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We present experimental evidence that, together with the integral fluctuation theorem,
which is fulfilled with high accuracy, a detailed-like fluctuation theorem holds for large
entropy values in cascade processes in turbulent flows. Based on experimental data, we
estimate the stochastic equations describing the scale-dependent cascade process in a tur-
bulent flow by means of Fokker-Planck equations, and from the corresponding individual
cascade trajectories an entropy term can be determined. Since the statistical fluctuation
theorems set the occurrence of positive and negative entropy events in strict relation, we
are able to verify how cascade trajectories, defined by entropy consumption or entropy
production, are linked to turbulent structures: Trajectories with entropy production start
from large velocity increments at large scale and converge to zero velocity increments at
small scales; trajectories with entropy consumption end at small scale velocity increments
with finite size and show a lower bound for small scale increments. A linear increase with
the magnitude of the negative entropy value is found. This indicates a tendency to local
discontinuities in the velocity field. Our findings show no lower bound of negative entropy
values and thus for the corresponding piling up velocity differences of the small scale
structures.

DOLI: 10.1103/PhysRevFluids.5.034602

I. INTRODUCTION

One fundamental task in turbulence is to understand it as the result of a cascade process through
a hierarchy of spatial and temporal scales. There have been breakthroughs to achieve this task, such
as the derivation of the Karman-Howarth equation and Kolmogorov’s four-fifths law [1-3]. Despite
the progress made, a basic problem of understanding the small scale structure of turbulence is still
missing, as expressed mathematically as one Millennium problem [4] or by the discussion of blowup
or singularities (for some recent works, see Refs. [5-7]). In Ref. [2] singularities and depletions are
named as two central problems of turbulence for which rigorous methods should be found.

*andre.fuchs @uni-oldenburg.de

2469-990X/2020/5(3)/034602(10) 034602-1 ©2020 American Physical Society


https://orcid.org/0000-0003-4237-488X
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevFluids.5.034602&domain=pdf&date_stamp=2020-03-11
https://doi.org/10.1103/PhysRevFluids.5.034602

ANDRE FUCHS et al.

Besides the aforementioned approaches, turbulence has also been described by means of a cas-
cade trajectory which assumes a stochastic process with respect to the evolution process of velocity
increments from large scales towards smaller scales. The bridge between theory and experiments
is made by assuming parameter-free methods for deriving an empirical Fokker-Planck equation for
the cascade process, which incorporates the multiscale statistics of velocity increments [8§—13].

Thermodynamically, we can understand turbulence, especially the cascade trajectory, as a
process leading a fluid under specific conditions (Reynolds number) from a nonequilibrium state
into a new nonequilibrium state by the combination of energy injection and dissipation. Within
this context, the stochastic approach to turbulence has recently been linked to stochastic thermo-
dynamics [12,14], also called stochastic energetics [15], developed previously in Refs. [16-19].
Actually, experimental studies of stochastic thermodynamics mainly focus on particle systems, such
as biological and nanosystems [20,21], which are assumed to be well off the thermodynamic limit
so that the probabilistic nature of thermodynamic relations becomes clearer.

Herein, we present a step forward by showing how fundamental results in nonequilibrium
thermodynamics are associated with typical features observed in turbulent flows, which is a
classical continuous macroscopic system without atomic or molecular features. A basic aspect
is that the stochastic thermodynamics enables one to define a total entropy variation for each
cascade trajectory. For this total entropy variation, we show that the integral fluctuation theorem is
fulfilled with high accuracy, proposing this as another fundamental law for turbulence and showing
the consistency of the empirical Fokker-Planck description. Positive and negative total entropy
variations, respectively consumptions, are furthermore balanced in a certain range by an extended
or detailed-like fluctuation theorem. We show that the estimation of entropies allows us to select
a distinct realization of a turbulent cascade trajectory leading to interesting small scale structures,
such as piling up fluctuations and finite “jumps” for entropy-consuming trajectories.

II. EXPERIMENTAL SETUP

In this paper, we report on an analysis of a turbulent flow generated by a fractal grid placed at the
inlet of the test section in a closed loop wind tunnel. The results presented here do not depend on the
specific selection of this turbulence experiment. Similar results were found for other turbulent flows
such as a free jet. The experimental setup is sketched in Fig. 1(a). Constant temperature hot-wire
anemometry measurements of velocity were done at a distance of 54 cm along the centerline. To
account for the distance at which the different wakes generated by the fractal grid bars interact,
Mazellier and Vassilicos introduced [22] the wake-interaction length scale x, (54 cm=0.6x,).
The data acquisition comprises 6.4x 107 samples at a sampling frequency of 60 kHz. The inlet
velocity was set to (v) = 15.3 m/s. The turbulent flow is characterized by an integral length of
L = 28 mm and a Taylor length scale of A = 2.5 mm, corresponding to Re; = v/L/v = 4540 and
Re; = u'L/v = 405, respectively, where «’ is the root mean square of velocity fluctuations related
to the mean value and v is the kinematic viscosity.

