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ABSTRACT

We provide analytical and numerical results concerning multi-scale correlations be-
tween the resolved velocity field and the subgrid-scale (SGS) stress-tensor in large
eddy simulations (LES). Following previous studies for Navier-Stokes equations
(NSE), we derive the exact hierarchy of LES equations governing the spatio-temporal
evolution of velocity structure functions of any order. The aim is to assess the influ-
ence of the sub-grid model on the inertial range intermittency. We provide a series
of predictions, within the multifractal theory, for the scaling of correlation involving
the SGS stress and we compare them against numerical results from high-resolution
Smagorinsky LES and from a-priori filtered data generated from direct numerical
simulations (DNS). We find that LES data generally agree very well with filtered
DNS results and with the multifractal prediction for all leading terms in the balance
equations. Discrepancies are measured for some of the subleading terms involving
cross-correlation between resolved velocity increments and the SGS tensor or the
SGS energy transfer, suggesting that there must be room to improve the SGS mod-
elisation to further extend the inertial range properties for any fixed LES resolution.
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1. Introduction

One of the main challenges in numerical and experimental turbulence is the existence of
anomalously strong non-Gaussian fluctuations, which are a generic feature of all three-
dimensional flows [1-3]. Such extreme events occur in a variety of flow configurations,
both on Eulerian and Lagrangian domains [4-9] and become more and more important
with increasing Reynolds number, Re = UyLg/v, where Uy, Ly are the characteristic
velocity and length scale of the flow, while v is the viscosity. The Reynolds number
measures the relative importance of linear vs non-linear terms in the Navier-Stokes
evolution. For large Re, the dynamics becomes fully turbulent and an inertial-range
energy cascade develops. Power laws with anomalous scaling exponents are observed
for moments of velocity increments in the inertial range, a phenomenon known as
intermittency. No systematic derivation of the value of the scaling exponents is known

postprint version of the manuscript published in Journal of Turbulence (2018)



from first principle, and the problem is considered key for both fundamental aspects
and its applied consequences, being connected to the existence of wild fluctuations
in the velocity increments and in the energy dissipation field. Empirical data are
always affected by spurious and/or sub-leading contributions, making an accurate
determination of the scaling exponents difficult. Hence, it is mandatory to develop more
and more refined experimental and numerical techniques to increase the scaling range
and /or to improve the scaling properties. State-of-the-art data in the laboratories reach
a maximum inertial range extensions of one/two decades [10], and the exponents are
often evaluated using sophisticated finite-size-techniques as Extended Self Similarity
[11] in order to reduce spurious effects. Similarly, concerning numerical studies, despite
the huge progresses made in recent years [12-14] we are still far from reaching a
resolution high enough to give a firm statement about scaling, in particular concerning
subtle issues connected to the alleged different statistical properties of longitudinal and
transverse velocity increments, or of the enstrophy and stress.

A potential alternative strategy to minimise viscous effects and to concentrate
only on high Reynolds number properties is provided by the application of large eddy
simulation (LES), where we introduce a model for the small-scale dynamics while fully
resolving the most energy-containing scales [2,3,15-25]. In this paper, we perform a
first step in order to assess how much LES can be used to estimate inertial range
scaling properties of fully developed turbulence. The aim being twofold, first to have
a tool able to minimise viscous and small-scale effects on the inertial range, second to
assess the performance of high Reynolds LES tout-court owing to the emergent role of
high-resolution modelling where the cutoff scale lies in the inertial subrange [26,27].

In order to assess the performance of LES models in reproducing the aforemen-
tioned extreme events with reasonable accuracy, it is first mandatory to understand
the statistical coupling between the resolved velocity field and the subgrid model. The
present paper is mainly concerned with this point. To do that, we derive the exact
hierarchy of equations satisfied by the generic nth order structure functions made in
terms of moments of the resolved velocity increments and involving the correlations
with the modelled subgrid-scale (SGS) stress-tensor. Furthermore, we provide a set of
multifractal (MF) predictions for the scaling behavior of all correlations entering in the
equations of motion, which are subsequently compared to data obtained from a-priori
filtered direct numerical simulations (DNS) of homogeneous isotropic turbulence on
up to 20483 grid points and from a-posteriori highly resolved Smagorinsky LES using
up to 10243 grid points. We focus here on the Smagorinsky model party because of
its simplicity and wide usage. More importantly, the Smagorinsky model is unable
to model interactions leading to backscatter events. As most LES models include a
dissipative part to prevent numerical instabilities, the modelling of backscatter events
is still a challenge in LES. In view of potential applicability of LES models to study
inertial-range physics, we also wish to assess if and how the absence of backscatter
affects the scaling of the correlation functions, and the Smagorinsky model is partic-
ularly well suited to this part of the analysis.

The main conclusion is that already the Smagorinsky LES modelling is a good tool to
minimise effects induced by the ultraviolet, large wavenumber, cut-off on the inertial
range: all leading scaling properties measured on the real a-priori data are well repro-
duced by the a-posteriori LES data. This opens the way to perform highly resolved
LES to improve the actual knowledge of the inertial range physics, by further min-
imising the dissipative effects. For the sake of simplicity, we start here to address only
homogeneous and isotropic turbulence but the whole machinery can be reproduced for



bounded flows as well, at the price of a higher analytical complexity.

This paper is organised as follows. The structure function hierarchies are derived in
Sec. 2 and in Appendix A and B for different formulations of the filtered Navier-Stokes
equations (NSE). Section 3 is concerned with the predictions for scaling behaviour of
multi-points correlation functions based on the MF hypothesis. The numerical results
are presented in Sec. 4, and we conclude with a summary in Sec. 5.

2. Structure function hierarchies for LES

The application of LES requires a splitting into resolved scales and unresolved (sub-
grid) scales. The resolved-scale quantities are defined though the application of a filter
kernel G2 at a given scale scale A to the velocity field v

V(x,1) = /Q dy GB(|x — y)v(y.1) | (1)

where () is the domain of definition of v, while for the sake of concreteness one can
think G® as given by a projection operation in Fourier space, i.e. through spherically
symmetric Galerkin truncation for all wavenumbers such that & > 27 /A.

In order to derive a hierarchy of equations relating the structure and correlation
functions applicable to LES, we consider the filtered incompressible NSE on a three-
dimensional domain = [0, L]? with periodic boundary conditions

0v; + 0;(v;05 + P(Sij + Tzé) = fi, (2)
0;v; =0, (3)

where P denotes the pressure, f the external force and T@ = v;0; — ;U the SGS stress
tensor, which is replaced by a model in LES applications. The density has been set to
unity for convenience, and the contribution of the viscous term is neglected. The filter
scale A is assumed to be smaller than the forcing scale Ly, such that f = f.

The aim of this paper is to study the exact equations that must be satisfied by the
velocity structure functions, i.e. the moments of the resolved velocity-field increments

hv(x) =v(x+r)—V(x) . (4)

The equation for the second-order correlation function, (8,7;0,7;), has been already
derived in [28]. Here, we will further extend the previous results by generalising the
exact hierarchy to moments of any order and by studying the relative importance of
the different contributions entering in the corresponding equations of motion by using
a-priori and a-posteriori LES at high resolution. The general evolution equation for the
n'-order correlation tensor consisting of velocity field differences is derived from the
momentum balance at points x and x’ = x + r. Assuming homogeneity, we can make
a change of variables X = %(X +x’) and r=x"—x, and dropping all dependencies
from X in the averaged quantities. Furthermore, the partial derivatives with respect to
x’- and x-coordinates will be written as 9] = 0,/ ,0; = 0,, , and homogeneity implies
0 = O,, = 0;. Using the aforementioned results, one obtains the following evolution



equation for the nt"-order correlation tensor for homogeneous isotropic turbulence
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where S, denotes the symmetric group in n elements, that is, we sum over all permu-
tations of the indices i1,...,%,. In order to avoid counting identical terms involving
products of n — 1 velocity field increments multiple times, it is necessary to divide the
sum over all permutations in S,, by the number of elements of S,_; denoted by |S,,—1].
It is important to stress that a similar hierarchy of equations for the structure func-
tions corresponding to the full Navier-Stokes evolution was derived in two different
ways in [29] and in [30]. For comparison, the first two lines of eq. (5) are identical to
eq. (3.1) in Ref. [30] obtained for the Navier-Stokes evolution, except for the absence
of viscous terms in our case. The additional terms present in eq. (5) describe the effect
of the forcing in the third line and the correlations between the velocity-field incre-
ments and the SGS tensor in the last line. This last term is the core object in the
present paper, and our aim is study its scaling properties and its role in the balance
equations. In the evolution equation for correlation tensors derived from the original
NSE, the correlation with the viscous stress appears with the same structure as the
correlation with the SGS-stress in Eq. (5). The hierarchy of equations in [30] was
derived from kinematic constraints only. These are: the geometric constraints, i.e. re-
strictions on the form of the correlation tensors due to their invariance under rotations
and reflections, and incompressibility. Since no dynamical information was used in the
derivation of the hierarchy for the full Navier-Stokes evolution, the algebraic structure
of the LES hierarchy is exactly the same. Furthermore, the additional correlation ten-
sor in eq. (5) must also obey the same kinematic constraints as the velocity increment
tensors. Hence, in order to derive the LES hierarchy relating structure functions of
any order, the only necessary work lies in the evaluation of the correlation tensors
involving the SGS-stress,

