermittent prediction in
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FIG. 1. Experimental setup. A pair of Helmholtz coils generates
a horizontal homogeneous magnetic field B on the ferrofluid surface.
Random waves are driven by a wave maker linked to a shaker at one
end of the canal. The wave elevation 7(¢) is measured at a single point
using a capacitive wire gauge. L = 15cm, Ly = 2cm, and h = 2 cm.

= ”;—1 p [3]. Phenomenological models have been proposed
to tackle this discrepancy and predict the nonlinear shape of ¢,
[2,8-10]. Some agree with experiments [4], but do not account
for the observed oscillating ¢, [5,6]. For Burgers turbulence,
the presence of shock waves leads to strong intermittency. In
the limit of vanishing viscosity of the Burgers equation, the
structure functions are then predicted by a bifractal model,
since regular random waves and shock waves coexist, as
[24-26]

Shi(r) ~ "2 for p < 2/(n—1), 1)

Sg(r) ~ 1! otherwise. 2)

The scaling in ¢, = (n — 1)p/2 in Eq. (1) comes from the
smooth random component of the solutions [2,27]. It is also
predictable by dimensional analysis and is related to the
exponent n of the energy spectrum. The second scaling in
¢p = 1, regardless of p > 2/(n — 1), occurs when the shocks
dominate, and the unit value is related to the vertical fea-
ture of the shock fronts leading to §-Dirac singularities for
its increments (see Appendix A). Note that the effects of
the spectral bandwidth of the random forcing to the Burgers
equation and of dissipation on the scaling of Eq. (2) have
been numerically investigated [27,35]. Nevertheless, to our
knowledge, no experimental evidence for such intermittency
in Burgers turbulence has been established so far.

III. EXPERIMENTAL SETUP

The experimental setup is represented in Fig. 1 and has
been described in detail in Ref. [30]. A canal of length L =
15 cm is filled with a liquid up to a depth of 7 = 2cm. An
electromagnetic shaker with a paddle is located at one end
to inject energy in a narrow random frequency bandwidth
fo £ AF, with fy = 8.5 Hz and AF = 2.5 Hz. The typical
rms wave maker amplitude is a few millimeters. We use a
magnetic fluid (Ferrotec PBG400 ferrofluid) subjected to an
external horizontal magnetic field B collinear to the wave

propagation. We have previously shown that increasing the
strength of the magnetic field enables us to tune the surface-
wave dispersion relation w(k), and to achieve, at large B, a
nondispersive acousticlike regime in w(k) ~ k, where random
shock waves dominate [30]. This regime occurs when the
dispersive gravity and capillary terms in the theoretical dis-
persion relation of surface waves are much smaller than the
nondispersive magnetic term. For our range of experimental
parameters and B = 650 G, we showed that the magnetic
term is about 20 times larger than the gravity and capillary
terms, but weak dispersive effects are still present due to some
residual gravity-capillary waves [30]. Such a nondispersive
wavefield regime has also been experimentally evidenced by
computing the spatiotemporal spectrum of the wave eleva-
tion leading to a spectrum in agreement with w(k) ~ k for
B = 650 G whereas the gravity-capillary dispersive relation
is observed for B = 0 G [30].

Here, we keep constant the horizontal magnetic field
strength to B = 650 G to observe and characterize intermit-
tency of the nondispersive regime involving mainly random
shock waves. We measure the surface elevation, n(r), at a
single point using a homemade capacitive wire gauge (0.2 mm
in diameter, 10 um in vertical resolution at 2 kHz), located
in the middle of the canal, during 7 = 15 min. We checked
that the location of the probe in the canal does not change the
results reported here in particular for shock waves that con-
serve their shape (i.e., their discontinuity) along the canal (see
Appendix B). To quantify the wave nonlinearity, we mea-
sure the mean wave steepness as € = Nk, With nyys =
V (n()?); the standard deviation of the surface elevation, and
k,, the wave number at the wave spectrum maximum (typi-
cally at the forcing scale) [13]. € is chosen constant to a low
value of 0.07 to be in a weakly nonlinear regime.

