N

N

Dynamics of helicity in homogeneous skew-isotropic
turbulence

Antoine Briard, Thomas Gomez

» To cite this version:

Antoine Briard, Thomas Gomez. Dynamics of helicity in homogeneous skew-isotropic turbulence.
Journal of Fluid Mechanics, 2017, 821, pp.539-581. 10.1017/jfm.2017.260 . hal-01528550

HAL Id: hal-01528550
https://hal.sorbonne-universite.fr /hal-01528550
Submitted on 29 May 2017

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.sorbonne-universite.fr/hal-01528550
https://hal.archives-ouvertes.fr

Under consideration for publication in J. Fluid Mech. 1

Dynamics of helicity in homogeneous
skew-isotropic turbulence

A. Briard ! and T. Gomez ? {
L & Alembert, CNRS UMR 7190, 4 Place Jussieu, F-75252 Paris CEDEX 5, France
2 USTL, LML, F-59650 Villeneuve d’Ascq, France
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The dynamics of helicity in homogeneous skew-isotropic freely decaying turbulence is
investigated, at very high Reynolds numbers, thanks to a classical eddy-damped quasi-
normal Markovian (EDQNM) closure. In agreement with previous direct numerical simu-
lations, a k~5/3 inertial range is obtained for both the kinetic energy and helical spectra.
In the early stage of the decay, when kinetic energy, initially only present at large scales,
cascades towards small scales, it is found that helicity slightly slows down the non-linear
transfers. Then, when the turbulence is fully developed, theoretical decay exponents are
derived and assessed numerically for helicity. Furthermore, it is found that the presence
of helicity does not modify the decay rate of the kinetic energy with respect to purely
isotropic turbulence, except in Batchelor turbulence where the kinetic energy decays
slightly more rapidly. In this case, non-local expansions are used to show analytically
that the permanence of large eddies hypothesis is verified for the helical spectrum, un-
like the kinetic energy one. Moreover, the 4/3' law for the two-point helical structure
function is assessed numerically at very large Reynolds numbers. Afterwards, the evolu-
tion equation of the helicity dissipation rate is investigated analytically, which provides
significant simplifications and leads notably to the definition of a helical derivative skew-
ness and of a helical Taylor scale, which is numerically very close to the classical Taylor
longitudinal scale at large Reynolds numbers. Finally, when both a mean scalar gradient
and helicity are combined, the quadrature spectrum, linked to the antisymmetric part of
the scalar flux, appears and scales in k~7/3 and then in £~5/% in the inertial range.
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1. Introduction

Helicity is a quantity of interest since it is an invariant of the three-dimensional inviscid
Navier-Stokes equations (Moffatt 1969), and has been consequently at the center of a
great amount of theoretical (Brissaud et al. 1973; Moffatt & Tsinober 1992; Chkhetiani
1996; Gomez et al. 2000; Ditlevsen & Giuliani 2001) and numerical (André & Lesieur
1977; Polifke & Shtilman 1989; Borue & Orszag 1997; Chen et al. 2003; Baerenzung
et al. 2008; Biferale et al. 2012) studies. Nevertheless, despite all the attention helicity
has received for more than forty years, it remains a quantity quite complex, whose effects
on the transfers of energy are not completely understood, as stated in Chen et al. (2003):
indeed, helicity Ky =< wu;w; > /2, unlike kinetic energy K(t) =< u;u; > /2, is not
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positive definite since it is the scalar product of the fluctuating velocity u; and vorticity
w; = €;;,0juy, so that it can be either positive or negative, where < . > is an ensemble
average.

It is worth noting that inviscid three-dimensional turbulence has two invariants, kinetic
energy and helicity, and two-dimensional turbulence has two as well, kinetic energy and
enstrophy < w;w; >. Therefore, some authors have evoked the possibility of interpreting
helicity as a 3D analogous of enstrophy, despite the fact that the latter quantity is
positive definite. Since enstrophy is responsible for an inverse cascade of energy in 2D
(Kraichnan 1967), they concluded that helicity could also be associated to inverse cascade
mechanisms in 3D (Brissaud et al. 1973; Chen et al. 2003).