Hi i =11 > 6y - 0, 0r Ok ) - (6)

The necessary calculations are summarised in Appendix A. Let us first introduce
some general notations for the correlation functions that will be met during the
calculations. By restricting our analysis to homogeneous and isotropic turbulence
we can characterise all velocity correlation functions in terms of longitudinal and
dvr, = (V(x+1r) —V(x)) - r/r and the transverse, §,vy, components, where the latter
is any component of the vector 6, vy = 6,V — §,vrr/r. We will denote the correlation
function made of m longitudinal and n transverse velocity increments at scale r as:

D™ (r) = {(6:0L)" (6 08)™) (7)



and the multi-scale correlation functions including also the components of the SGS
stress tensor as:

G (r, A) = ((6,0L)"(6,TN) 75 - (8)

)

It will be useful to introduce also two more quantities for correlation functions similar
to Eq. (8), namely:

St(r, A) = {(6,51)"7i3075) (9)
and
T (r, A) = {(8,0)" T3 005) (10)

where for the last two cases for the sake of simplicity we have introduced only the
longitudinal velocity increments (for the set of exact equations we are going to analyse
in this paper it turns out that this choice is not restrictive). Finally, the pressure
correlations are denoted as

P(r, A) = ((6,5,)"6,(9;P8;1.) ) - (11)

Let us note that we have retained the dependencies on r and A as appropriate, in order
to stress the explicit dependencies on the sub-grid stress tensor and on its characteristic
scale A when relevant. After some algebra, one derives the exact hierarchy obtained
for the evolution of the general longitudinal n'" order structure function, 9; D™ (r)
(see Appendix A and also [29,30] for similar derivation obtained for the case of NSE):

2 2
D" (r) = — (&D”H’O(fr) + ;D”“’O(r) - ”D”‘Wﬂ)

,
2\ n-10 n on-21 L0
—onf(o + - GL,L (r,A) + 7(GL,N (r,A) + GN,N (r,A))
2n!
+ FHQ)'(SZ_E(T, A)+T7 2 (r,A)) = 2nP™(r, A) + 2nF"(r) ,  (12)

where the correlations involving the forcing F"(r) are described in Appendix A. The
form and properties of the correlation tensors are discussed in detail in Appendix C.1
for those leading to the functions GZ_LI’O(T', A), G?{]\l,’o(r, A) and, Gz;\?’l(r, A). The
functions T' 2722 (r,A) and SZf(r, A) including their common combinatorial prefactor
are treated in Appendix C.2, and the pressure correlations are contained in Appendix
C.3. A similar set of equations can also be obtained for the evolution of the most
general mixed longitudinal-transverse case, D™ (r).

Let us notice that not all terms are always present, as one can explicitly see by rewriting
the above relation for the first low order moments, n = 2 (corresponding to the Monin-



Kéarméan-Howarth energy balance equation), n = 3 and n = 4:

D*(r) = - <ar + jf) <§D3’0(r) + G, A)) +45) (A) +4F%, (13)
8,0%0(r) = < i) D) + $022r) — 6 (8’”+72~> G20, (r, A)

¥ 7(G L (s A) + GRoN (r A)) +12(S] 1 (r, A) + T} 1 (r, A))

— 6P3(r, A) +6F3(r) , (14)

2
D200+ 50920 —s (0,4 2) 61 ()

)+ G (r A)) +24(SF 1 (r, A) + TF 1 (r, A))
+ 8F4(r) . (15)

Equation (13) stands out from the hierarchy as the terms P2(r, A), Tg’L(r, A),
G}\}?N(r, A), G%}N(r, A) and DY2(r) are not present and the incompressibility con-
straint implies P?(r, A) = 0 and 2D%2(r)/r = (0, +2/r)D3°(r). T?(r, A), G N A)
and G%}N(r, A) can be absorbed into the derivative of GlL’?L (r,A); see Appendlces Al

and C.2 for further details. It is important to notice that the function S72(r, A) for
n =2 in Eq. (13) is not a function of r, i.e. it is not a real multi-scale function, since

SP L (A) = (7L Omer) (16)
is proportional to the SGS energy transfer:
0 _ _ Ag —
3SL,L(A) =1I(A) = —(73;0k0i),

see Appendices A.1 and C.2 or Ref. [28], where Eq. (13) has been derived directly.
Before proceeding, let us make a few general comments about the structure of the
different terms entering in Eq. (12). It is important to notice that the terms containing
correlations of type G’%ﬁ(r, A)/r with (o, 8) = (n — 1,0), (n — 2,1) and the term
S;‘j_g(r, A) have the same physical dimensions but two completely different roles: the
former consists of n — 1 velocity-field increments multiplied by the SGS stress tensor,
the latter consists of n — 1 velocity-field increments multiplied by terms of the form
70,0, that contribute to the definition of the SGS energy transfer, II(A). As a result,
the latter will play a key role in the balancing of the hierarchy as suggested from the
fact that also in the original NSE the presence of the dissipative anomaly is a signature
of non-trivial multi-scale correlation functions among viscous and inertial scales. On
the contrary, the terms labelled EZfQ(r,A) are not correlated to the local energy
transfer being defined in terms of the SGS stress tensor and the velocity gradient at
two different points x and x’.



3. Scaling of correlation functions

In this section, we will first assess the scaling properties of all terms entering in the
previous hierarchy (12) from a phenomenological point of view. In Section 4, we will
check using DNS and LES what is observed in reality and whether SGS modelling
based on the Smagorinsky eddy viscosity is indeed able to reproduce the correct ob-
servations.

A popular and fruitful way to phenomenologically introduce intermittency in turbu-
lence theory is to suppose that the velocity field is described by a MF process, where
the velocity increment scales with a local Holder exponent h, that is, d,v ~ 7, on a
fractal set of dimension D(h). Such phenomenological hypothesis has been used in the
past to explain the observed anomalous scaling properties of the single-scale longitudi-
nal and transverse velocity structure functions, the distribution of velocity gradients,
of particles’ accelerations, velocity increments along particle trajectories and many
other single and multi-scale turbulent properties [12,31-35]. The simplest way to build
up a MF-signal is to embed the velocity field into a multiplicative process, supposing
that the velocity-field fluctuations at two nested, inertial-range, scales r; < ry are

connected by a scaling relation:
N
RS <1> () (17)
T

and imagining that the successive breaking into eddies at smaller scale r9 < r1 will be
given by another multiplicative process with a different, but identically distributed,
realisation of the local exponent, h' [36-39]

h/
Spyv = (”) 5y, 0. (18)
1

Using this approach it is possible to predict the scaling behaviour for all terms entering
in the hierarchy (12). We examine now the most important ones.

3.1. Single-scale Structure Functions D™™(r)

From the multiplicative MF Ansatz and by assuming that longitudinal and transverse
increments do follow the same scaling distribution, it is straightforward to predict that
[40]

r h(m-+n) r 3—D(h) O\ Sntm
D™ (1) ~ /dh <L0> <Lo> (5L0v)n+m ~ Amm <L0> (19)

where the last equality is obtained by estimating the integral in the saddle node
approximation, r < Lo — ({(n + m) = miny(h(m + n) + 3 — D(h)). The prefactors
Apm = O(1) are non-universal quantities which depend on the large-scale velocity
distribution dr,v. One can immediately see that as soon as multiple realisations of
the local Holder exponent exist, the scaling properties are characterised by anomalous
power laws, i.e. {(n) # n/3. Nevertheless, it is important to notice that the MF
approach contains the Kolmogorov K41 phenomenology as a limiting case, where the
energy cascade is assumed to develop in a homogeneous way with a Holder-1/3 velocity



field everywhere in the three-dimensional volume, since h = 1/3 and D(1/3) = 3 imply
¢(n) =n/3.

