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Abstract In the present work we study potential applicability of large eddy simulation (LES) method for pre-
diction of flatness and skewness of compressible magnetohydrodynamic (MHD) turbulence. The knowledge
of these quantities characterizes non-Gaussian properties of turbulence and can be used for verification of
hypothesis on Gaussianity for the turbulent flow under consideration. Prediction accuracy of these quantities
by means of LES method directly determines efficiency of reconstruction of probability density function (PDF)
that depends on used subgrid-scale (SGS) parameterizations. Applicability of LES approach for studying of
PDF properties of turbulent compressible magnetic fluid flow is investigated and potential feasibilities of five
SGS parameterizations by means of comparison with direct numerical simulation results are explored. The
skewness and the flatness of the velocity and the magnetic field components under various hydrodynamic
Reynolds numbers, sonic Mach numbers, and magnetic Reynolds numbers are studied. It is shown that vari-
ous SGS closures demonstrate the best results depending on change of similarity numbers of turbulent MHD
flow. The case without any subgrid modeling yields sufficiently good results as well. This indicates that the
energy pile-up at the small scales that is characteristic for the model without any subgrid closure, does not
significantly influence on determination of PDF. It is shown that, among the subgrid models, the best results
for studying of the flatness and the skewness of velocity and magnetic field components are demonstrated
by the Smagorinsky model for MHD turbulence and the model based on cross-helicity for MHD case. It is
visible from the numerical results that the influence of a choice subgrid parametrization for the flatness and
the skewness of velocity is more essential than for the same characteristics of magnetic field.

Keywords Large eddy simulation - Magnetohydrodynamic turbulence - Direct numerical simulation -
Flatness - Skewness - Compressible flow
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1 Introduction

Studies of compressible magnetohydrodynamic (MHD) turbulence are important for understanding of pro-
cesses in the space physics and astrophysics. Besides, such phenomena are widely encountered in various
applied areas. For example, one can mention recent studies of the noise decrease using plasma actuator for
control of large vortex structures in jets, investigations of decrease of turbulent flow resistance in aerospace
industry, MHD flow in a channel for steel-casting process, and in pipes for cooling of nuclear fusion reac-
tors. Fundamental limitations of direct numerical simulation (DNS) method for a turbulence modeling and
difficulties due to presence of compressibility and magnetic field demand development of new theoretical and
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computational methods and make important advancing of large eddy simulation (LES) method for such com-
plex MHD flows. According to LES approach, the large-scale part of the flow is computed directly and only
small-scale structures of turbulence are modeled. The small-scale motion is eliminated from the initial system
of equations of motion by filtering procedures and its effect is taken into account by special closures referred
to as the subgrid-scale (SGS) models. In fact, LES method allows to reproduce the space—time dynamics of
turbulent flow, so it is interesting to study potential possibilities of this numerical approach for computations of
probability density function (PDF) which characterizes the turbulent flow [12]. The modeling results depend
on characteristics of SGS models in LES method. Therefore an analysis of properties of probability density
demands due caution and additional studies of applicability of various SGS parameterizations. It is known that
the shape of the PDF depends on the structure of the analyzed field. In LES approach, the structure of the large
eddies depends to some extent on the characteristics of the subgrid scheme and the conclusions must always
be subject to cautions. Therefore, the deviation scope of probability density from Gaussian is the key charac-
teristic of turbulent flow, since this characteristic enables to verify validity of the hypothesis about Gaussian
probability density for a specific turbulent fluid flow, and to define possibility of applicability of computation
results by LES method for reconstruction of PDF of a real turbulent flow. Determination accuracy of probability
density may play an important role in understanding and prediction of dynamics of MHD turbulence. There
are various applied and physical problems where determination accuracy of statistical properties of turbulence
is principally important.

In terms of astrophysical implications, non-Gaussianity can substantially change predictions of heating of
interstellar gas; mysterious structures in interstellar medium can be explained by non-Gaussian properties of
MHD turbulence in the viscosity-damped regime; interaction with cosmic rays, radio waves, particle diffusion,
and acceleration may be very different random flows [14]. Also this phenomenon is well documented in the
laboratory. Other examples of non-Gaussianity come from the solar wind, observed in detail with a series of
satellites. These and many other issues can be settled when we need better predictions non-Gaussianity of
MHD turbulence.