Consequently, since the pioneering work of Brissaud et al. (1973), the possibility of
inverse energy cascades has been a crucial point of discussion. At this time, two different
scenarios were proposed: joint cascades of helicity and energy towards small scales with
non zero kinetic and helical dissipation rates, respectively € = v < J;u;0;u; > and
ey = v < Oju;0jw; >, with v the kinematic viscosity, so that the kinetic and helical
spectra scale in E(k) ~ €2/3k=%/3 and H(k) ~ ege/3k~5/3 by dimensional analysis (the
assumptions behind the second scaling are discussed later); or a pure helicity cascade,
with no energy transfer e = 0, so that the kinetic and helical spectra scale in E(k) ~
k=73 and H(k) ~ €/*k=%/3 in the forward cascade. In such a configuration, there
would be an inverse cascade of kinetic energy in k~%/3. This second scenario was proven
to be impossible in decaying turbulence by André & Lesieur (1977) in the EDQNM
framework. However, for instance in rotating turbulence with a non-vanishing helical
forcing, and in other very specific configurations, an inverse energy cascade is observed
(Biferale et al. 2013). Furthermore, one must point out that recently, it was shown that
the Navier-Stokes equations intrinsically contain this inverse energy cascade mechanism
(Biferale et al. 2012): indeed, when considering specific triadic interactions between only
positive (or negative) helical modes, there is an inverse kinetic energy cascade E(k) ~
€2/3;=5/3, Still, as soon as there is a single helical mode of opposite sign, this inverse
cascade vanishes.

The review of the different studies involving helicity shows that, except the early work
of André & Lesieur (1977), there were no further attempts to investigate the dynamics
of the helical spectrum H (k,t) at very large Reynolds numbers Rey > 103, where Re) =
K+/20/(3ve). In addition, it appears that the long-time decay of helicity has not been
addressed. Yet, the knowledge of the decay rate of integrated quantities, such as the
inviscid invariants (kinetic energy and helicity), is crucial for the understanding and
prediction of the turbulence dynamics in asymptotic regimes at large Reynolds numbers.
Therefore, it could be interesting to have clear decay exponents for helicity: indeed, to
our knowledge, there were no numerical papers providing decay exponents for helicity,
except the theoretical one by Levshin & Chkhetiani (2013), which is not fully satisfactory
as explained later on.

The high Reynolds numbers regime is of theoretical interest since the classical scalings,
phenomenology and mechanisms of turbulence were developed in this framework, where
small scales should always be isotropic and forget the effects of large scales (Kolmogorov
1941). On a practical point of view, large Reynolds numbers can be found notably in
atmospheric turbulent flows, where helicity is naturally present and may be, as an ex-
ample, the reason for the persistence of tornadoes (Moffatt & Tsinober 1992; Lesieur
2008). A complete description of atmospheric flows at high Reynolds numbers being un-
reachable for now by direct numerical simulations (DNS), models are required. This is
not straightforward since atmospheric flows contain several complex mechanisms such as
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stratification, shear, rotation, and temperature gradient. The complete understanding of
these different processes at stake requires the fine comprehension of each mechanism on its
own at large Reynolds numbers. In this view, an anisotropic eddy-damped quasi normal
Markovian (EDQNM) modelling was recently developed to describe at large Reynolds
numbers the dynamics of a passive scalar field in a homogeneous anisotropic sheared
turbulence with a mean temperature gradient (Briard et al. 2016). While unstable strat-
ification (Burlot et al. 2015; Briard et al. 2017) and rotation (Cambon et al. 2013) were
addressed separately with analogous anisotropic EDQNM approaches, the case of helical
turbulence at high Reynolds numbers still requires some attention, especially to answer
two fundamental questions: is the decay of helicity in a freely decaying turbulence pre-
dictable? How does helicity modify the decay of kinetic energy and the energy transfers?
Since mean helicity can be created in homogeneous turbulence, from non-zero spectral
helical modes (André & Lesieur 1977), the knowledge of its decay law is of great interest
when it is initially present in the flow. This is why the authors choose to focus on a
classical configuration at large Reynolds numbers, namely homogeneous helical turbu-
lence (HHT), which is basically a skew-isotropic turbulence, i.e. homogeneous isotropic
turbulence (HIT) without mirror symmetry. In particular, there are no magnetic fields,
so that only the kinetic helicity is considered: this is precisely the framework addressed
by André & Lesieur (1977), and unlike recent studies, no distinctions will be made here
between positive and negative helical modes (Biferale et al. 2013).