3.2.  Multi-scale correlation functions and Fusion-Rules

Using the same approach, one can show that multi-scale correlation functions must also
be characterised by anomalous scaling properties. For the generic two-scale correlation
functions with » < R we have the Fusion-Rules (FR) behaviour [41-43]:

r

(0r0)" 0r0)™) ~ {(55)" (rv)" (O0)™) ~

hn+3—D(h) ' (n4m)+3-D(h')
~ / anar’ () £
R Lo

Cn R C n4m
h4;)<L) . r< R< Lo (20)
0

where we have assumed a large separation among all scales, that » and R belong to
the inertial range and we have applied a double saddle-node approximation of the
integrals. Notice that Eq. (20) would correspond to the uncorrelated result #if the
exponent follows K41, ¢, =n/3,

((6,0)(6V)™) ~ /3 R™M/3, (21)

3.3. Multi-scale Correlation among velocity increments and SGS-stress,
GZ}m(r, A)

In order to introduce multi-scale correlation with the SGS stress tensor and the SGS
energy dissipation entering in the hierarchy (12) we start from the observation made
by [44-46] that the local SGS stress tensor can be estimated in terms of a suitable
average of local velocity increments. As a result, for any Holder-continuous velocity
fields with local Holder exponent h one might estimate 72 to be a (local) MF-scaling
function of the coarse-graining grid A [47-50]:

T~ A (22)

Any correlation tensor involving velocity field increments at scale » and the SGS-stress

72 can therefore be treated as a correlation tensor involving the two scales 7 and A

1
within the Fusion-Rules approach. Following the same MF Ansatz of the previous

section, we end up with:

h
OATL, ~ <€> ;U . (23)

For A < r, the scaling behaviour of the correlations between the n** power of a longi-
tudinal velocity field increment and the SGS-stress can be estimated using Eq. (20):

) ~ s m)) ~ { S mr ) = (B) ()5 ey

r



hence

(5,0) ) ~ @)CQ (%)C"“_@ - (25)

A few comments are now in order. First, the FR approach, being based on a MF
multiplicative cascade, does not easily incorporate differences among scaling properties
of longitudinal or transverse velocity increments. In fact, the most recent literature
[14] shows that such a differences might disappear with increasing Reynolds numbers.
Hereafter we will always assume that it is not important to distinguish among scaling
properties of longitudinal, transverse or mixed longitudinal-transverse components,
i.e. in all cases only the total number of velocity increment matters. Second, the FR
estimate (24) is meant to capture only the leading power law behaviour and cannot take
into account cancellations and symmetry constraints which may affect the prefactors.
For example, the prediction (20) cannot hold for the special case of mixed longitudinal-
transverse correlation with an odd power for the transverse increment, because in such
a case D™?™HL(r) = 0, ¥m because of isotropy [51]. We will come back to this point
in Sec. 4 where we analyse the data from DNS and LES. For the sake of comparison,
it will be important to estimate the multi-scale correlation functions by assuming that
the fields at different scales are almost decorrelated:

(6, 0L)"TEL) ~ <(£)nh(§>2h> ~ (%)C @)CQ . (26)

Since (p42—C2 < ¢, and /L < 1, the uncorrelated scaling Ansatz would be subleading
with respect to that obtained from the MF cascade process. We will return to this point
in Sec. 4.

3.4. Correlations between velocity field increments and components of
the SGS-energy, S;(r, A)

The multiplicative cascade Ansatz can also be used to estimate the scaling behaviour
of the correlations functions involving the components of the SGS-energy transfer

St = (T2 0405 (6,5L)"). (27)

As already noticed in the previous subsection, we will assume that no major scaling
differences exist concerning the longitudinal or the transverse components of the dif-
ferent observables, and we proceed by applying the MF approach by specifying it for
the case where all components are chosen in the longitudinal directions.

(r2u0e, o1 0"} ~ (G2 0oL ) ~ (28)

ABh=L N T (AN [\ Cas
N<7&,@“> >NA<r><L> :

Using the exact scaling property (3 = 1 one obtains

(L OWTL(6,0L)") ~ v (8,0, )"T3) ~v plrta (29)



hence, in the inertial-range scaling regime, all curves obtained at different A must
collapse. Before summarising all results, let us mention that the scaling of the pressure
terms, P"(r, A) in Equation (12) will necessarily be connected to a mixing of all previ-
ous correlation functions, because it feels contributions from both the advection term
7;0;0; and SGS tensor in Equation (2). On the contrary, one expects that the terms
involving T7"; (r, A) will always be sub-leading with respect to S7:(r, A), because it con-
sists of velocity gradients and SGS stress components in two different spatial locations.

More importantly, the above scaling relations tell us that the contribution involving
the correlation with the components of the SGS energy transfer in Equation (12) are
independent of A and they have the same contributions as the non-linear single-scale
structure-function terms

Oy D" (r) o I DMTLO () o e TE DL () o ST (1) o ST (30)

while the terms involving correlations with the SGS stress are subleading in the limit
A/r — 0, and do depend on the cut-off A

B B B AN 82
r_lGZLl’O(r, A) ~ r_lGZ]\?’l(r, A) ~ r_lG’}VJ%,’O(r, A) ~ <r) pen =l (31)

4. Numerical results

In order to measure scaling exponent, to compare them to the derived scaling results,
and to establish which terms in the balance equations are leading or sub-leading, we
need to generate data-sets for both a-priori and a-posteriori analyses. For the a-priori
analysis, data-sets are generated through DNSs of the viscous and hyper-viscous NSE

8tV =-V- (v X V) — VP—i— I/(—l)a+1AaV +f R (32)
V-v=0, (33)

where v denotes the velocity field, p the pressure divided by the density, f an external
force, a the power of the Laplacian and v the kinematic (hyper)viscosity. We carry out
series of numerical simulations with either normal viscosity (o = 1) or hyperviscosity
(. = 2 and a = 4), the data-sets are distinguished by the labels V (visco) and H
(hyperviscous), respectively. The DNS velocity fields are subsequently filtered through
spherically symmetric Galerkin truncation at a cut-off wavenumber k. = /A [2], i.e.
G* is given by a projection operation in Fourier space. For the a-posteriori analysis,
LESs are carried out following Eq. (2) using the standard static Smagorinsky model
for the deviatoric part of the SGS stress tensor

A,SMA: = = 3
PG BN s = 20,5 (30

where v, = (c2A)?,/ 5;;5;5 is the scalar eddy viscosity, 2 is the Smagorinsky constant
which is here set to ¢ = 0.16 and Sij = 1/2(0;0;+0;U;) is the resolved strain-rate ten-
sor [18,52]. The respective evolution equations for DNS and LES are solved numerically
on a domain Q = [0,27]3 with periodic boundary conditions using the pseudospec-
tral method with full dealiasing according to the 2/3rds rule [53]. In both cases the

10



large-scale forcing was given in Fourier space by a second-order Ornstein-Uhlenbeck
process, which is active in the wavenumber band k € [0.5,1.5] [54,55], corresponding
to the forcing scale Ly = 27w /ky = 4.2, where ky = 1.5 is the upper limit of the forcing
interval.. The resolution for the DNSs is 1, /dz ~ 0.7 for all simulations, where dx is
the grid spacing and 7, = (/€)/%*=2 the generalised Kolmogorov microscale [56]
with € denoting the mean dissipation rate. After reaching a statistically stationary
state the DNS and LES velocity fields and the LES SGS-tensor have been sampled at
intervals of one large-eddy turnover time in order to create ensembles of statistically
independent data, from which all correlation functions are calculated. Concerning the
resolution of the DNSs, runs V1 and H1 are carried out on 10242 collocation points
while 20482 collocation points were used for runs V2 and H2. For LES, grids of size
1283, 5123 and 10243 we used, the corresponding runs are labelled LES1, LES2 and
LES2. Further details of all DNS and LES are given in table 1. Steady-state energy
spectra of all data-sets are shown in Fig. 1.

Data N Re emax[ll] Uy Lo v a e A
V1 1024 2570 1.9 1.8 1.2 0.0008 1 25 7/12—m/40
V2 2048 8000 1.4 1.5 1.2 0.0003 1 9 7/12—m/40
H1 1024 8000 1.9 1.9 1.3 2x10®% 2 7 7/12—7/40
H2 2048 26000 1.5 1.6 1.1 57x107% 4 6 7/80
LEST 128 - 1.3 1.5 1.2 0 - 190 /41
LES2 512 - 1.5 1.7 1.3 0 - 10 /171
LES3 1024 - 1.3 1.4 0.8 0 - 27 /342

Table 1. The DNSs have been carried out with either normal or hyperviscosity, where « is the order of
the Laplacian and the corresponding data-sets are identified by the labels V1, V2 and H1, H2, respectively. N
denotes the number of grid points in each Cartesian coordinate, Up the RMS velocity, Lo = (7/2U3) [ dk E(k)/k
the integral scale, v the kinematic hyperviscosity, ¢ the dissipation rate which equals the maximal inertial flux
max(II] in steady state, To/Tsqdy the steady-state run time in units of large-eddy turnover time Toqqy = Lo/Uo,
and A = 7/kc the filter scale in terms of the cut-off wave number k.. The values given for ¢, Up, Lo and max|[II]
are time averages, where max[Il] is reported for LES while ¢ is reported for DNS. The integral-scale Reynolds
number is defined as Re = C(Lo/l4)*/3, where C is a constant estimated by comparison to data-set V1 and
lq is the scale corresponding to the maximum of k?E(k); for further details see Ref. [50]. The forcing scale
Ly =2n/ky = 4.2, with ky = 1.5 being the maximum wavenumber where the forcing is applied, is the same
for all simulations.
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Figure 1. Energy spectra, E(k), averaged on time in the stationary state for the different sets of simulations.
The spectra for the LES are shifted upward while the spectra for data-sets with normal viscosity (V) are shifted
downward.