Magnetohydrodynamic turbulence of conducting medium, unlike hydrodynamic turbulence of neutral gas,
deals not only with velocity fluctuations, but also with the magnetic ones. The non-Gaussian properties of
the two fields can be different. In addition, very often MHD turbulence is anisotropic. This all makes it more
challenging to understand the details of PDF of MHD turbulence. Therefore, the present work concerns study
of temporal dynamics of the flatness and the skewness of compressible MHD turbulence, that is related to
non-Gaussianity, using LES technique.

The departure from Gaussianity for fluid turbulence in the laboratory or in numerical simulations is mea-
sured in terms of the skewness and the flatness factor. The flatness factor (sometimes also called kurtosis) in
turbulent flows is a measure of non-Gaussianity. It is the fourth-order moment of the velocity field and the
magnetic field, respectively:
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The flatness is an indication of the occurrence of fluctuations far from the mean: it is an indicator of the
relative frequency of rare events. Hence the flatness increases with increasing sparseness of the fluctuations.
Note that it represents the deviation from Gaussian in the sense that functions having large flatness values are
more sharply peaked than Gaussian distributions are, and conversely.

Another interesting statistic that indicates the underlying PDF and the aspects of turbulence structure and
entrainment, as well as transport is the large scale skewness. The skewness is the third-order moment of the
velocity and the magnetic field. It is defined as
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in a temporal sense it represents the predominance of fluctuations above (positive) or below (negative) the
local mean. As such it is related to the asymmetry of the PDF of the velocity or the magnetic field fluctuations.
It is a sensitive indicator of changes in the large scale structure.

In the majority of cases, papers concerning LES approach for study of MHD turbulence deal with model-
ing MHD incompressible flows [1,11,13,16,17,23]. Recently, LES method for study of compressible MHD
turbulence has been developed and cases of polytropy gas [3,4,6,7,9] and heat-conducting plasma [5,8] have
been considered. In work [8] it was shown that SGS closures in the total energy equation (in the case of
electrically and heat conducting fluid) do not virtually exert influence on the time dynamics of the velocity and
the magnetic field and SGS models while for the temperature (same as for the internal energy) the presence
of SGS models in the energy equation is an important condition for improvement of calculation accuracy
of thermodynamic quantities. Therefore, without loss of generality for velocity and magnetic field, in the
present paper we consider compressible MHD turbulence with the polytropic relation between density and
pressure.

Limitations of DNS method for turbulence modeling especially gained momentum in studies of non-
Gaussian properties of compressible MHD turbulence are well known. Therefore, it is obviously important to
explore the applicability of effective approach such as LES method for studying flow properties of the charged
fluid which characterize departure from Gaussianity. It is well known that filtration operation is applied in LES
technique. The possibility to use filtration operations in LES method for the expansion of turbulent motion
characteristics into large- and small-scale parts is due to sufficient isotropy, homogeneity, and universality of
small scales of turbulent motion. The small-scale motion is eliminated from the initial system of equations
of motion by using filtration procedures under the above conditions. However, use of filtering procedure in
LES method actually excludes from simulation a small-scale part of turbulent flow for which just non-Gaus-
sianity presence is typical. The question naturally arises as to whether there is a possibility of application and
adequacy of LES technique for studying physical parameters which characterize non-Gaussian phenomenon.
Therefore, investigation of validity of LES approach for studying of non-Gaussian compressible MHD flows
is one of the objectives of the present work. For the solution of this problem, we will study and compare time
dynamics of the flatness and the skewness, calculated by LES- and DNS-methods, as well as adequacy of SGS
models developed earlier for modeling compressible MHD turbulence [3,7]. Also, our interest will be with the
validity of LES method and SGS parameterizations depending on various similarity numbers of non-Gaussian
turbulent flow.

Note that picture of turbulence is usually associated with the idea of self-similarity, or scale-invariance,
which means that the spatial distribution of the turbulent eddies looks the same on any scale level in the iner-
tial range. Nevertheless, this picture is not complete, since it ignores the existence of small-scale structures,
which cannot be distributed in a uniform space-filling way. When the fluctuations of a quantity on a certain
scale are not distributed in a statistically uniform way but become increasingly sparse in time or space with
decreasing scale size (for example, at the dissipation scales the self-similarity is known to fail with turbulence
forming non-Gaussian dissipation structures), the behavior is called intermittent and this property is called
intermittency [2]. Therefore, the proposed research has prospects for studying of potential possibilities of
LES technique for examination of non-Gaussian intermittent turbulent flows. However, it demands additional
study.