IV. WAVE ENERGY SPECTRUM

A typical example of the fluctuations of the surface el-
evation, 7(t), over time, is plotted in Fig. 2(a). Very steep
wave fronts emerge as random shock waves (see arrows) cor-
responding to peaks in the signal difference. A typical shock
wave is enlarged in Fig. 2(b) well fitted by a solution of the
Burgers equation [22] in a tanh(¢ /t*) with a its amplitude and
t* quantifying its steepness. These shock-wave parameters are
inferred from a 15-min signal in which 863 shock waves are
detected. We find a = 1.3 £0.4 mm and t* =5.7+2.1 ms
and Gaussian distributions for a and #*. This very steep pro-
file does not reach a fully vertical front (i.e., t* — 0) that
occurs only for vanishing viscosity in the Burgers equation.
We have shown previously that shock waves are characterized
by a discontinuity leading to a é-Dirac singularity in the
second-order difference of their amplitude [30]. Using the
Fourier transform 7(w) of n(t), the frequency-power spec-
trum, E, (w) = [7(w)|? /T, of the wave-amplitude fluctuations
is computed and shown in Fig. 2(c). A well-defined power-law
scaling in E(w) ~ w™* is observed. Such a spectrum of shock
waves has been shown to agree with the theoretical Kuznetsov
spectrum of second-order singularities [30,36]. It differs from
the classical w~2 Burgers spectrum (see Appendix A), as the
experimental shock-wave fronts are not fully vertical. When
the singularities are removed from the signal by smoothing
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FIG. 2. (a) Typical signal n(¢) (black) and its difference (red)
highlighting shock waves (arrows). (b) Zoom on a shock wave (e) fit-
ted by a Burgers solution in a tanh(f /t*) (@ = 1.7 mm, t* = 4.7 ms).
(c) Frequency-power spectra E,(f) with (solid line) and without
(dashed line) shock waves. Black dash-dotted lines: theoretical spec-
trum in f~* for second-order singularities [30,36] and best fitin f~—*8
for the spectrum without shock wave. (d) PDFs of the fourth-order
increments 8n(t) for time lags v € [2.5, 50] ms (see arrows), i.e.,
f € [10, 200] Hz, with (solid lines) and without (dashed lines) shock
waves. Black dash-dotted line: Gaussian with unit standard devia-
tion. Correlation time is 7. &~ 33 ms (see Appendix C). PDFs have
been shifted vertically for clarity.

numerically the signal around the discontinuities (using
a moving-average filter) [30], the corresponding spectrum
scales in w~*® [see the red-dashed line for data, and the black
dash-dotted line for the best fit, in Fig. 2(c)] as it is mainly
governed by residual gravity-capillary waves and dissipation.
Let us now focus on the statistics of the increments of the
surface elevation.

V. PROBABILITY DENSITY FUNCTION

For such a steep w™* spectrum, high-order difference

statistics are required to test intermittency [37]. After-
ward, we will use the fourth-order increment 5(4)77 =
n+2t)—4nit+7t)+6nkt)—4nt —7)+nt —21). As
we have checked, this is more than enough to achieve con-
vergence of the structure functions, which then no longer
depend on the higher order of the increment used [37]. §*p
will be denoted én afterward, for the sake of clarity. The
PDFs of én(t) are displayed in Fig. 2(d) for different time
lags t corresponding to more than one decade in frequency
f =1/Q2t). The PDFs are found to be almost Gaussian at
large 7, as expected, and display a continuous deformation
with decreasing 7 leading to heavy tails at small 7, as a signa-
ture of intermittency [2]. Its origin is ascribed to the coherent
structures, i.e., shock waves, storing energy, and traveling over
the canal. Indeed, at small scales (t < 20 ms, i.e., f > 25 Hz)
the PDF tails are heavier in the presence of shock waves
(solid lines) than without shock waves (dashed lines). Thus,
intermittency appears much more pronounced in the presence
of shock waves than without, as will be quantified below by
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FIG. 3. Structure functions S,(t) as a function of T with (a) and
without (b) shock waves, for increasing p € [1, 6] (see arrow). Dash-
dotted lines: power-law fits in 7°» within the inertial range (between
vertical dashed lines). Exponent ¢, versus T with (c) and without
(d) shock waves, for increasing p € [1, 6] (see arrow).