4.1. Second-order balance (n = 2)

Following Ref. [28] and eq. (13) we obtain the equivalent of the four-fifth law within
the LES formulation which reads in the stationary state:

= (D%0) + 361, )) =~ (TA)) (35)
where we have neglected the forcing contribution because it is always sub-leading for
scales smaller than the forcing scale L¢; see Appendix A.1. In Fig. 2(a), we show the
importance of the two terms on the left-hand side, using both the filtered DNS data
at 12 < k. < 40 and the data from the LESI simulation. Panels (b) and (c) of the
same figure show the same curves for LES data only upon changing the resolution. It
is clear that the LES approach does not introduce any important spurious physics in
the inertial range if compared either with the viscous or the hyperviscous simulations.
In particular, panel (a) shows that the LES curves are recovered from the a-priori
analysis by decreasing the filter cut-off. The solid lines (r/A)~¢ in Figs. 2(a-c) in-
dicate the MF prediction for Gi’?L(r, A)/r, which for n = 1 and m = 0 would give

GE:OL(T, A)/r ~ r&=¢7t = p=C Tt is clear from the figures that GE:OL(T, A) does not
obey the MF scaling in both the a-priori and the a-posteriori analyses. Instead, inter-
estingly enough, it is even more sub-leading than the MF prediction, indicating that
the details of the SGS-model should have little effect on the energy balance. The devi-
ation from the MF in the DNS data is probably due to the existence of cancellations
given the particular structure of G%?L(r, A) where the longitudinal increments appear
only in a linear way, a fact that would lead to an exactly vanishing contribution in
the case of weak correlation with the SGS stress tensor, because of homogeneity. For
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the LES case we will comment on this later on in this section. Since D3%(r) ~ 73

for r — 0, GE:OL(T,A) must satisfy —3G1L’?L(r, A) = $(II(A)) for r — 0. This is the
case as can be seen in Fig. 2(a)-(c) for both the filtered DNS and the LES. Moreover,
the scaling range of the correlation and structure functions obtained though the LES
simulations extends with increasing resolution as shown in Figs. 2(b,c), as it must be
expected for a good subgrid parametrisation.

Finally, we compare in Fig. 3 the highest resolved LES3 data-set against results from
the viscous and hyperviscous data-sets V1 and H1 without filtering, where all sim-
ulations were carried out on 10243 grid points. Here, for the two data sets from
the Navier-Stokes cases we need to consider that the 4/5 law (35) will include the
dissipative term: v£¥D?%(r), where £ is a differential operator which depends on
the order a of the Laplacian. The dissipative term replaces term G'¥ in the 4/5-th
law; for data-set V1 it is given as L.D*°(r)/r = 60,D*°(r)/r while for data-set H1
L£2D?0(r)/r = 12D?(r) /r? + 12( [y ds sD*°(r))/r* — 602D*°(r) /7.

For data-set V1, the form of the dissipative term implies that it should scale
as 7272 ~ p~13 which is well satisfied, as can be seen from panel (a). Interest-
ingly, the function GEOL(A,T) /7 scales similarly as a function of r at fixed A; a
possible explanation for this behaviour is given below in eq.(36). For data-set H1,
L£2D*(r)/r = 12D?°(r)/r? 4+ 12(f; ds sD*°(r))/r* — 602 D*°(r)/r, and therefore,
at leading order £2D?°(r)/r ~ D?*%(r)/r? for r > n,, does show the same scaling
properties as the viscous case. Panel (b) shows that the third-order structure function
obtained from LES3 has an inertial-range scaling much more extended than the vis-
cous case and even better than the H1, supporting the statement that the LES closure
is a dissipative closure more efficient than hyperviscosity. Overall, we can conclude
that if the use of the hyperviscosity is interpreted as an effective ‘subgrid model’, it
leads to a larger influence of the dissipative term than the SGS modelling of the LES
simulation.

13



10!
100
10!
=~
E 102}
=
=
SEBTE R
— LESI ?\t — LESI N
- D .
107 LEs? i 107 RS2
i LES3 i LES3
10~ . . . 1073 . . .
1 10 r/A 100 0.01 01 r 1

Figure 2. Top panel (a): comparison of the two terms in the left hand side of the four-fifth law, eq. (35). Full
symbols represent D30(r) while open symbols are 3G*0(r, A), both normalised with 4/5(TI(A))r. The two
terms are calculated for the LES1 data-set at A = w/42 (circles) and for the filtered DNS data using different
cut-off A, (black rhombus) A = 7/12, (black downwards triangles) A = x/20, (black upwards triangles)
A = /30 and (black squares) A = 7m/40. Bottom panels (b and c): the same quantities, D3:°(r) (full triangles)
and 3G10(r,A) (open circles) are presented for different LES data-sets, namely: LES1, A = 7/42 (blue
coluor/dark grey). LES2, A = 7/171 (red/grey) and LES3 A = /342 (green/light grey) against r/A in panel
(b) and against r in panel (c). The solid line (7/A)~¢2 shown in all panels, indicates the MF scaling prediction
(25), while the solid line (r/A)%2~2 corresponds to the scaling prediction based on the assumption of a constant
eddy viscosity (36).
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Figure 3. Four-fifth law: comparison between full DNSs’ data with normal viscosity (V1, black circles), with
hyperviscosity (H1) (black squares) and the Smagorinsky LES data at A = 7/342 (green/light grey triangles)
always using 10242 grid points. Full symbols are the third order structure functions D3-9(r) while open symbols
represent either the viscous term, vL& Di’,OL (r) (black colour), or the correlation with the SGS tensor, G1:0(r, A)

(green/light grey). All terms are normalised with 4/5(IT(A))r. Panel (a): data are presented in log-log scale
to show the scaling properties of the different functions. Panel (b): same data in lin-log scale to highlight how
the four-fifth law expected value (dashed line) is recovered by the different structure functions in the inertial
range.

Before moving to the balance equation of higher-order correlations, let us have a
look in more details at the scaling of the SGS-term in the 4/5 law, GIL’OL(T, A). As
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noticed, we observe a deviation from the MF prediction and a good agreement with
the purely dissipative scaling GlL’f)L (r,A) ~ r$2~1. This can be understood considering
that using the Smagorinsky closure (34), one breaks the phase correlation between the
three velocity increments entering in the SGS modelling, due to the fact that two terms
appear inside the square-root and have a definite sign. As a result, concerning multi-
scale correlation, the SGS Smagorinsky stress will behave as 725MACG ~ const 545. 1f
this is the case, one predicts the SGS tensor to act as a linear dissipative operator:

G5 (1, A) ~ 0, D" (p) gl (36)

explaining the scaling shown in Fig.(3) for GlL’pL(r, A)/r ~ 15272,

In summary, the Smagorinsky SGS-model performs well at the level of the second-
order balance equation in the sense that:

(1) Both D39(r) and Gi’OL(r, A) obtained from the LES show the same scaling
behaviour as those obtained from filtered DNS.

(2) The effect of the SGS-stress on the two-point energy balance is subleading.

(3) The measured scaling of GlL’?L(r, A) obtained from the Smagorinsky LES is robust
under increasing scale separation between r and A.

(4) At the same resolution, the LES simulation have a larger extension of the DNS,
even if compared with the hyperviscous Navier-Stokes case.

4.2. Higher-order balances (3 < n < 6)

Having examined the properties of correlations between velocity field increments and
the SGS-stress at the lowest nontrivial order in the LES structure function hierarchy,
we now examine the higher-order balances. Here, we need to study the correlations
which involve the resolved velocity field gradients, 77" (r,A) and S}';(r, A) also. The
latter describe the correlations between velocity field increments and part of the SGS
energy transfer. As will become clear in the following, even- and odd-order balances
require separate descriptions. In Figure 4 top panel we present all terms in Eq. (14)
for n = 3, obtained from the filtered DNS data-set H1 for k. = 40, while Figure
4 bottom panel presents the same terms for the a-posteriori data-set LES3. The
higher-order analysis, n = 4, n = 5 and n = 6, are reported, respectively, in Figures
5-7 where the results from filtered DNS are presented in the left panels and compared
to the one from the LES3 data-set shown in the right panels. The forcing term is not
shown in order to improve the readability of the individual figures.

Let us comment the general trends.

(i) For all orders, a-priori (DNS) and a-posteriori (LES) data are in pretty good
agreement, especially concerning the leading terms. This is seen by noticing that
for all orders the inertial range behaviour is dominated by the structure functions,
D™™(r) (black data). Moreover, the scaling is in agreement with the MF prediction
(19) and LES data do scale better than DNS data.