This work is extension of our works [3,6] in which we investigated influence SGS parameterizations on
time dynamics of kinetic and magnetic energy, cross-helicity, and also on spectra of magnetic and kinetic
energies. LES technique has been applied to modeling compressible decaying MHD turbulence at various
similarity numbers. In the whole, the best results are demonstrated by the Smagorinsky model for MHD case
and the model based on cross-helicity. The scale-similarity model do not provide sufficient dissipation of both
kinetic and magnetic energy, and it is necessary to use this SGS closure only together with eddy viscosity
model (for example, with the Smagorinsky model), that provided a basis idea for mixed model. Aspects of
applicability of various SGS models and the conclusions already obtained for the magnetic and the kinetic
energies remain open for such characteristics of turbulent flow as the skewness and the flatness factor.

The present paper is organized as follows. In Sect.?2, filtered system of compressible MHD equations in
dimensionless units applying the Favre-filtering operation is obtained, as well as the SGS modeling and var-
ious closure models for compressible MHD flows are specified. Section 3 is devoted to aspects of numerical
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realization of LES and DNS computations. Analysis of the obtained results using numerical experiments and
discussion is presented in Sect.4. Concluding remarks are given in Sect. 5.

2 Governing equations and subgrid-scale models

In this section, we formulate the theory of LES for compressible MHDs and obtain filtered MHD equations.
SGS modeling in LES is discussed and various closure models for compressible MHD case are proposed.

To obtain the MHD equations governing the motion of the filtered (that is resolved) eddies, the large scales
from the small are separated. LES approach is based on the definition of a filtering operation: a resolved (or
large-scale) variable, denoted by an overbar in the present paper, is defined as

fx) = / FONG(xi, X3 A)dxy, )
®

where G is the filter function satisfying the normalization property, ® is the domain, A is the filter-width
associated with the wavelength of the smallest scale retained by the filtering procedure, and x; = (x, y, z) are
axes of Cartesian coordinate system.

It is convenient to use the Favre filtration (it is also called mass-weighted filtration) to avoid additional
SGS terms in compressible flow. Therefore, Favre filtering will be used further on. Mass-weighted filtering is
determined as follows: f = pf/p, where the tilde denotes the mass-weighted filtration.

Thus, applying the Favre-filtering operation, we can rewrite the MHD equations for compressible fluid
flow as:
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Here p is the density, u; is the velocity in the direction x;, B; is the magnetic field in the direction x;,
Oij = 2uS;j — %,uSkkSij is the viscous stress tensor, Sj; = 1/2 (u;/dx; 4+ du;/dx;) is the strain rate tensor,
w is the coefficient of molecular viscosity, 1 is the coefficient of magnetic diffusivity, §;; is the Kronecker
delta.

The filtered MHD equations (6)—(9) are written in the dimensionless form using the standard procedure
[2] where Re = pouoLo/ o is the Reynolds number, Re,, = ugLy/no is the magnetic Reynolds number.
M = ug/c, is the Mach number, where c; is the velocity of sound defined by the relation ¢ = /¥ po/ po,
and M, = ug/u, is the magnetic Mach number, where u, = Bgy/(\/47pp) is the Alfvén velocity.

To close the Egs. 6-8 it is assumed that the relation between density and pressure is polytropic and has the
following form: p = p¥, where y is a polytropic index and it is supposed that y = 5/3.

The effect of the SGSs appears on the right-hand side of the governing Eqs. 7-8 through the SGS stresses:
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vy = b (Wit —ini;) — <5 (BiBj — BiB)); (10)
a
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Consequently, the filtered system of MHD equations contains the unknown turbulent tensors: rl.’; and ril}.
To determine their components special turbulent closures (models, parameterizations) based on large-scale
values describing turbulent MHD flow must be used. The main idea of any SGS closures used in LES is to
reproduce the effects of the SGS dynamics on the large-scale energy distribution, at that as a matter of fact
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Richardson turbulent cascade is simulated. In order to close the system of MHD equations we should find such
parameterizations for ri”]. and rl.'; that would relate these tensors to the known large-scale values of the flow
parameters.

In this paper we consider five SGS models and three of them (the Smagorinsky model for MHD case,
Kolmogorov model for MHD-turbulence, model based on cross-helicity) use eddy-viscosity assumption to try
to simulate the diffusive transport and dissipation of kinetic and magnetic energy. One of them (scale-similar
model) is based on the assumption that the most active SGSs are those closer to the cutoff, and that the scales
with which they interact are those immediately above the cutoff wave number. Also, the last SGS closures
considered in present work are mixed model for MHD turbulence.