the structure-function analysis. Note that, although the shock
waves are removed, heavy tail PDFs still remain since other
(less intense) coherent structures are present (see below).

VI. STRUCTURE FUNCTION

We now compute the structure functions S,(t) in order to
quantify the above-reported intermittency. S,(t) are shown in
Fig. 3 with (a) and without (b) shock waves for p € [1, 6].
At first glance, power laws in 7% are observed in the inertial
range. To more accurately extract these exponents, we com-
pute logarithmic derivatives ¢,(t) = d log(S,)/d log(7), i.e.,
the logarithmic local slopes, that are shown in Fig. 3 with (c)
and without (d) shock waves.

With shock waves, a clear increase of ¢, with 7 is ob-
served in the inertial range for p > 3, whereas ¢, is found
to be roughly constant without shocks, as for classical in-
termittency [2]. The values of the exponents averaged over
T in the inertial range, ({,), are reported in Fig. 4. In the
presence of shock waves (full symbols), we find that ({,)
strongly increases until p &~ 2 and much less for larger p.
Note that this observed intermittency is much stronger than
for 3D hydrodynamic intermittency [4—7] or wave turbulence
intermittency [12,13], as stronger nonlinearities are involved,
as shock waves. Such an evolution of (¢,) with p could be
qualitatively described by the bifractal model of Burgers tur-
bulence of Egs. (1) and (2). Indeed, for low p, Eq. (1) predicts
¢p = % p with n the frequency power-law exponent of the
energy spectrum. This nonintermittent scaling, a la Kol-
mogorov, comes from the smooth component of 7(¢). For
large p, Eq. (2) predicts that ¢, is independent of p, such in-
termittent scaling being ascribed to the shock waves [24-26].
However, a clear departure is observed between the experi-
ments and the Burgers model of Eq. (2) (see full symbols
and gray line in Fig. 4). This discrepancy is due to the fact
that the experimental shock-wave fronts are not fully vertical,
which can be taken into account by modifying the Burgers
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FIG. 4. Exponents (¢,) of the structure functions versus p with
(e) and without (o) shock waves. Gray line: Burgers model of Egs. (1)
and (2). Solid line: modified Burgers model (see text). Dash-dotted
line: nonlinear fit in {, =cp — %pz with ¢; =2 and ¢, = 0.23.
Dashed line: Kolmogorov nonintermittent prediction of Eq. (1). The
error bars correspond to the ¢, standard deviation in the inertial
range.

model (see below). When the shock waves are removed, the
experimental evolution of (¢,) is strongly different (see empty
symbols in Fig. 4). Burgers intermittency has vanished, but
intermittency is still weakly present. Indeed, ¢, can be fitted
by the simplest nonlinear law, {, = ¢ip — % p?, with c; =2
and ¢, = 0.23 (see dashed-dotted line). c¢; is related to the
Kolmogorov nonintermittent prediction ¢; ~ (n — 1)/2 with
n = 4.8 (see dashed line). The nonzero value of ¢,, quanti-
fying the deviation from linearity, shows that much weaker
intermittency remains as other coherent structures (i.e., steep
gravity-capillary waves) are still present, as routinely reported
in wave turbulence [12]. This is also confirmed by comparing
the magnitudes of the structure functions with and without
shock waves that differ from a few orders of magnitude at
small 7 once p > 3 [compare Figs. 3(a) and 3(b)]. The reason
is that shock waves through their discontinuities, generate
peaks in the increment of amplitude, |6n|”, increasing with p
that thus dominate the S, values. Another way to quantify in-
termittency, i.e., the PDF shape deformations over the scales,
is to compute the coefficients of flatness, S4/S>, and hyper-
flatness, Ss/S;. We find that they both confirm that strong in-
termittency is well ascribed to shock waves (see Appendix D).