III. METHODS OF ANALYSIS

From a data series of velocities v(¢) (a component in the direction of the mean flow) we construct
the data sets of their longitudinal increments u. () = v(t) — v(t 4+ 7) labeled by the timescale
T which, assuming the Taylor hypothesis [23] (the turbulence intensity is less than 20% for the
analyzed data), corresponds to spatial velocity increments, u,(t) = —u,(t) with r = —7(v).

Based on increments we define cascade trajectories [u(-)] = {uy, ..., u;} for different scales
from the integral length L to the Taylor length A scale. We assume that a single trajectory represents
one realization of the turbulent cascade process and a large number of these trajectories reflect the
statistics caused by the process. An illustration of one cascade trajectory or a single “cascade path”
is plotted in Fig. 1(b). As shown in this figure, we use the following normalization to compare the
results of different data sets. The scale r is given in units of Taylor length scale A and the velocity
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FIG. 1. (a) Illustration of experimental setup. The fractal grid is placed at the inlet of the test section in
a closed loop wind tunnel. The red dot marks the position of hot-wire measurement. (b) Exemplification of
a single cascade trajectory [u(-)], obtained by splitting the velocity time series v(¢) (right) into intervals of
integral length scales and calculating the velocity increments with respect to the point at the beginning of these
intervals.

increments u, are given in units of the standard deviation at infinite scales o, = «/Eav =3.5m/s
[0, is the standard deviation of the velocity time series v(z)].

Next, we show how the stochastic evolution of cascade trajectories can be described by a Fokker-
Planck equation in scale [9,11,24],

=0, p(urly) = =8, [DV (ur, 1)puty|un )] + 87 [DP (ur, 1) pluty |, )], (1)

with r < rp. We use the abbreviations u, = u,(t), 9, = d/dr, and 9, = 9/du,. The negative sign
on the left-hand side of Eq. (1) is due to the direction of the cascade process from large to small
scales r. Experimental evidence shows that the Markov property can be assumed to hold for the
cascade coarse-grained by the Einstein-Markov length Agy ~ 0.9 [24,25]. The coarsening means
that it does not make any sense to investigate increment structures on smaller scales than Agy
or respectively A by the presented method. That is the reason why the definition of the cascade
trajectories ends at L. Consequently, all information in the cascade trajectories can be derived from
three-point (two-scale) statistics (see Ref. [13] for further details).

The two functions D''?) defining the Fokker-Planck equation are called drift and diffusion
coefficients, respectively, and are defined by the two first conditional moments (k = 1, 2), known as
Kramers-Moyal coefficients,

o] k
f 00 (uy — uy)" pQuy |uy )du,

- k'(r' —r) 2)

D®(u,, r) = lim
D® can be estimated directly from measured data by an optimization procedure proposed in
Refs. [8,10,12], which includes reconstruction of the conditional probability density functions
p(u,|u,) via a short time propagator [26]. Note, there are different definitions of D®) with respect
to a multiplication with r (see Ref. [13]).
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FIG. 2. (a) First- and (b) second-order Kramers-Moyal coefficients estimated from experimental data.
Linear and parabolic fitting functions [Egs. (3) and (4)] illustrate their functional dependency. (c) Third- and
sixth-order structure functions as a function of the scale. Shown are the experimental data (expt.) and the
reconstruction using the fitted Kramers-Moyal coefficients. We plot —S(r) since the third-order structure
function is negative in the inertial range. The dashed line represents the four-fifths law, that is expected to
hold only for ideal flow conditions (homogeneous isotropic turbulence) and for a very large or infinitely
large Reynolds number. The sixth-order structure function allows one to determine Kolmogorv’s intermittency
correction S(r) oc r>H.