The first model is the well-known Smagorinsky model [20,22]. In this article we represent its extension to
the MHD-case for compressible turbulence [6], given by

u 1 u IR % l -~

Tij — 3Tk = —2CPA7ISH | Sij — 3 Sukdij ) (12)
b = —2DA2j|J;;. (13)
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where j is the resolved electric current density.
The generalized Kolmogorov scaling subgrid model for MHD compressible turbulence [3] is

1 i 1.
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The third model examined in this paper uses the local cross-helicity change instead of the energy dissipation
functions. Therefore, the model based on cross-helicity [6] is defined as:

e
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Here, S}, = (3B:/dx; + dB;/dx;) /2, Sij = (3ii;/dx; + didj/9x:) /2, f = |Sy; SPIVE, & =V x i is
the vorticity and function sgn(-) determines the sign of the argument.

The scale-similarity model can be calculated in a LES by means of the filtered variables in contrast to other
models. The scale-similarity model for MHD compressible case [6] is written in the following manner:
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The mixed model for MHD compressible turbulence is a combination of two models: the scale similarity
and the Smagorinsky models for MHD case [6]:

1 S S T (= =z = I = 5
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The parameters Cy, Y, and Dy (k = 1, 2, 3 or 5) are model constants, their values being self-consistently

computed during run time with the help of the dynamic procedure that has been described in detail in the
literature [10, 15] and has been applied for MHD flows [3,16].
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3 Aspects of numerics

The numerical method and finite-difference scheme used for computations are described in this section.

In present work, numerical code of the fourth order of accuracy for MHD equations written in the conser-
vative form is used. The skew-symmetric form is applied for the nonlinear terms, because the skew-symmetric
form of the equation is a form obtained by averaging divergence form and convective form of the nonlinear term.
In spite of analytical equivalence of all the three of these forms, their numerical computations give different
results. To reduce error of discretization when finite difference scheme is used and to improve computational
accuracy the skew-symmetric discretization is applied for nonlinear terms [18].

For numerical solution of system of MHD equations, in this work we use the numerical code based on
non-spectral finite-difference schemes. To separate the turbulent flow into large and small eddy components,
Gaussian filter of the fourth order of accuracy is applied. Sagaut and Grohens [19] investigated the optimal
discrete forms of Gaussian filter and top-hat filter for central finite-difference scheme of various order of
accuracy in detail. One-dimensional filter is written in the following way (for x-direction):

€t — 4¢? 16€2 — 4
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3 2
192 (26)

G =
where ¢; is the flow parameter at point i and parameter € represents the ratio of the mesh size to the cut-off
lengthscale of the filter [19].

Since the compressible turbulence considered in this work is three-dimensional, three dimensional filter
must be used. Sagaut and Grohens [19] showed that multidimensional filter constructed by sequential product
of one-dimensional ones gives more accurate results in comparison with linear combination of one-dimensional
filters. Therefore, in this work the sequential product of filters is employed for three-dimensional filtering:

g =1]¢&" 27
i=1

where &' is the one-dimensional filter in direction i and 7 is the space dimension.

The results obtained by LES are compared with DNS computations and performance of LES is examined
by difference between LES- and filtered DNS-results. The initial conditions for LES are obtained by filtering
the initial conditions of DNS. The initial velocities and magnetic fields are chosen to resemble a MHD mixing
layer by adapting the hydrodynamic case. The initial condition is generated by the hyperbolic tangent profiles,
and the uniform noise is used to perturb the initial mean flow (multiplied by ~exp(—x;/4), since the expo-
nential term guarantees that disturbances decay in the free stream). The shear for velocity and magnetic field
in the initial conditions is given z-coordinate depending. The initial conditions are held non-zero skewness
of the velocity and the magnetic field. The Courant—Friedrichs—Levy stability condition (CFL-condition) is
imposed on the time step. The uniform mesh with 643 grid cells is used for LES and 256 for DNS. Test
computations and comparison of the results obtained by using different types of closures are carried out for
various similarity parameters. For time integration the third order low-storage Runge—Kutta method is used.
Periodic boundary conditions for all the three dimensions are applied, the simulation domain is a cube with
dimensions of 2 x 2w x 27.

The model constants in SGS closures are determined by means of the dynamic procedure and test filter
with filter width twice as large as initial one is used.

4 Numerical results and discussions

In this section, results of compressible MHD modeling obtained by LES approach with the use of various
SGS parameterizations are represented. On the basis of comparison of LES results with results of numerical
experiments performed by DNS the analysis of temporal dynamics of the skewness and the flatness is made.