(ii) Correlation function involving Pressure (green/light grey data) do scale similarly
to D™™(r), suggesting a key role of them in the global balance.

(iii) For even orders (n = 4,6) also the correlation, S}';(r, A) involving the SGS-
energy transfer (blue/dark grey colour in Fig. 5 and Fig.7 ) play a leading role, in
agreement with what was found for the equivalent terms involving the correlation
with the energy dissipation in Navier-Stokes case in [57].
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(iv) The ensemble of correlation involving the SGS tensor G™™(r,A), (red/grey
data) are always sub-leading and DNS data do show a different scaling from LES
data.

(v) Correlation given by the terms, Tﬁj(r, A), are never leading with respect to
SP;(r,A) (both in blue/dark grey colour in all Figures) as argued after Eq. (29).

Let us now comment more on the previous results. We first focus on the analysis of
the data from the filtered DNS. As can be seen from a qualitative comparison the
odd- and even-order balances show important differences. For the odd orders (Figures
4 and 6), the pressure correlations must balance the inertial Structure Functions
contribution, D™™(r), as all the other terms scale in a sub-leading way. For the even
orders (Figures 5 and 7), the inertial terms are balanced also by the terms S7';(r, A),
which describe the correlations between longitudinal velocity-field increments and
the components of the SGS-energy transfer. These differences could have been
expected from numerical results concerning the hierarchy of structure functions in
the original NSE obtained in [57]. Indeed, similar to the present case of filtered DNS,
it was found in [57] that the inertial contributions are balanced by the pressure for
the odd-order balances. For the even-order balances, the inertial contributions are
balanced also by the contributions from the viscous terms. The latter is similar to
our results for filtered DNS, as the correlations between the resolved-scale velocity
increments and the SGS energy transfer play a similar role to the viscous energy
dissipation in the full Navier-Stokes evolution — with the important difference that
energy dissipation is point-wise positive definite in the NSE. Differences between
even- and odd-order balances, in the filtered DNS data, are also visible concerning
the functions S7';(r,A) and T7%(r, A). The latter is always decaying by going to
larger and large scale separations, /A > 1, the former matches the MF prediction
(30) only for even order (see right panels of Figs. (5) and (7), while odd orders
are much more depleted and very close to Tﬁj(r, A) (top panel of Fig. 4 and left
panel of Fig. 6). The above behaviour can be understood by noticing that odd-order
S{fj(r, A) correlations involves unsigned velocity increments and SGS energy transfer,
introducing non-trivial cancellations that brings the quantity away from its leading
MF prediction.

Concerning LES data, we found that S7'; (r,A) is in good agreement with DNS for
even orders (left columns of Figs. (5) and (7), while it is more intense than the
a-priori case for odd orders (bottom panel of Fig. 4 and right panel of Fig. 6). This
is probably due to the fact that in the Smagorinsky LES the SGS energy transfer is
positive definite, and it is not able to reproduce the cancellations present in the real
DNS, leading to a contribution larger than what would be in reality. To be more
quantitative, we show in all figures the straight-line corresponding to scaling MF
predictions (30) for the dominant contribution, which is in very good agreement for all
cases. The values for the scaling exponents ¢, of the n'-order longitudinal correlation
functions used in this comparison are taken from Ref. [7,12], i.e., (; = 0.70 + 0.01,
C1=1.204£0.03, (s = 1.54 £ 0.03, (g = 1.77 £ 0.04 and ¢7 = 1.98 & 0.06.

As noticed, the whole set of multi-scale correlation function involving the SGS stress
(red data) given by the class G(r, A) are always sub-leading with respect to D™"™(r)
and to the pressure and they are in good agreement with the MF prediction (31) for
the a-priori DNS data and with (36) for the a-posteriori LES case (as shown by the
corresponding straight lines in all plots). Before concluding, let us summarise the
main findings.

1. A simple LES approach based on a Smagorinsky model is able to reproduce most
of the multi-scale physical properties of real turbulence at high Reynolds numbers,
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Figure 4. Absolute value of terms contributing to the third-order balance equations, explicitly written in the
right-hand side of eq. (14), for filtered DNS at A = /40 from data-set H1 (top panel) and for Smagorinsky
LES from data-set LES3 (bottom panel).
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Figure 5. Absolute value of all terms, |X|, contributing to the fourth-order balance equations, explicitly
written in the right-hand side of eq. (15), for filtered DNS at A = 7/40 from data-set H1 (left panel) and for
Smagorinsky LES from data-set LES3 (right panel). Black: | (9, + %) D59(r)| (solid triangles), | (%) D32(r)|
(circles). Red/grey: | (0r + %) G%?L (r, A)] (solid triangles), | (%) G?\}?N (r, A)| (circles). | (%) GQL’}N(T, A)| (hol-
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Figure 6. Absolute value of all terms, | X|, contributing to the fifth-order balance equations, coming from
the right hand side of the hierarchy eq. (12) for n = 5. (Left panel) data for filtered DNS at A = 7/40
from data-set H1 and (right panel) data for Smagorinsky LES from data-set LES3. Black: | (0r + %) DSO(r)|

solid triangles), | (£2) D%2(r)| (circles). Red/grey: | (8, + 2 GO r, A)| (solid triangles), | (22 GO r, A
r r L,L Id N,N
(circles). | (%) G%,ljv(r’ A)| (hollow triangles). Blue/dark grey: |S%’L(r7 A)] (solid up triangles), ‘TE,L(T’ A)|

(solid down triangles). Green/light grey: |P®(r, A)|.
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Figure 7. Absolute value of all terms, |X|, contributing to the sixth-order balance equations, coming from
the right hand side of the hierarchy eq. (12) for n = 6. (Left panel) data for filtered DNS at A = 7/40
from data-set H1 and (right panel) data for Smagorinsky LES from data-set LES3. Black: | (O, + %) D70(r)]
(solid triangles), | (%) D52(r)| (circles). Red/grey: | (0r + %) Gi’?L(r, A)| (solid triangles), | (%) G?\}?N(r, A)|
(circles). | (%) G%}N(T, A)| (hollow triangles). Blue/dark grey: |S4L,L(r7 A)] (solid up triangles), \TﬁL(r, A)|
(solid down triangles). Green/light grey: |P%(r, A)|.
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including the MF scaling in the inertial range of the structure functions, D™™(r), and
of the correlation among velocity increments and the SGS energy transfer, S™(r, A)
(for even n).

2. Nevertheless, some notable differences arise. In particular, the multi-scale corre-
lations (8) involving the SGS stress tensor have a smaller amplitude in LES than
for real DNS. By comparing the left and right columns of Figs. (5-7) one clearly
sees that for LES data, there exists a sharp difference among those correlations
that have the leading scaling behaviour and those that follow off for large r/A
separation. This fact is a positive outcome, indicating that the LES closure has a
minor influences on the inertial range scaling properties than standard viscosity or hy-
perviscous effects. A different trend is also measured for the behaviour of correlation,
S?j(r, A), which appears in the balance for n = 5 in Fig. (6) where the LES data (right
panel) do have a better scaling with a larger exponents than the DNS data (left panel).

5. Conclusions

This paper provides analytical and numerical results concerning the multiscale cor-
relations between the resolved-scale velocity field increments and SGS quantities for
a-priori and a-posteriori data. We derived the exact hierarchy of higher-order equations
for all structure functions obtained from filtered NSE. All correlations were measured
using a database consisting of filtered DNS on up to 20482 and Smagorinsky LES on
up to 10243 collocation points.

Under the assumption of a connection between resolved-scale and SGS statistics given
by a multiplicative MF cascade process, we provided scaling estimates for all two-point
functions involving correlations among the resolved velocity increments and the SGS
stress or the SGS energy transfer.

Concerning the comparison between filtered DNS and Smagorinsky LES, we find that
the results obtained from the Smagorinsky model agree well with those from filtered
DNS concerning all leading terms, i.e. those involving structure functions, pressure
correlations and correlations with the SGS-energy transfer. On the contrary, all terms
involving correlations with SGS tensor, GZ}m(r, A) have a smaller amplitude and a
faster decrease as a function of the scale separation A/r for LES data.

Overall, the LES approach works well, leading to a larger extension of the scaling range
with respect to the DNS at comparable numerical resolution. Since the Smagorinsky
model performs well concerning the scaling of the structure functions, in principle we
do not expect significant improvements from more sophisticated models. However, a
better LES model may be more efficient in reproducing inertial-range scaling than
the Smagorinsky model, in the sense that coarser grids may be possible for a suitable
model. A more detailed quantitative assessment of the effects of LES modelling on
the inertial range scaling properties, also comparing different subgrid closures will be
presented elsewhere.