VII. MODIFIED BURGERS MODEL

The experimental behavior of ¢, in Fig. 4 deviates from
the Burgers intermittency model [24-26]. This model assumes
shock waves with vertical fronts, and the structure functions
are then predicted, in the inertial range, by [25]

Sp(r)=Tt'(|Anl?),, forp>2/(n—1),  (3)

where I is the shock rate (mean number of shocks per
second) and |An|? = |6n(t,t,)|” is the pth moment of the
increment amplitude of a shock wave occurring at t = ¢.

FIG. 5. Evolution of a single shock-wave increment amplitude
for p = 4, |8n(t, T)|* and different 7: (a) simulations of the Burgers
equation and (b) experimental data. (c) Experimental increment max-
imum amplitude, (|An|”),, versus t for increasing p € [1, 6] (arrow).
Dash-dotted lines: predictions of Eq. (5) for a typical shock-wave
geometry of ¢ = 3.1 mmand * = 7.7 ms. (d) Compensated structure
functions S, /Sg‘ for p € [1, 6]. Vertical dashed lines indicate the
inertial range.

Equation (3) is only valid in the inertial range, which is veri-
fied experimentally since the shock-wave singularity duration
7, ~ 1 ms « t K duration between shocks 1/I" ~ 1 s. The
shock-wave number and amplitude must also be large enough,
as verified experimentally [30]. We first solve numerically
the 1D viscous Burgers equation [22]. Burgers shock waves
indeed involve vertical fronts (see Appendix A), and their
increment amplitude is well independent of 7 and their in-
crement width scales as t! [see Fig. 5(a)], as predicted by
Eq. (3). Note that the three nondimensional values of 7; used
in Fig. 5(a) are chosen to correspond to frequencies within the
inertial range of the theoretical w2 Burgers power spectrum
(see Appendix A).

Experimentally, the shock-wave fronts have a finite steep-
ness. As a consequence, the increment maximum amplitude
|[An|? will depend on 7, conversely to Eq. (3). Indeed,
Fig. 5(b) shows the experimental evolution of the increment
amplitude for p = 4, |6n(t)|*, of a single shock wave, over
time and for different r. We find that the widening of the
shock width scales as 7! as for the Burgers model, but a clear
increase of its maximum amplitude occurs with t, contrary to
the Burgers case [Fig. 5(a)]. Assuming that shock waves are
well described by a Burgers solution in 7(t) = atanh(¢/t*)
with ¢* its typical steepness [see Fig. 2(c)], one obtains easily
that An(t) = 2atanh[r/(2¢*)]. For a fully vertical front, ¢*
tends towards zero leading to An independent of t. For finite
steepness shock waves, Eq. (3) is thus modified as

SyP(r) =Tt (|an()P),  with 4)

T—1 p

(IAn(@)I"), = (&)

2atanh ( ) + (| Angl”),"?