In such a fundamental configuration, several crucial theoretical results in physical space
were derived regarding two-point third-order correlations: notably, Chkhetiani (1996)
proposed an inertial scaling for the triple velocity correlation S(r) =< upuguf >, where
r is the distance between two points located in  and x’ = x + 7, the prime ’ referring
to quantities expressed in @/, and the () to the component along r: S(r) appears in
the evolution equation of the antisymmetric part of < uzu; >, and is found to scale as,
neglecting the temporal term and viscous dissipation, S(r) ~ eg7?/30. In addition, mixed
velocity-velocity-vorticity structure functions were analyzed in Gomez et al. (2000), and
it was found that < durdu;0w; > — < dwrdu;du; > /2 = —4rey /3 in the inertial range,
where du; = u — u;. These two laws are equivalent, and result from the conservation of
helicity in inviscid flows. This is why the second law is analogous to the ”four-thirds”
laws for the kinetic energy and scalar variance, which both come from conservation laws
as well (Antonia et al. 1997). Whereas an equivalent of the first law for S(r) was assessed
in DNS (Kurien et al. 2004b), it is not the case for the helical ”four-thirds” law. Both
these fundamental relations will be assessed numerically here at high Reynolds numbers,
and statistics of helical flows will be further investigated, notably the evolution equation
of the helical dissipation rate ey and derivatives of skew-isotropic tensors.

Finally, a new configuration is addressed, combining both a mean scalar gradient and
helicity. This case, which could be of interest for the modelling of atmospheric turbu-
lence where these two features may be present, permits to illustrate the subtle effects
of helicity on the scalar flux, or two-point spectral velocity-scalar correlation. Indeed,
unlike a passive scalar field where there is no explicit contributions of helicity in its evo-
lution equations, the coupling of helicity and mean scalar gradient creates the quadrature
spectrum Q(k,t), linked to the imaginary antisymmetric part of the scalar flux.

The paper is structured as follows: in section 2, the various spectral evolutions equa-
tions, along with the EDQNM modelling, are presented for homogeneous helical turbu-
lence. Initial conditions are discussed and it will be considered that helicity is initially
present at large scales only, so that the kinetic and helical spectra E(k,t) and H(k,t)
develop conjointly. The first theoretical results are presented in section 3: the assump-
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tions behind the k~%/3 scaling of F and H in the inertial range are discussed in part
3.1, along with the possibility of inverse and direct cascades. Then, in part 3.2, non-local
expansions are used to predict the large scales dynamics of the kinetic energy and helical
spectra. The decay of kinetic energy and helicity is then investigated both numerically
and theoretically in section 4. Furthermore, structure functions in HHT are addressed in
section b: existing theoretical results are recalled and assessed numerically. The evolution
equation of the helicity dissipation rate ey is studied and simplified, and some develop-
ments on skew-isotropic tensors are provided, which notably leads to the definitions of a
helical Taylor scale and helical derivative skewness. In section 6, the evolution equation
of the quadrature spectrum is derived, and its inertial scaling is analyzed. Finally, the
results are recalled and discussed in the concluding section 7.

2. Evolution equations and EDQNM modelling

In this part, the evolution equations of the kinetic and helical spectra are derived
starting from the spectral counterpart of the Navier-Stokes equation. In addition, the
EDQNM approach is presented in order to compute explicitly the non-linear transfers
involved in these equations. The final resulting EDQNM evolution equations of the kinetic
and helical spectra (2.31) and (2.32) given here were derived in Pouquet et al. (1976);
André & Lesieur (1977), but the main features of the derivation are nevertheless recalled.
For consistency purposes, the same formalism as in Mons et al. (2016); Briard et al.
(2016) is used, so that the present approach could be easily extended to more complex
configurations in future works, such as helical shear flows for instance. In the following,
helicity is injected initially at large scales along with kinetic energy so that both decay
freely: there is no forcing mechanism nor rotation, and no magnetic field. Historically,
this is the framework investigated by Brissaud et al. (1973) and it will be shown that
even in such a classical case, there are still some important open questions which are
tackled in sections 3, 4 and 5, such as the prediction of the helicity decay and its impact
on kinetic energy.