Moreover, the numerical study of the a-priori filtered DNS data revealed some differ-
ences in the scaling behaviour of correlation functions belonging to even- and odd-order
balance equations, similar to results concerning the viscous contributions obtained
from the full Navier-Stokes evolution [57]. For even-order balances the leading terms
are the ones given by velocity structure functions, D™™(r), the pressure, P"(r, A) and
the correlation with the SGS energy transfer, ST (r, A). All of them follow the MF

0J
prediction (30). For odd orders, the cross correlation involving the SGS energy balance
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are subleading. Terms involving the cross correlation with the SGS tensor, GZ’]-m(r, A)
are always sub-leading as well, as predicted by the MF; see Eq. (31).

In the Appendices we reproduce all technical aspects concerning the derivation of the
exact hierarchy for LES (see Appendix A) and for a modification of the closure equa-
tions where we explicitly took into account also the re-projection of the nonlinear term
involving the two filtered fields [2,50,58,59] which is somehow unavoidable in numerical
applications; see Appendix B. The latter induced complications in the derivation of
the structure function hierarchy, which are tackled through a distinction between the
actual SGS stress and the Leonard stress [60]. The contributions from the Leonard
stress only appear in the higher-order balance equation, with the four-fifth law (n = 2
in the hierarchy) remaining unaffected (see Appendix B and Ref. [50]). The properties
of the correlation tensors, which are used in the derivation of the LES-hierarchy of
longitudinal structure functions are summarised in Appendices C.1 and C.2 for those
of type GZ’J-m(r, A), S;fj(r, A) and TZ"J(r, A), where we also comment on the general
structure of these terms. The latter is also used in Appendix C.3 in order to provide
an explicit form of the pressure correlation, which distinguishes correlations involving
velocity-field gradients from those only involving correlations between the pressure
and the velocity-field increments. Finally, Appendix A.1 contains a re-derivation of
the 4/5-th law for LES from the tensorial approach, and a subsequent comparison to
the corresponding result in Ref. [28]. It is important to stress that studies similar
to the one presented here can be performed also in the presence of anisotropy, for
wall-bounded [61] and high-Reynolds boundary layer flows [62]. In these cases, the
injection of energy due to the coupling with the mean shear leads to an increasing of
intermittency and to a more complicated scale-by-scale energy balance [63,64]. Small-
scale vorticity production is the key mechanisms that needs to be captured by LES
acting prominently at the cut-off scales [65,66]. Feedback of intense-but-rare small-
scale fluctuations on the resolved large-scale and on the mean profiles is even more
important than in homogeneous and isotropic case. An extension of our present study
on LES of wall bounded flows, would help to better quantify the accuracy of different
sub-grid models for such systems also for higher-orders statistics.
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Appendix A. Derivation of the LES structure function hierarchies

This appendix contains the derivation of Eq. (12) from Eq. (5). Since all tensors in
Eq. (5) which do not contain explicit correlations to the SGS stress are structurally
identical to those figuring in the evolution equations derived from the full NSE, the
only term that needs to be considered is the tensor
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This expression has been obtained through point splitting, that is one considers two
points x’ and x such that x’ = x + r. In order to separate single- and multiscale
contributions to the tensor H, we carry out a change of variables using

X:%(X—FX/) and r=x"—x, (A2)
x':X—i—%r and x:X—%r, (A3)
which leads to
Ox, = Oy, + Oy, , (Ad)
0r, = 3 (00— 02.) (45)
0w = 30x, + 0y, (A6)
9, — %axq, —a,, . (A7)

In the new coordinates the increment 8,(0y75) can be written as
A A A A A
0r(Ok7id) = Oy T — Oy Tit = (O, — 0 ) (i’ +700) = 20, (7’ +72) . (A8)

Substitution of this equation into the expression for H;, ; in eq. (Al) yields
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The summands in the last term on the RHS of this equation can also be written as
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such that
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and we have separated three contributions; the first term on the RHS describes the
correlation between the velocity field increments and the SGS tensor, while the second
term describes the correlations between the velocity field increments with the velocity
field gradients and the SGS tensor evaluated at the same point and the third term
describes the correlations between the velocity field increments with the field gradi-
ents and the SGS tensor evaluated at different points. For n = 2 the second term
becomes the subgrid energy flux. We define three tensors to keep track of the different

correlations
Gil---ink‘(’r’ A) = <6T§Z’1 e 57‘6%71( z k + 1n )> (A12)
Sty (1, A) = (8,75, ... 0,01, , (O T, TH k + 0, Vi, TER)) S (A13)
Tilmin (T’ A) = <6T§i1 i ‘57“@%—2 (63%172 T, k + axk T 1TZAk)> ) (A14)
and introduce their symmetrised versions
G{il...in}k(r7 A) = ‘S ‘ Z Gla(n Za(n)k(r A) (A15)
=1l ses,
Sfireiny(r B) = |Sn 1||Sn 2| Z (fgs: Sty iaton- D)ig(n) (r,A), (A16)
Ty iy (r,A) = S5l 1H Sl Z ES: Do inoin i, (1) (A17)
_10€
We can therefore express the tensor H;, ; as follows
Hi, i, =200, Gy ik — Stiyiny — LTiiyin) - (A18)

23



From their definitions, it is clear that Sy, ;) and Ty, ;. are isotropic tensors
which are symmetric under the exchange of any pair of indices, the same applies
to O, G4,..i, 3k Therefore H;, ;, is an isotropic tensor which is symmetric under the
exchange of any two indices, as it must be. Hence eq. (5) can be written more concisely
as

6t<5mil o (57"Uin> = — 87’k <5r@i1 - (5@1»,16@@ — P{il---in}

—20r, Gy ik (1 A) + Spiy iy (1 A) + Ty iy (1 A) + Flay iy s
(A19)

where Pp;, ;.1 denotes the correlation tensor between the velocity and pressure gra-
dient increments and FY;, ;3 the correlation with the force increments. Note that the
pressure tensor is structurally similar to Hj;, ; ; therefore, a similar splitting should
be possible (see also Ref. [67]) and may be interesting in order to extend the results
of Ref. [30] by inclusion of the pressure-velocity correlation functions in explicit form.

The divergence of arbitrary n'"-order isotropic tensors which are symmetric under
the exchange of two indices was calculated in general in Ref. [30] with details given in
Ref. [67]. These results can now be applied here, leading to the following hierarchy of
equations for the n-th order longitudinal structure function D™:

8tDn’0(7“) _ (8,«Dn+1’0(7“) + %Dn-i-LO(T) _ 27:”Dn—1,2(r)>

2\ An, e
—2n <ar + r) G0 A) + 7”(GL7 VA + G A))

(712_71!2)!(52,5(% A) + TP 2(r, A)) = 20P"(r, A) + 20F™(r) , (A20)

where the usual choice r = (r,0,0) was used and the divergence of the G-tensors has
been evaluated, leading to the presence of the functions Gz_Ll’O (r,A), Gz_i’l(r, A) and

_|_

Ganj\l,’O(r, A). The function F™ denotes the contribution from the forcing

"= <6T§L .0, 7], 57~fL> . (AQl)
———

n-1 times

In order to derive this final hierarchy of equations, the tensors S and 7T and the
divergence of the tensors G must be evaluated. Unlike the tensors involving only
velocity increments, the tensors G are in general not symmetric with respect to the
exchange of arbitrary pairs of indices, which precludes the direct application of results
from Ref. [30]. Details of the evaluation of d,, Gy;,. 3« can be found in Appendix C.1,
and the evaluation of the tensors of type S and T is carried out in appendix C.2. The
pressure tensors are considered in appendix C.3.

A.1. Recovery of the four-fifth law for LES for n = 2

We now treat the longitudinal components of Sy;;y, Ty and (9r, Gyjyx) on the RHS
of the tensor equation for the longitudinal case more in detail in order to relate eq. (13)
to the corresponding result in Ref. [28]. We begin by evaluating (0, Gj3x)- From the
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definition of the third-order tensor

Glijie = (6T (T + 7)) + (6,55 (7" +72)) (A22)

we obtain
Glijye = 2 [@;Tﬁg)) + (v} )] (A23)
since <ﬁﬂ'ﬁcl ) = — (T Tﬁc> (see Appendix C.1). The evaluation of the divergence of

Gijy can be simplified through the incompressibility constraint, which results in
Or,, (T}, T, A) = 0. Therefore one obtains

ark G{z]k} (Ta A) = 20, <§;TjAk + @;‘Tz% + @2? A>
= 287«k <’1)Z7'Jk +v U] zk> 8kG{,]}k , (A24)

where the tensor Gyijny = Gijyn + (0:0k(7;; 204 T A)) is an isotropic tensor which is
symmetric under exchange of any pair of 1ndlces Alongside incompressibility, these

geometric constraints result in G to be of the following form [51,68]

37“1‘7’]'7"]c
2r3

Ti Tk
Gijry = (GL', —10:G1 ) +(GLL +10,GY) { Ok + 2] Oki + 5%} 7
(A25)

and its divergence can be calculated using the general results on the divergence of an
isotropic tensor which is symmetric under exchange of any pair of indices (see Ref. [30])