Similarly to previous works [10-12,24], here we find a linear function for D" and a parabolic
function for D®,

DV (u,, r) = dyy (r)u, 3)

DD (u,, 1) = dy(ru? + doy (), + dao(r). 4)

The estimated drift and diffusion coefficients and the fits defined in Egs. (3) and (4) are plotted in
Figs. 2(a) and 2(b). Coefficients d;; in the fits are functions of scale r of the form a(r /MNE+y,

di1(r) = —0.73(r/2) """ 4 0.05,
d(r) = 0.05(r/1)"%% —0.01,
dy1(r) = —0.04(r/1)""* 4 0.02,
dao(r) = 0.79(r/2)*% —0.76.

In the spirit of nonequilibrium stochastic thermodynamics [27] it is possible to associate
with every individual cascade trajectory [u(-)] (obtained by the definition given above) a total
entropy variation AS,. The set of measured cascade trajectories results in a set of total entropy
variation values ASi (the same number of entropy values as the number of trajectories) given by
[12,14-16,27]

A

ASo[u(-)] = —/ (&)

A
3ty 3, () )dr — In (p (0, )>.
L

P (ML, L )
Based on the Fokker-Planck equation (i.e., the function D" and D®), that describes the stochastic

evolution of cascade trajectories in scale, the stochastic potential from the instantaneous stationary
solution of the estimated Fokker-Planck equation for a fixed scale is expressed by [13]

“ DM (w,, r)
(D@ ol B —
o) = In D (u,, r)] /;oo D®(w,, r)

As the determination of the total entropy variation possesses a central role in this paper, we
discuss Eq. (5) next with respect to its thermodynamic interpretation as well as with respect to the

w,. (6)
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technical determination. The thermodynamic interpretation is based on the basic relation between
heat, work, and inner energy (for further details, see Refs. [15,16,27]). The first term of Eq. (5) is
the change in entropy due to the exchange of energy with the surrounding medium, which depends
on the evolution through the hierarchy of length scales r in the cascade process. The second term
in Eq. (5) is the change in entropy associated with the change in state of the system for a single
realization of a process that takes some initial probability p(u;, L) and changes to a different final
probability p(u,, 1).

In Eq. (5), the numerical differentiation of d,u, is approximated by the central difference quotient,
lim, _,, ”;’,:':”. This numerical differentiation is performed for every individual extracted cascade
trajectory [u(-)] [see Fig. 1(b)] in a sequence from large to small scales. The derivative of the
stochastic potential is performed with respect to the increment ,,

au,D(Z)(ura }") - D(l)(ura }")
D (u,, r) '

O, p(uy) = (7

The integration in scale is approximated by using rectangles and a midpoint rule discretization
of the scale intervals, therefore the integral takes the average of the beginning and end of the
discretization interval. The probabilities of starting and ending of the cascade trajectories, u;, and
u;,, can be estimated from the given data. The results shown in the next section depend slightly on
the discretization rules and convention. However, the overall statements do not depend on it.

IV. RESULTS

To verify the validity of the estimated D2’ describing the cascade process of the turbulent flow
correctly, we use the parametrization of D2 [defined in Eqs. (3) and (4)] to reconstruct structure
functions S*(r) = (u’r‘ ) of order k (see Refs. [10,24,28,29]). Our results show an accurate agreement
between measurements and reconstructed data, as shown in Fig. 2(c) for the scalewise evolution
of third- and sixth-order structure functions. This reconstruction also includes the experimentally
found deviations from scaling behavior by Kolmogorov [30,31].

As shown above for each cascade trajectory, one obtains a corresponding value of total entropy
variation. The set of measured cascade trajectories results in a set of ASy, values from which
both the integral fluctuation theorem (IFT) and the detailed fluctuation theorem can be tested.
The IFT, a fundamental entropy law for nonequilibrium systems [16,27], expresses the integral
balance between the entropy-consuming (AS;,: < 0) and the entropy-producing (ASi: > 0) cascade
trajectories. In particular, the IFT holds for any Markovian process, and hence those described by a
Fokker-Planck equation [27] and states

(e Sy = / 50 p(ASie)d ASi = 1. ®)

(---) is the average over many cascade trajectories and p(ASi) is the probability density function
of the total entropy variation, plotted in Fig. 3(a). This figure shows that the cascade process is
linked to an overall entropy production, (ASy,) > 0, which is in accordance with the statistical
formulation of the second law of thermodynamics. In Fig. 3(b) the convergence of the empirical
average is plotted for increasing number N of cascade trajectories. The validity of IFT is fulfilled
with a remarkable accuracy better than 1072 (see also Ref. [29]). The fast convergence of the integral
fluctuation theorem to the theoretical value, one, together with a good agreement between measured
and reconstructed structure functions, are strong indications for the validity of the estimated D%
through our method and therefore the validity of the Fokker-Planck equation for describing the
turbulent cascade process.
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FIG. 3. (a) Probability density function of the total entropy variation S. (b) Empirical average (e~25et)

of AS, as a function of the number N (sample size) of cascade trajectories [u(-)]. According to the integral
fluctuation theorem [defined in Eq. (8)], the empirical average has to converge to the horizontal dashed line.
(c) Experimental test of the detailed fluctuation theorem [defined in Eq. (9)]. The dashed line in (c) represents
a linear fit by using f(|AS|) = |ASit| + 0.7.