2.1. Craya equation

In this part, the evolution equation of the spectral two-point velocity correlation is ob-
tained in the framework of HHT, without any mean-velocity gradient nor rotation. The
evolution equation of the spectral fluctuating velocity u; reads

(% + ’f) is(k, 1) + ikt (k) = ~ikip(k), 21)

which is the spectral counterpart of the Navier-Stokes equation, with v the lfinematic
viscosity, k; the wavenumber, p the spectral fluctuating pressure, i2 = —1, and () denotes
the Fourier transform. The pressure term is cancelled by projecting this equation onto
the plane perpendicular to @;, by virtue of the incompressibility condition k;@; = 0. From
this point, one needs to define the two-point second-order velocity correlation Rij, also

called the spectral Reynolds tensor

3
Rij(k,t)d(k —p) = <%> §(k — p)/e*ik'TRij (r)d®r =< a0} (p,t)0;(k,t) >, (2.2)

where k and p are wave vectors, ()* is the complex conjugate, < . > an ensemble average,
and R;; is the second-order velocity correlation in physical space

Rii(r) =< wui(z)uj(z+ 1) >, (2.3)
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where r is the separation vector, and with in particular R;i(0) =< wu; >= 2K. The
evolution equation of R;j, the so-called Craya equation, is

d
<at + 2yk2) Rij(k,t) = T " (k,1), (2.4)

where Ti]]\-’ L is the total non-linear and conservative transfer. This non-linear transfer can
be expressed as a function of S;j,,, the three-point third-order velocity correlation

so that (Sagaut & Cambon 2008)

T (k1) = Pin / S (ks P, VP + Pron (K / S, (kp)d’p,  (2.6)

where Py, is the Kraichnan operator defined as
1
Pinn(k) = (kszm(k) n k:nPim(k)), with  Py(k) =0y — vy, (2.7

with a; = k;/k. In the following section 2.2, the spectral Reynolds tensor is expressed
as a function of the energy and helical densities £ and H, in a procedure similar to
what was done recently in the framework of homogeneous anisotropic turbulence (Mons
et al. 2016). Then, in section 2.3, the non-linear transfer TZJJV L is derived with a classical
EDQNM procedure.

2.2. £ —H decomposition

In HHT, the spectral Reynolds tensor is not symmetric and real anymore, since it contains
an imaginary antisymmetric part (Cambon & Jacquin 1989) reflecting the breakdown of
mirror symmetry. Consequently, [2;; can be written

Rij(k,t) = E(k,ﬂpij +i€ijkakH (28)
where €5, is the Levi-Civita permutation tensor. Similar decompositions were used by
Borue & Orszag (1997); Chen et al. (2003). From this rather simple decomposition, one
could extend to more complex cases containing polarization and directional anisotropies,
such as helical-shear driven turbulence, whose equations are given in Cambon et al.
(2013). The energy and helical densities £ and H are linked to the spectral Reynolds
tensor Rij through

1. 1 .
5(’6, t) - §R”(k, ﬁ), /H(k!, t) - _§ikm€iijij (k!, t). (29)
The helical density H can also be defined in terms of the spectral fluctuating velocity
and vorticity

1

3
H(k,t)o(k —p) = (%) 5(k—p)/e’ik"‘R5(r)d3r = — <4l (p, )k, t) >, (2.10)

(\}

where Rg is the second-order velocity-vorticity correlation in physical space
RI(r) =< ui(@)w;(x") >, (2.11)

with in particular RZ(0) = 2Kpy. The evolution equations of the kinetic energy and
helical densities are then

(% + 2uk2) E(k,t) = Te(k,t), (% + 21/k:2) H(k,t) = Ty(k,t). (2.12)
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Afterwards, to express Te and Ty as a function of TZJ]V L one has to use the tensor

73k, t) = Ky / Siin (K, p, )0, (2.13)

where S;j,, is the three-point third-order velocity correlation defined in (2.5). This pro-
cedure, used recently in Mons et al. (2016); Briard et al. (2016) in the framework of
homogeneous anisotropic turbulence, permits to express the total non-linear transfer as

T (k. t) = P (K)7nj(k,t) + Pin (k) (K, T). (2.14)
One obtains
NL 1
Te(k,t) — 2T” (k1) = 5 (ialhe, ) + 7k, ), (2.15)
Th(k,t) = ;m”lkl (TU (k, 1) + 75, (k, t)) (2.16)

and the latter expression was notably derived in Cambon & Jacquin (1989).
The kinetic energy and helical spectra E(k,t) and H(k,t) are defined as the spherical
average of the kinetic energy and helical densities

E(k,t) = / E(k,t)d*k, H(k,t)= | H(k,t)dE, (2.17)
Sk Sk
and in HHT, the spherical integration amounts to a multiplication by 47k2. The evolution
equations of both E and H are given in section 2.3 along with the spherical-average of
Te and Tp. The kinetic energy and its dissipation rate are computed as