2r

o (a2 3G, —ro.GY) (a0, 2 GL% + 10 G\ T rir;
gkt = "oy 2 "oy 2 r2
G + 709G
<8 + > 5 5z'j . (A26)
The evaluation of the tensor Sy;;) is straightforward
S{z] <( ) j%c, + (8$A Ul) ]k + (8 )TkAz (8Ikﬁj)7—lﬁ>
2<(a$kvl) ]k + (6$kv]) z%) : (A27>

Owing to the incompressibility constraint, the tensor T};;; can in fact be expressed in
terms of the divergence of G

(O ' U +akaZ)( Tik "+ )> + <(8a:LU +8$AU])(T’$/+T]§)>

(
< (vl ]k ) + 8I ( ]k)> + <6ﬂ7k (UJ Tik ) + aﬂ@ (Usz%»
20, <vl7'jk + 'U]le> Or,. G ijiy (r,A), (A28)

Thijy =

25



where the last equality follows from incompressibility: 0,
components of three tensors then become

<E;CT§> = 0. The longitudinal

k

0, o,
(Or Gy (r, A) = 2.5 (4G (1, A)) = (G, A)) (A29)
S? 1 = (7i1,02,0L) (A30)
1 Or
TEp(rA) = § (0n G (n8)) = L 5('GLL(nA) . (A3D)
(A32)
and we obtain
0,020 =~ I (apsoy 9% (agroy 442y Oraghoy 4 o A33
t - 3rd (T ) rd (7‘ L,L) + + rd (T L,L) + ’ ( )

from which for 9;D*? = 0 and F? = 0 we recover eq. (47) in Ref. [28] stated here in
the notation used in Ref. [28]

12
Drrr = —GGL,LL(T, A) + E(TkALaka[)T = —GGL’LL(T, A) + 6<TLAL8LL>7“ . (A34)

where
1 1
Gror(r,A) = (@priy) = S(L(ry +780)) = 5GL0(nA) . (A35)

and Dyr; = D3P Concerning the last equality in Eq. (A34), note that the
term 6(TLALS 1) must equal the SGS energy flux in stationary state, which implies
6<TLAL8LL) = —%(H(A» = %(TkAjskﬁ, which implies <TLAL8LL> = %(T,@skj) (see also
eq. (71) [28]). These relations also imply (75} 0,,01) = <TkAj81€j> /3. The contribution
from the forcing gives

4
2F? = 2(6,6, fu) = e — 4T fr) , (A36)

and for r << Ly we can approximate (v} f1) ~ ein/3 (by isotropy (vrfr) = en/3).
Hence in stationary state, where (II) = 1N, we again recover the four-fifth law with
(IT) replaced by the numerically equal e1x.

Appendix B. Projected LES

In LES applications, the coarse computational grid cannot resolve small-scale dynamics
generated by the coupling of resolved-scale velocity-field components. In formal terms,
the existence of the LES grid therefore requires the evolution of the resolved-scale
velocity field to be confined to the same finite-dimensional vector space; hence, it is
necessary to project the momentum equation again, resulting in

0¢v; + 0;(Tt; + Poi; +157) = fi . (B1)
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The equation derived from this momentum balance at points x and x’ for the n**-order
tensor of velocity-field increments in homogeneous isotropic turbulence then reads

3,5((2@@ ...(5T@in> = ‘S 1‘ Z

_ _ ol + Uk _ = =
<5Tvig(1) e 67‘1}/[;6(71,—1) < k B ) 8Xk5TUia(n) + (Srvkark(srvig(n)] >

|S 1| Z 1) vla(m (57-51'0(”,1)5r(akﬁékiﬁ(n))>

_ AP
Z 8Ty ay -+ Oy Or (O ))

|Sn l| c€eS,

‘Sn 1‘ Z 5 vzv(l) 5T@ia(n—1)67ﬁfia(n)>7 (B2>

where

T = U0 — U

(B3)

.

A further advantage of the projected LES formulation is that Tﬁ’P only consists of SGS

quantities while the unprojected SGS stress TZ4 includes a residual coupling amongst

resolved scales. A detailed discussion of the difference between the two formulations is
given in Refs. [50,58,59]. For the derivation of a hierarchy of equations for the structure
functions from Eq. (B2) we immediately run into several difficulties:

1. The correlation tensor of the velocity field increments which arises from the
nonlinear term in eq. (B1) is no longer symmetric under the exchange of any two
indices.

2. Due to the asymmetry caused by the additional projector acting on the nonlinear
term, the derivatives with respect to Xj cannot be removed by homogeneity,
because they cannot be brought out from inside the average.

3. If we wish to bring the derivatives with respect to r; out from inside the average
additional terms appear from the product rule of differentiation again due the
asymmetry introduced by the projector acting on the nonlinear term.

4. We cannot relate the higher-order structure functions (n > 3, see below) to each
other without the introduction of a correction term.

However, by introducing a correction term

A,LEO — _
Tij =00 — 005 , (B4)

which is known as the Leonard stress [60], it is possible to rewrite the momentum
balance (B1) as

O0v; + 0 (@'@j + F(Sij + Tl?’P + TA LEO) fi -

ij (B5)

Using the correction terms originating from the Leonard stress, we obtain for the
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evolution of the n‘"-order correlation tensor of velocity-field increments
O <(5f,«@7;1 . 6Tﬁin> =—0p, <5rﬁi1 oo 6@%57@)

1 B - _
_ m Z <5T’Ui0(1) e 57"Ul'a(n_1)6T(6kP6kig(,,L))>
g€S,

1 _ _
-~ > {0 isy - - OrTiyy 00 (OkT, kw»

oSy

1 _ _ A,LEO
— |S 1‘ E <5rvio(1) .. '57”1]%(”71)5 (ak kla(n) )>
n—

oES,

1 _ _
+ Z (0T« OnTis 1O fininy) (B6)

A,LEO
Tij
can use the results from the derivation of the equation hierarchy following Eq. (5) to

deduce the corresponding hierarchy for the projected LES (P-LES) following Eq. (B6)

. . AP .
where the tensors involving i and T have the same symmetries. Hence, we

8tD"’0:—<8T 2) (Dn+10+2 (Gn 10P+Gn 10LEO))
T

(Dn 12+2(Gn 2,1,P+Gn 10P+Gn 2,1,LEO_|_Gn lOLEO))

r
2n! _ _
n e 112)! (Sn 2,P 4 Sn 2,LEO +TZL2,P JrTJZLQ,LEO) _ 9P 4+ 2 F"
(B7)
Note that no correction terms are present for n = 2 since
A,LEO = SIS VI SV
G{fj];:go = 2<U;Tjk ) = 2<vgvjvk> — 2<v;vjvk> = 2(v;vjvk) — 2<U;vjvk> =0,
OLEO 1 LEO)  _
T 4 (aﬁcka )LL =0,
SO YO = (V000 0L) = (WktL — kL) 0w, L) = (060102, TL) — (040100, 01) =0,
(B8)

i.e. at the level of the third-order correlation function the correlation between the
resolved field and the correction term vanishes. This is not the case at higher orders.
Correlation functions involving the Leonard stress are briefly discussed in Appendix
B.1.

B.1. Correlations involving the Leonard stress

In order to cover all contributions to the higher-order balance equations, we briefly
describe the correlations involving the Leonard stress. As mentioned earlier, these
are correction terms given in terms of resolved-scale quantities and as such do not
require modelling. At all orders n > 2 in the a-priori analysis of data-set H1 we find
that the functions G}, LO.LEO on 1%70 LEO and G} Lz’l’LEO change sign around A and
display power-law scahng in the 1nert1a1 subrange Since their scaling exponents are
always smaller than those of the functions Gn LOLEO and G" LO.LEO , the correlations
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involving the Leonard stress could in principle become more important than those
involving the actual SGS stress. At all orders considered here, we find that the Leonard-
stress correlations are small compared to the correlations with the SGS stress, however,
their significance increases in the higher-order equations. In contrast, the functions
S™LEO which encode correlations between resolved-scale velocity-field increments and
parts of the energy transfer amongst the resolved scales, we consistently find negative
inertial-range scaling exponents. Furthermore, the S™MFO is always small compared
to S™F at all orders. Hence the contributions of S™FO to the higher-order energy
balances are always subleading in the inertial range.

Appendix C. Properties of correlation tensors

In this appendix we summarise the properties of the correlation tensors that have been
used in the derivation of Eq. (12) as outlined in Appendix A.

C.1. Tensors involving velocity field increments

The tensors
Gy vvink = (005, - .. 5r@z‘n71(7z% + Ti%k» ) (C1)

are isotropic tensors which are symmetric under the exchange of any pair of indices
i1,...,ip—1 as well as under the exchange of i,, with k. That is, it is the tensor product
of two tensors which are symmetric under the exchange of any pair of indices: a
N = n—1 subtensor and a N = 2 subtensor. This structure is used to obtain a general
formula for the divergence of Gy, ;. ..k based on the results of Ref. [30] for tensors
which are symmetric under the exchange of any pair of indices. Here we provide some
more detail on this procedure for the lowest orders and we summarise some useful
properties of the G-tensors.