The detailed fluctuation theorem is a “stronger” theorem which implies the IFT [27]. It is
expressed by

n ( P(ASior)
P(—ASior)

P(AS) P(—AStot)eASm~ (10)

) X ASior, &)

The detailed fluctuation theorem tells us more than the second law of thermodynamics as it
supplies a probabilistic character to it: An explicit exponential symmetry constrains one half of
the probability distribution which means that even moments can be expressed by the odd ones
and vice versa. That symmetry when written in terms of the generating function of p(ASy) reads
Gas, (1 —x) = Gas,, (x), where x is the conjugate variable of the entropy. Consequently, if the
detailed fluctuation theorem is fulfilled, then the probability of entropy-consuming trajectories,
which are rare events [as shown in Fig. 3(a)], differs from the probability of frequent entropy-
producing trajectories by an exponential factor. Figure 3(c) indicates that for 2 < |ASy| < 6 the
quantity In [p(ASi)/p(—ASi)] + C with a constant value C follows a linear behavior. Thus in
addition to the fulfillment of the IFT, the likelihood of occurrence of these rare events is also
balanced by a detailed-like fluctuation theorem. If Eq. (9) follows a nonlinear function g(AS),
one speaks of an extended fluctuation theorem (see Ref. [32]).

Next, we ask for typical realizations of turbulent cascade processes. Thus we take cascade
trajectories conditioned on a specific total entropy variation and determine for these trajectories
the average of the absolute values of the velocity increment (|u,|) as,, as a function of r (see Fig. 4).
As a result of the cascade process through a hierarchy of spatial scales, such defined cascade
paths connect the uncorrelated large scale velocity increments |u; | with the intermittent small scale
increments |u;, |. Figures 4(a) and 4(b) show that the total entropy variation selects distinct cascade
trajectories. Trajectories defined in this way can be divided into two groups. Trajectories marked
by entropy production smoothly decrease with a reduction of the length scale, as it is commonly
expected for increments. In contrast to this, entropy-consuming trajectories are characterized by a
piling up at small scales and a comparable smooth region at large scales.

In Fig. 4(c) we investigate the total entropy dependency of the small scale increments at the
end of the cascade process (|u;|)as, . Note, for an entropy consumption of AS; < —2, a linear
increase is found: The larger the total entropy consumption, the larger is the averaged absolute
velocity increment at the Taylor length scale. Moreover, Fig. 4(c) indicates that the total entropy
consumption is connected to a divergence of absolute velocity increments on the smallest scales
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FIG. 4. Mean realization of a turbulent cascade process for (a) positive and (b) negative measured total
entropy variation. Solid lines emphasize the averaged absolute velocity increment cascade trajectory for
(a) ASiot = 3, (b) ASit = —3. (c) Averaged absolute velocity increment at a Taylor length scale conditioned
on a specific total entropy variation. The dashed line in (c) represents a linear fit by using f(|ASy|) =
—0.2A8 + 0.4.

since no upper bound in the linear increase for the negative entropy values become obvious [see the
dashed line in Fig. 4(c)].

In Figs. 5(a) and 5(b), 200 individual entropy-producing respectively entropy-consuming trajec-
tories, that were used for averaging, are shown. It can be clearly seen that the condition on entropy
values selects trajectories of the cascade process with distinctive forms. In order to illustrate that
this selection by the total entropy variation is not trivial, we plot in Fig. 5(c) the absolute velocity
increment cascade trajectories conditioned on a selected small scale increment value of |u,| = 1.5,
i.e., without any entropy condition. Compared to Figs. 4(a), 4(b) and Figs. 5(a), 5(b), no distinct
scale behavior on absolute velocity increment cascade trajectories is recognizable.