Direct numerical simulation calculations are performed on the sufficient grid refinement so that accuracy
of the obtained results has reflected real dynamics of three-dimensional compressible MHD turbulence and has
allowed to compare to LES calculations. In the series numerical experiments given in this work the following
basic parameters describing charged flow fluid are varied: magnetic Reynolds number Re,,, hydrodynamic
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Reynolds number Re, Mach number M;, and Taylor Reynolds number Re;. The quantity Re; is defined
through the Taylor length microscale A:

A2 = 15uU%/ pe (28)
Re; = Ulp/1n (29)

where U is the root-mean-square value of the velocity, ¢ is the rate of energy dissipation.

Initial parameters for all numerical computations performed in this work for studying of compressible
MHD turbulence are the followings: M, = 0.6 is the magnetic Mach number, y = 5/3 is the polytropic index,
U = 0.608 is the rms value of the velocity, 8 = 0.246 is the rms value of the magnetic field. Other parameters
vary and numerical cases of modeling of compressible MHD turbulence considered in this paper have the
following ranges of change of similarity numbers: sonic Mach number varies over the range M € [0.2; 1],
hydrodynamics Reynolds number has the boundaries Re € [100; 4050] (respectively for Taylor Reynolds
number Re; € [25; 165]), and magnetic Reynolds number is confined within the range Re,, € [2; 20]. Initial
data for all numerical calculations performed in the present work are represented in Table 1 for sake of clarity.

Large eddy simulation method is carried out for five SGS models formulated previously. For the sake of
convenience following notations are introduced. The notation MO corresponds to the case when tensors tl.’j. and

tl.l; are simply omitted, which means that LES, in fact, is DNS on the coarse LES-grid starting from filtered

initial conditions. The case MO (solid line) is included here for a more detailed analysis and understanding
of an influence SGS parameterizations on the modeling of MHD fluid flow for comparison DNS results with
LES results made by various SGS closures (M1-MS5). The notation M1 denotes the Smagorinsky model for
MHD turbulence (dashed line), M2 is the Kolmogorov model for MHD case (dotted line), M3 is the model
based on cross-helicity (black point line), M4 is the scale-similarity model for MHD flow (marker+), and M5
represents the mixed model for MHD case (dashed-dot line). The DNS results are represented by the diamond
line. For clarity the notations of DNS and LES results used in the present paper are listed in Table 2.

In Figs. 1 and 2 numerical results of time evolution of the skewness and the flatness for the case #1, when
Re = 100, Re; = 25, Re,, = 10.0, My = 0.6 are presented and time dynamics of the skewness and the
flatness for the case #2 (Re = 4050, Re; = 165, Re,;, = 10.0, My = 0.6) are shown in Figs. 3 and 4. Note that
the change of Reynolds number virtually do not have an effect on the skewness of the velocity and magnetic
field components. This conclusion agrees with that drawn in results of article of Sreenivasan and Antonia
[21] where they have compiled many experimental velocity structure function measurements and have shown
that the skewness appears constant in a wide range of hydrodynamic Reynolds numbers. It is shown in work
[6] that changing of Reynolds number Re; produces qualitatively similar results, as the initial conditions of

Table 1 Initial parameters for study of compressible MHD turbulence

Case A Re Re,, Re; M M, K % y U B

#1 0.843 100 10.0 25 0.6 0.6 0.108 0.020 5/3 0.608 0.246
#2 0.843 4050 10.0 165 0.6 0.6 0.024 0.001 5/3 0.608 0.246
#3 0.843 390 10.0 50 0.2 0.6 0.077 0.010 5/3 0.608 0.246
#4 0.843 390 10.0 50 1 0.6 0.077 0.010 5/3 0.608 0.246
#5 0.843 390 2.00 50 0.6 0.6 0.077 0.010 5/3 0.608 0.246
#6 0.843 390 20.0 50 0.6 0.6 0.077 0.010 5/3 0.608 0.246

A Taylor microscale, Re; Taylor Reynolds number, Re hydrodynamic Reynolds number, Re,, magnetic Reynolds number, M;
Mach number, M, magnetic Mach number, ¥ Kolmogorov scale, u coefficient of molecular viscosity, y polytropic index, U rms
value of the velocity, § rms value of the magnetic field