As this prediction is only valid when t > 7, the shortest
possible time lag 19 =2ms and the corresponding
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shortest increment amplitude (|Ano|?); = (|An(to)|?);
are needed. The theoretical values {;h(l') thus read
¢Mr) = dlog(Si)/dlog(t) where SI'=Sh+ S with
S;i = [S,(0)r""~1/2]P the nonintermittent part, and S[TB the
shock-dominated part of the structure functions from Eq. (4).
S‘ph is then reported in Fig. 4 (solid line) and is in good
agreement with experimental data (bullets) with no fitting
parameter once the shock typical geometry (1*, a, and n) is
known. The time-averaged amplitude of the shock increments,
(|An(7)|?); of Eq. (5), is also successfully compared with the
experiments in Fig. 5(c) for different p leading to mean values
of a=3.1 mm and * = 7.7 ms, close to the ones found
directly fitting the shock-wave profile as in Fig. 2(b). Finally,
the experimental and theoretical structure functions of order p
are compared by plotting S,/ S;,h in Fig. 5(d). Curves collapse
well towards a constant value of the order of unity within the
inertial range, thus validating the modified Burgers model,
experimentally. The influence of the distribution widths of
a and r* on the compensated structure function, Sy /SLh, is
shown in Appendix E. S;/Si" shows some fluctuations, but
less than one order of magnitude.

VIII. CONCLUSION

We have reported the experimental observation of intermit-
tency in a regime dominated by random shock waves on the
surface of a fluid. Their energy spectrum is well described by
the theoretical Kuznetsov spectrum involving a random set of
singularities [36]. We have shown that these shock waves lead
to small-scale intermittency, quantified by the PDFs of the
increment of wave-amplitude fluctuations and by high-order
statistics (structure functions). The reported intermittency is
found to be much more intense than in 3D hydrodynamics
turbulence or wave turbulence. We have developed a Burgers-
like intermittency model, modified to take account of the
experimental finite steepness of the shock waves, which is
found to be in good agreement with data.

Our results could be applied to other turbulent systems.
Indeed, better understanding the role of coherent structures
in forming a turbulent spectrum and causing intermittent
behavior is crucial, particularly in wave turbulence and 3D
turbulence. As intermittency is associated with the singulari-
ties of the turbulent flow [38], vortex filaments, for instance,
could play the role of the Burgers shocks [2] although
they have much more complicated statistics (multifractal in-
stead of bifractal scaling). Since the Burgers equation has
a number of further applications from condensed matter to
cosmology [39], and is formally equivalent to the Kardar-
Parisi-Zhang equation describing interface growth dynamics
in a random medium [40], to what extent our results can be
applied to this range of fields is an open question. Finally,
dissipative effects could be tested in the future (as the fluid
viscosity in the Burgers equation impacts the shock-wave
front *) using ferrofluids of different viscosities and constant
magnetic properties.
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APPENDIX A: NUMERICAL SIMULATIONS
OF THE 1D VISCOUS BURGERS EQUATION

The 1D viscous Burgers equation reads [22]

an a 021

o VA9 = Vo
with A an arbitrary constant that ensures dimensional homo-
geneity and v the kinematic viscosity. To numerically solve
Eq. (A1), we use an implicit scheme with the Crank-Nicolson
formulation and a Thomas algorithm with the initial condi-
tion n(x, ¢t = 0) = sin(x) [30]. The numerical grid is resolved
with 1024 points. Five successive shocks (black) and their
first-order difference 8n(x) = n(x + dx) — n(x) (red) are dis-
played in Fig. 6(a) at large . Shock waves with a vertical front
are visible, and their difference is a §-Dirac distribution. The

(Al)
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7 [mm]

x [cm)]

FIG. 7. Experiment: Spatial evolution of the surface elevation
in response to a single pulse forcing for increasing times (spaced
from 25 ms, from blue to purple, i.e., from left to right). The arrows
indicate the discontinuity location over time.

corresponding power spectrum £, (k), displayed in Fig. 6(b),
scales as k=2 as expected. In the inertial range, the amplitude
of the corresponding increments §n(x, r) = n(x +r) — n(x)
is independent of the separation r, conversely to its width [see
Fig. 5(a)—the time lag 7 playing the role of r since temporal
signals are involved experimentally]. The shocks observed
experimentally differ from the numerical ones of Fig. 6(a).
The experimental fronts are not fully vertical, but have a finite
steepness because of residual dispersive effects [see Fig. 2(b)].
This leads to a §-Dirac distribution in the second-order differ-
ence 8Pn(t) = n(t + 2dt) — 2n(t + dt) + n(¢) and not in the
first-order difference. They are also found to appear randomly
in the experimental signal [30].