C.1.1. Second order correlation tensor

For n = 2 we obtain

_ _ - TiriTE
<U;c7—i?> = ((%ﬁ%) - ”’ar<U/LTLAL>) Tig
_ _ T T _ Tk
(2@, fy) + o) (150 + o) — @) 5oy . (C2)
From eq. (C2), the following property of <E§CT§> can be derived
O}y = k(075 (x + 1)) = (O (x — 1)1 (%)) = —(W3,75}) (C3)

where the second equality follows from homogeneity. This relation further implies that
in the limit » — 0 one obtains

@78) = lim (Trd) = — lim(#4rd) = — (7)) | (c1)
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and hence (Tp75

+7) = 0. Hence for the correlation function GIL’?L = (5oL (& +T8)
we obtain

(0:0r7Ly) = (0, 0L(T0L + T0L)) — (6,0p7EY) = 20 7hy) — (ULThL) + (BLTiL)

_ _ _ Lo
= (i) — (prin) = (0p i) = S0 Lty + 75p)) - (C5)

The behaviour of the correlation function GIL’OL in the limit » — 0 can also be obtained
from

2

(),

(C6)
see Ref. [28] or Appendix C.2 for the last equality. Therefore, GE’OL = 2(sppTEy )r for

1 ) _
QarGi’,OLlr:o = 0, (UL (x+7R)TEL (X)) =0 = (O VL TEL ) lrm0 = (SLLTRL) = —

small r, and lim,_,q Gi’g(r) =0.

C.1.2. Third-order correlation tensor

For n = 3, we obtain from symmetry considerations for any isotropic tensor invariant
under the pairwise exchange of ¢ with j and & with [ [51,68]

Gijar = (008,05 (miy" + 7))
= A1 (r, A)rirjrir; + Bi(r, A)rirjog + Ba(r, A)riridi;
+ Bs(r,A)
+ C1 (T, A)

(Tirkajl + Tz'rléjk + 7“ij5¢1 + rjrldik)
(5ik5jl + 5i15jk) + CQ(T, A)éij(skl . (07)

For r = (7,0,0), the only non-zero components are:

GY(r,A) = G700 (r, A) = Ayt + (By + By + 4Bs)r? + 201 + Cs (C8)
G?\}?N(r’ A)= G?\}?j\e(r, A)=Bir* + Cs (C9)
Gy A) =GP (r,A) = Bor® + Cy (C10)
Gply(r,A) = GpR(r,A) = 2B3r® + C1 = Gy, (C11)
Gyin(r &) = Cy = GRR(r, ), (C12)
G (rA) = O, (C13)
NN (r A) =201 + Cy = 2G5, (r, A) + Gy (r,A) . (C14)

where M denotes the second transversal component and the superscripts refer to the
number of longitudinal, first transverse and second transverse components. After some
rearrangement, the tensor G;x can be expressed as
2,0 2,0 0,2 1,1 0,2,0\ TiT5TkT1
Gijue = (GL, — Gyn —Gr1 — 4G, vy + Gy N) A
1,1 1,1 2
+(GL N — Gy (rirkdji + riribj, + im0 + 15m008) /7

2,0 0,2,0 \ TiT'j 0,2 0,2,0 \ TkT1
+(Gyny — Grrm) ;2] o+ (G, — GM,M)TT%’
+ G (Oirdjo + Gudjn) + G100k - (C15)
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In order to calculate the contribution of this tensor to eq. (14), we must calculate
Or,Grijiyk = O (Gijur + Gk + Gjak) - (C16)

The tensor Gy;;;3x is now symmetric under the exchange of 7, j,[, and one obtains

0. G =3 (0+2) 63500 - S0 R0 . (e

where we note that the contributions from the second transversal component can-
cel out. The contributions of the correlations tensors between 7‘ ;; and velocity-field
increments figuring in the higher-order equations are calculated similarly, resulting in

2 n— 2 n— n—
O Giyiyk(r, A) =n <ar + r) G0 A) - %(GN, N A) + G A))

(C18)

C.2. Tensors involving derivatives of velocity field increments

In this appendix we derive expressions for the longitudinal components of the S-and
T-tensors, which for a general symmetric tensor v have the form

— —/ /
S firin} = 1Sn_111Sn_2] 1HSn N Z Z Or Vi o1y + + = Or iy -2y O Uiy 1) Vi )

teS,_10€85,
Z Z Oy - Or0is o ne2) O Visio (1)) Vot k)
|S” 1”5” 2‘tES 1 0ES,
(C19)
S)th, 2 2 iy Ot O Py Vi)
O AR A | 1usn o S g, e T

E E (6,7 .. 0, Oy, U; i)
t(o(1) T (o (n—2)) YTk Ylt(a(n—1)) ligm)k/ *
’Sn IHSn 2‘ o(1)) * o(n o(n (n)

teSn_1 0E€S,
(C20)

Symmetry arguments, i.e. homogeneity and isotropy, restrict the functional form of
the possible tensors, and one obtains

_ _ _ /
E E <5T‘Uit(a(1)) s 6T/Uit(o(n—2))8xkv7;t(a(n—1))’)/’l‘a-(n)k>

tESn_l UESW,
— — —
E E <6rvit(a(1)> s 57“’01}(0(”72))8117;1]@'“(,(”_1))’7%(”)143) ’ (021)
tESn,l UESn
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and

_ _ —y /
E : § : (OrTisiaayy -+ OV o 02 Vi 1)) Vi)

tESnfl UESn
E : E : <5T6it(a(1>> s 5Tﬁit<a<n72>)8%6%(6@—1))7%@)16) ) <022>
teS,_1 0€ES,

resulting in

2 A
T{ii:~~~7i7} Z Z 0 U“( (1) -~ .0 v’t(a (n— 2))8zk Tt(o(n—1)) la(n)k‘> (023)
|Sn|[Sn—1]

teSH_1 0ES,

and

- - A
Slismin} = \S HSn 1 Z Z (0, 00y - ‘57“Uif,<a<n—2)>aﬂck”it<u<nr—1>>Tio<n>k>' (C24)

teS,_10€S,

The longitudinal correlation functions

S"2(y) = ((6,0L)" *kLOwVL) (C25)
T"2(y) = {(6;01)" *1LOkTL) - (C26)

therefore occur with the combinatorial factor (=] n ), in Eq. (12) for v = 7. For n = 2
we obtain

S? 1 (7) = (VLWL (C27)
TE,(v) = (VerOkoL) (C28)

which for v = 7 can also be written as

1 Oy 5

S1.L(A) = 1(5{@'}(7))0 = @(T4G2’?L)\r:0 = §<8LLTLAL> 7 (C29)
1 Oy

TP [ (A) = Z(T{ij}(T))O = @( GlLOL) . (C30)

The expressions in eq. (C29) and (C30) follow from the more general expression

Stijy = O Gijiy (1, A) |r=o0 (C31)
Tiijy = On Gijiy(r, A) (C32)
Proof:
The second equation has already been verified in Appendix A, hence it suffices to con-

sider only the first equation. As shown in Appendix A, the incompressibility constraint
reduced the divergence of Gz to

aTkG{zjk} = 267’k (<7/ ﬁc> + <U/ Tl§> + <§;€Tj%>)
(<a7“k Ui ]k> <87'k§‘,]7—]§> + O) ) (033)
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where the third term on the RHS vanishes by incompressibility. Hence
8Tk G{zgk} (7’, A)‘I‘ZO =2 (<azk§7;7—_]%> + <aﬂ?kﬁj’r]§>) ) (CB4>

which coincides with the expression for Sy;;1(A) given in Eq. (A27)

(i} (A) = 2000, Vi + 02,0570 - (C35)

C.3. Tensors involving the pressure

The tensors describing the velocity-pressure correlations are

P iy = | 71| Z (0:iy 0y - - - 6rDiy 1y 61 (Ok Pk, )
_ -/ =
|STL 1| Z 0 ,UZU(l) 6rvid(nfl)8rk(P +P)6kia(n)>
_ =/ =
|Sn 1| Z ark 5 7)7'6*(1) -0 Uia(n—l)(P + P)(Skio(n)>

_ — =
|Sn 1] 3 Z < i (0r iy 1y - -+ 61y 0y ) (P +P)5m’6(n>> - (C36)

The longitudinal components P™ can now be obtained as for the tensors G, S and T

P2=0, (C37)
P?=6 O + 72,.> <(6T§L)2(?/ + ﬁ)éLL>
- %(«&*UL)Q(F, + P)onn) + (0,508,0n (P + P)orn))
3 <5m (P + P)(9,, 7, + awkvL)akL>
= 60,((6,v)*(P + P)) — 3(6,v,(P + P)(sh + s11)) - (C38)
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