Table 2 Notation for DNS and LES results using various subgrid-scale models

Notation Results Curve
DNS Diamond

MO No model Solid

Ml Smagorinsky model Dashed

M2 Kolmogorov model Dotted

M3 Cross-helicity model Black point

M4 Scale-similarity model Marker+

M5 Mixed model Dashed-dot
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Fig. 1 Time dynamics of skewness of the velocity and the magnetic field components for the case #1 when Re = 100, Re; = 25,
Re,, = 10.0, Mg = 0.6. See Table 2 for notations

velocity and magnetic fields are the same. Therefore Taylor Reynolds number does not have a significant
impact on the choice of subgrid parametrization in our computations. The SGS closures: M1, M2, M3, M5
models show adequate results and good approximations to DNS. It is apparent from Fig. 1 that for the skewness
y-component of the velocity, the SGS models M4 and M5 (M4 enters as one of term in the model M5) show
inadequate results and have maximum deviation from “exact” DNS-results. Perhaps, it is related to the fact
that the definition of M4 model implies that the SGS model only takes into account the contribution of the
filtered variables to the turbulent SGS stresses. The largest divergence from DNS results is demonstrated by
the model M2 for the skewness z-component of the velocity. It is probably connected with formulation of M2
model because it is supposed that the filter is in the inertial range and the energy dissipation rate is spatially
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Fig. 2 Time dynamics of flatness of the velocity and the magnetic field components for the case #1 when Re = 100, Re; = 25,
Re,, = 10.0, My = 0.6. See Table 2 for notations

constant in that range. For the skewness z-component of the velocity and for the skewness components of the
magnetic field, an essential difference in numerical results of various subgrid closures is not present under
various Reynolds numbers and the best results provide models MO and M4. The flatness factor of the veloc-
ity increases gradually with Reynolds number because a fluid flow becomes more and more turbulent with
increase in hydrodynamic Reynolds number. It is observed that SGS closures M4 and M5 display incorrect
results for the flatness of y-component of the velocity as well as for the skewness, while the models M1-M3
improve calculation accuracy. The SGS parametrization MO and M4 shows upper deviation for the flatness
x- and z-components of the velocity. For the flatness of components of the magnetic field, dependence on a



460 A. A. Chernyshov et al.

0.05 . . ! T 0.05 . . T !
0.045 - 1 0.045 - 1
0.04 - 1 0.04 + 1
0.035 - R 0.035 - R
0.03 R 0.03 - R
=~ o -
& 0025 o 00251 ) R g
0.02 002} 50004
7 ottt
0.015 1 0.015F 1
0.01 1 0.01 - 1
0.005 - 1 0.005 - 1
0 . . . . 0 . . . .
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
t t
0.1 . . ! T 0.05 . . T !
0.09 - 1 0.045 - 1
0.08 - A 0.04 - 1
0.07 S 0.035 | 1
0.06 0.03 1
s> o
@ 005 & 0025
0.04 0.02
0.03 0.015
0.02 0.01 - 1
0.01 - 1 0.005 - 1
0 . . . . 0 . . . .
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
t t
0.1 . . . T 0.1 T T ! !
0.09 1
0.08 - 1
0.07 r R
0.05 1
0.06 - 1
_QN
SN 010,90 000900000 P A » 005¢ SPpaad
n <o o
0.04 +
0r ] 0.03 | ) = Jod
- 00
0.02 f‘<><><><><>o<><><><><><>o<><><><><><><>o<><><><><> ]
0.01 - 1
_0.05 . . . . 0 . . . .
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
t t

Fig.3 Time dynamics of skewness of the velocity and the magnetic field components for the case #2 when Re = 4050, Re; = 165,
Re,;, = 10.0, My = 0.6. See Table 2 for notations

choice SGS models is actually lacking and the numerical results of the case #1 and the case #2 for the flatness
of the magnetic field are almost identical. In other words, the lack of energy dissipation for the magnetic energy
in MO and the energy pile-up at the smallest resolved scales do not practically have an effect on determination
of statistical characteristics, namely, the flatness and the skewness. For two-point PDF in the Elsésser variables,
the results indicate as well that MO case without any subgrid modeling describes PDF well enough [16].