APPENDIX B: SHOCK-WAVE PROPAGATION

The experimental propagation of the surface elevation in
response to a single pulse forcing is shown in Fig. 7. This
signal is obtained using a spatiotemporal measurement [30].
A shock wave involving a discontinuity is observed traveling
along the canal, keeping a self-similar shape.

1
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FIG. 8. Normalized autocorrelation function C(z) of Eq. (C1)
versus the time lag t (solid blue line) and its parabolic fit from
Eq. (C2) for small 7 (black dashed line). 7, ~ 33 ms.

(a)

10° 7 [ms] 10 Te

FIG. 9. Coefficients of (a) flatness, S;/S?, and (b) hyperflatness,
S6/S;, as a function of the time lag 7 with (¢) and without ()
shock waves. Horizontal dashed lines: expected values for a Gaus-
sian distribution (3 and 15, respectively). Solid lines: prediction
of the Burgers-like intermittency model, St /S8 using Eq. (4).
Vertical dashed lines indicate the inertial range. 7. ~ 33 ms (see
Appendix C).

APPENDIX C: CORRELATION TIME ESTIMATION

The normalized autocorrelation function C(t) of a tempo-
ral signal n(¢) is defined as

(n(t + o)n)):
(n(®)?),

The correlation time 7. can be inferred from C(z.) = 0. For
small values of 7, C can be approximated by a parabolic
function that provides a better estimation of the correlation
time, 7., as

Cr) = (CD)

)
Coy~1-—. (C2)

‘CC
If two points of the signal 7(¢) are separated by a time lag
T > 7. they are fully uncorrelated and are thus independent.
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FIG. 10. Compensated structure functions S, /S using best val-
ues a = 3.1 mm and t* = 7.7 ms (black e) and rms values of the
distributions: @ = 1 mm and ¢* = 7.7 ms (red ¢) and a = 3.1 mm
and t* = 3.5 ms (blue M). Vertical dashed lines indicate the inertial
range.

The experimental correlation function is displayed in Fig. 8.
The parabolic fit of Eq. (C2) provides an estimation of the
correlation time 7. &~ 33 ms. The range of t used in the main
paper corresponds to T K .

APPENDIX D: FLATNESS AND HYPERFLATNESS
COEFFICIENTS

The small-scale intermittency (i.e., the PDF shape defor-
mations over the scales t) can be quantified by the dependence
of the flatness coefficient, S;/S 2 with t as shown in Fig. 9(a).
At large 7, the flatness is close to 3 (the value for a Gaussian)
and increases up to 10° at small 7, corresponding to a much
flatter PDF [see Fig. 2(d)]. The same is performed in Fig. 9(b)
for the hyperflatness, Sg/S;, ranging from 15 (the value for a
Gaussian) up to 10°. These experimental dependencies of the
flatness and hyperflatness coefficients are in agreement with
the theoretical predictions, Stph /ShP /2 Where S;,h = S;i + S8
with S;i the nonintermittent part (valid for small p) and S‘p“B
from Eq. (4) of the Burgers-like intermittency model (valid
for large p) and corresponding to the shock-dominated part of
the structure functions. When removing the shock waves (¢ in
Fig. 9), the flatness drops by a factor of 20 and the hyperflat-
ness by a factor of 500, confirming the strong intermittency is
well ascribed to the shock waves.

APPENDIX E: INFLUENCE OF THE SHOCK-WAVE
PARAMETERS ON THE MODIFIED BURGERS MODEL

The compensated structure function Sy/Si! is plotted for
three different values of the shock-wave parameters, a and t*,
to evidence the limits of the modified Burgers model (Fig. 10).
When using the rms values of the distributions of a and #*,
84/85" shows some fluctuations, but less than one order of
magnitude, thus validating the model.
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