Further details of the dependency of the velocity increments on the entropy are shown in Fig. 6,
where in Fig. 6(a) all initial, large scale increments |u;| as well as in Fig. 6(b) all finial, small
scale increments |u;| are sorted by the total entropy values of the connecting trajectories (see
the gray dots). For entropy production all sizes of small and large scale increments are found.
Most interestingly, we see that with increasing entropy consumption, a lower bound of small scale
increment values becomes obvious [see Fig. 6(b)]. A value zero of small scale increments (|u;, | &~ 0)
seem to be forbidden.

The mean of the absolute values of the increments conditioned on the total entropy values
is shown for small and large scales as black curves in Figs. 6(a) and 6(b). Interestingly, mean
large scale increments (|uz|)as,, depend linearly on the entropy-production values, whereas small
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FIG. 5. (a) The first 200 absolute velocity increment cascade trajectories conditioned on a specific total
entropy variation (a) AS,,, = 12, (b) AS,, = —6, and (c) conditioned on an absolute velocity increment at
a Taylor length scale |u;| = 1.5. Solid lines emphasize the averaged absolute velocity increment cascade
trajectory.
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FIG. 6. Scatter plot of velocity increments at (a) large |u,| and (b) small scales |u; | as a function of the
entropy values of the corresponding cascade trajectory. Black curves represent the mean absolute values of
the velocity increments conditioned on the total entropy AS;q; blue curves represent the mean total entropies
conditioned on the increment values.

scale increments (|u;|)as, show a linear dependency on entropy consumption in a somehow
complementary way. From the other parts of the black curves, we see that small scale increments
are approximately independent on positive entropy values and that large scale increments are
approximately independent on negative entropy values.

The dependencies of the mean total entropies on the velocity increments (ASiq) | are shown as
blue curves in Figs. 6(a) and 6(b). Overall for this condition only entropy production is obtained.
With an increasing magnitude of the velocity increments (on large as well as on small scales)
the entropy indicates the tendency to increase. For zero magnitude of the velocity increments, the
entropy is also close to zero, indicating a trivial or equilibrium case.

These two cases of velocity increments conditioned on total entropy variation and entropy
conditioned on increments clearly show that the entropy selects interesting information, especially
about small scale intermittent structures, on the turbulent velocity field.

V. CONCLUSION

In summary, based on the description of the turbulent cascade process by stochastic equations,
a definition for the total entropy variation of each cascade trajectory could be set up. These
entropy values follow a rigorous law of nonequilibrium stochastic thermodynamics, namely, the
integral fluctuation theorem. Furthermore, large positive and negative entropy events are balanced
by the detailed-like fluctuation theorem. Our study shows that these fluctuation relations are highly
sensitive to the Kramers-Moyal coefficients D®). This has largely to do with the fact that minor
fluctuations in the coefficients impact the probability distribution, particularly the probability of
those unlikely entropy-consuming events which are crucial to obtaining the relations.

These fundamental statistical fluctuation theorems are linked to distinct cascade trajectories in
such a way that the total entropy variation allows defining mean trajectories leading to different
interesting small scale structures. For positive entropy values velocity increments have the tendency
to decay with decreasing scale, as it fits well to the traditional picture of turbulence. For negative
entropy values an anomalous behavior is found, namely, the conditioned trajectories show building
up increments for decreasing scale leading to jumps or quasisingularities on small scales, similarly
to what is observed in Ref. [5]. Taking the large increments of entropy-consuming trajectories
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as quasisingularities and the entropy-producing trajectories as classical nonsingular behavior, the
detailed-like fluctuation theorem sets the occurrence of entropy-producing in direct relation with
entropy-consuming trajectories. The exponential proportionality factor between both entropies may
be taken as the depletion law for the quasisingular behavior in the sense that more singular cascade
trajectories have a higher amount of traditional entropy-producing trajectories as a counterpart (see
the analogy to the occurrence of rogue ocean waves [33]).

The results on the selection of distinct cascade trajectories by the total entropy variation and the
distribution p(ASio¢) indicate that no saturation tendency becomes obvious for minimal and maximal
total entropy variation, thus for the corresponding piling up velocity differences of the small scale
structures. Furthermore, the negative entropy effect goes along with the appearance of a lower bound
for small scale increments. This finding might be of interest to the questions of singularities or
rare extreme velocity gradients at small scales (see Ref. [7]). We leave the implications of these
observations open for further study.

In our opinion, this interdisciplinary treatment of the turbulent cascade process has the potential
to be an alternative way to link the statistical description of turbulence (via common two-point in-
crement statistics), nonequilibrium stochastic thermodynamics, and local turbulent flow structures.
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