The next series of the numerical experiments are performed under various sonic Mach numbers, namely,
for the case #3 (Re = 390, Re) = 50, Re,, = 10.0, My = 0.2) and for the case #4 (Re = 390, Re; = 50,
Re,, = 10.0, Mg = 1.0). Mach number M, exerts essential influence on results of modeling as shown in the
work [6]. The divergence between DNS and LES results for kinetic energy increases with M. The models M2
and M3 yield the best accordance with DNS under various Mach numbers. The deviations in results for the
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Re,, = 10.0, My = 0.6. See Table 2 for notations

magnetic energy, on the contrary, decrease with increasing M;. It is necessary to notice that magnetic energy
reaches a stationary level more rapidly with reducing Mach number. The model M2 shows the best results
both for high and for low Mach numbers for cross-helicity [6]. Time dynamics of the skewness and the flatness
for the case #3 is shown in Figs. 5 and 6. In Figs. 7 and 8, time evolution of the skewness and the flatness,
respectively, are demonstrated for the case #4. We observe a strong dependence of the skewness and the flatness
on M. In these figures one can see that the skewness of the velocity when the Mach number M = 1.0 grows
much more slowly than at M; = 0.2. However, the agreement between DNS and LES results increases with
Mach number and LES results are more exact at high Mach numbers. Perhaps, it is related to the fact that there
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can be discontinuities at My = 1.0 and a role of small-scale turbulence decreases. It is necessary to notice, that
if the SGS models M0, M4, and M5 for the case #3 are the closest to DNS results, then for the case #4 these
SGS models are the least exact. For the skewness of the magnetic field, as well as for velocity, the reduction
of the skewness values for M, = 1.0 is observed in comparison with the weakly compressible case M, = 0.2
and the discrepancy between DNS and LES results decreases. The flatness of the velocity grows more strongly
with increasing Mach number. If the flatness of x- and y-components remains approximately at a constant
level with time at My = 0.2, then the flatness for all three components of the velocity increases with time for
the case My = 1.0. The divergence between numerical results of the SGS parameterizations increases with
the Mach number for the flatness. The closures M4 and M5 demonstrate incorrect results for the flatness of



Validation of LES method for study of flatness and skewness of decaying compressible MHD turbulence 463

25 T T T 2.5
24 1 24
23 1 23 r
22 1 22
21 1 21 -
x x
L Ke) L
g 2 > 2
19 ¢ 1
18 W%
LS o © o 00 o 00 00, o o o
17 RIS
1.6
1.5 - - - 1.5
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
t t
3 2.5
28| 1 241
26 f 1 23
24 1 22
22+ ] 2.1+
5> e _Q>
2 2 U 1S 2
PRSI
I
1.8 F 000000000000000000000’
1.6
1.4+
12+
1 1.5
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
t t
3 2
2.8 1 1.95

Ku

1.2+ 1 1.55

0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
t t

Fig. 6 Time dynamics of flatness of the velocity and the magnetic field components for the case #3 when Re = 390, Re; = 50,
Re,, = 10.0, My = 0.2. See Table 2 for notations

y-component of the velocity owing to strong growth after r = 0.15. The flatness of the magnetic field behaves
completely different at low and high Mach numbers. As indicated in Fig. 6, the flatness of the magnetic field
grows for weakly compressible MHD flow, though decreases with time at My = 1.0 (Fig. 8). It is possible to
note that the presence of SGS models does not exert influence appreciably on accuracy of the numerical results
of the flatness of the magnetic field. In this case the model MO also describes well enough time dynamics of
the flatness. The different behavior of the flatness and the skewness depending on a component of the velocity
and the magnetic field is connected with initial conditions because the shear is carried out on z-coordinate.
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In the present paper, behavior of the skewness and the flatness of the velocity and the magnetic field com-
ponents and influence of subgrid parameterizations on their values are also considered under various magnetic
Reynolds numbers. Following cases are discussed: the case #5 when Re = 390, Re; = 50, Re,, = 2.0,
M; = 0.6 (numerical results obtained by DNS and LES are displayed in Figs. 9 and 10), and the case #6
when Re = 390, Re) = 50, Re,, = 20.0, My = 0.6 (the results of temporal evolution of the skewness and
the flatness are shown in Figs. 11 and 12). According to the work [6], the differences between SGS models
for magnetic energy were shown to decrease with reducing magnetic Reynolds number and all models dis-
cussed above demonstrate good agreement with DNS results at small value of number Re,,. The effect of SGS
closures increases with magnetic Reynolds number for modeling of compressible MHD turbulence, but rate
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of dissipation of the magnetic energy decreases with increasing Re,,. The best results for time evolution of
the magnetic energy are shown by M1, M2, and M3 models. The same behavior of graphs was observed for
the cross-helicity: the influence of SGS parameterizations increases with Re,,. For the kinetic energy, larger
divergence of LES results was observed with decrease in magnetic Reynolds number using various SGS clo-
sures. The model M4 shows the worst results, however, the other SGS closures increase calculation accuracy
[6]. There is strong dependence of the skewness and the flatness on Re,,. As illustrated in Figs. 9 and 11 for
the skewness, the skewness of the velocity components decreases with increasing magnetic Reynolds number
while the agreement between DNS and LES results enhances. Similar conclusions can be made for the skewness
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Fig. 9 Time dynamics of skewness of the velocity and the magnetic field components for the case #5 when Re = 390, Re; = 50,
Re,, = 2.0, My = 0.6. See Table 2 for notations

of the magnetic field because calculation accuracy of LES results in comparison with DNS ones increases with
magnetic Reynolds number and rise of the skewness of the magnetic field components decreases. The least
exact results for the skewness of the velocity and the magnetic field are demonstrated by SGS models M0, M4,
and M5 since MO and M4 have excessively strong deviations from DNS results for z-component of the velocity
for the case #5 and closures M4 and M5 for y-component of the velocity for the case #5 and #6. It is clear
from Figs. 10 and 12, that in our computations the flatness of the velocity and the magnetic field are weakly
affected by magnetic Reynolds number and time dynamics does not change strongly. However, the agreement
between DNS and LES results increases with Re,,. From all SGS parameterizations for compressible MHD
turbulence considered in this paper, in general, the most exact numerical results are shown by the SGS models
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Fig. 10 Time dynamics of flatness of the velocity and the magnetic field components for the case #5 when Re = 390, Re;, = 50,
Re,, = 2.0, Mg = 0.6. See Table2 for notations

M1 and M3. The best results are demonstrated by M1 and M2 models, this can be associated with the fact that
parametrization M3 is purely MHD model and this subgrid closure M3 is physically linked to the local energy
variations caused by the relative field topology scrambling of velocity and magnetic field (turbulent motions
lead to changes in the local alignment of the vectors of the velocity and the magnetic field [17]). In the SGS
model M1 an analog of flow field shear is shear in the magnetic field which is the electric current and energy
dissipation rate is not constant as opposed to the model M2.
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5 Conclusions

In the present work, applicability of LES method for studying of non-Gaussian properties of PDF for turbulent
compressible magnetic fluid flow is investigated and potential feasibilities of various SGS parameterizations
by means of comparison with DNS results are explored. LES approach is effective alternative to DNS method
for turbulent flow with very high Reynolds number. However, use of filtering procedure virtually excludes
from calculations a small-scale part of turbulent flow on which scales most part of non-Gaussian fluctuations
are displayed. For this reason potential possibilities of LES method for modeling various PDF’s for turbulent
flows demand additional research. The shape of the PDFs depends on the structure of the analyzed field. In LES
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method, the structure of the large eddies depends to some extent on the characteristics of the SGS parameteriza-
tions and the conclusions must always be subject to cautions. To characterize properties of PDF, the skewness
and the flatness of the velocity and the magnetic field components under various hydrodynamic Reynolds
numbers, sonic Mach numbers and magnetic Reynolds numbers are studied in our work. The skewness and the
flatness of turbulent motion are the important parameters for understanding of structure of turbulent MHD flow,
statistical properties of charged fluid under consideration. Numerical study is performed using five various
SGS closures: the Smagorinsky model, the Kolmogorov model, the cross-helicity model, the scale-similarity
model, and mixed model for MHD case.
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Efficiency is demonstrated by various SGS models depends on similarity numbers of turbulent MHD flow.
It should be noted that, in general, lack of dissipation in LES model without any SGS parametrization for
kinetic and magnetic energies does not have an effect on determination of the skewness and the flatness, the
case without any subgrid modeling sometimes lies even closer to the DNS results. This indicates that the energy
pile-up at the small scales, that is characteristic for the case without any SGS closure, does not significantly
influence determination of PDF. It is shown that, in general, among the subgrid models, the best results for
studying of the flatness and the skewness of the velocity and the magnetic field components are demonstrated
by the Smagorinsky model for MHD turbulence and the model based on cross-helicity for MHD case.

It is visible from the numerical results that the SGS parametrization choice for the flatness and the skewness
of the velocity is more essential than for the same characteristics of the magnetic field. In consequence of the
investigation carried out, it is shown that LES method provides adequate results and LES technique may be
used for the study of PDF characteristics (for instance, structural functions of various moments of velocity and
magnetic field) of compressible MHD fluid flow at various similarity numbers.

The flatness and the skewness define properties of probability density for the turbulent process. Therefore,
the obtained results concerning applicability of various subgrid parameterizations for calculation of these
characteristics can be used for reconstruction of PDF based on computations by LES method.
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