< wit; > du; Qu; >
K(t) = =4 / E(k,t)d (t)=v < 0 21// k2 E(k, t)dk.
(2.18)
Similarly, one has for the helicity and its dissipation rate
< Ui Ou; Ow; 0
Ku(t)= ——— H(k,t)d =< ——>=2 k*H (k,t)dk.
() == [ enlt) =v < ST >y [ k()
(2.19)
The kinetic energy and helicity verify in freely decaying turbulence
dK dK g
- — _ 7 = 2.20
dt © dt e (220)

and the decay of these quantities for high Reynolds numbers is investigated in section 4.
We define as well the kinetic and helical integral scales

3m ST
4K 4Ky
Finally, from the definition of the vorticity itself, it can be shown that the helical spectrum
H(k,t) must satisfy the following condition (Kraichnan 1973)

|H(k,t)| < kE(k,t), (2.22)

L(t) = h k= E(k, t)dk, Ly(t) = /Oo k= H(k,t)dk. (2.21)
0

with Ky =< u;w; > /2. At this level, one must point out that unlike kinetic energy which
is always positive, helicity is not positive-definite and consequently can be negative, so
that H(k,t) can take negative values.

2.3. EDQNM closure and non-linear transfers

The eddy-damped quasi-normal Markovian (EDQNM) approximation is now used to
close the non-linear transfers Tg and T’ that call into play the triple correlation Sjjy,.
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The complete procedure is detailed and discussed in numerous references (Pouquet et al.
1976; André & Lesieur 1977; Lesieur 2008; Sagaut & Cambon 2008) and has been used
recently in homogeneous isotropic turbulence (Briard et al. 2015). Consequently, only a
brief description is presented here.

The EDQNM model was firstly introduced by Orszag (1970); Leith (1971); Orszag
(1977) for hydrodynamic turbulence. This approximation is used here to solve the equa-
tions of dynamics in order to obtain the time evolution of the kinetic and helical spectra.
The EDQNM model is a quasi-normal closure: this approximation assumes that the
fourth-order moments of the velocity field appearing in the evolution equation of the
third-order correlation are related to the second-order moments as if the field was Gaus-
sian. The realizability of the model is then enforced by adding an eddy-damping term

k
0P (k1) = A / P2 E(p, )dp (2.23)
0

that reflects departure from Gaussianity, where the Kolmogorov constant C'p ~ 1.30 with
A = 0.355. The Markovianization leads to define the relaxation time of the third-order
correlations in the EDQNM model as
1 — e Hrpat
Okpg = — ——  where gy = v(k*+p°+4%)+0"P (k, 1) +0"P (p, £)+0"" (g, 1).
" (2.24)

When it comes to the study of helicity, an additional assumption is made, as in André
& Lesieur (1977): the characteristic time of the third-order correlations 6,4 is chosen
to be the same for the kinetic and helical fields. It is shown in section 3.1 that such an
hypothesis is consistent with joint cascades for the kinetic and helical spectra, and can
be a posteriori justified with physical arguments. Beyond these physical justifications, it
seems consistent to choose 6j,, for both the kinetic and helical fields since the closure
comes from the same evolution equation, which is the one of the third-order correlation
defined in (2.5).

Thanks to the EDQNM approximation, one can compute explicitly the spherical-
average of the non-linear kinetic and helical transfers, as done in André & Lesieur (1977),
which yields

SNE (K, t) = /S Te(k, t)d?k = S (k. t) + SPD (k. 1), (2.25)
k
SVE (o, 1) = /S T, )Pk = S5 (k1) + S5™ (k, 1), (2.26)
with in detail k
S50) (k) = 167r2/ Opgk®p?q(zy + 2*)E" (' — €)dpdg, (2.27)
k
SV (k1) = 167 | Ougk*p=(a +y2 M (W~ H)dpdg (2:28)
k
S 0t) =167 [ uukpa(oy + )" ('~ Hydpdy (2.29)
k
S (k,t) = —1672 /A Orkpgk*p2(x + y2)H" (p*E" — K*E)dpdy, (2.30)
k

with Ay the domain where k, p and ¢ are the lengths of the sides of the triangle formed
by the triad k 4+ p + ¢ = 0, and where z, y and z are the cosines of the angles formed
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by p and q, q and k, and k and p respectively. For the sake of clarity & = E(k,t)/4nk?,
& = E(p,t)/Anmp?, " = E(q,t)/4nq?, and H = H(k,t)/4nk? H' = H(p,t)/4np?, and
H" = H(q,t)/4mq?. All these four non-linear transfers §(s°)  g(hel) S;}iw), and ng)
are conservative (with zero integral over the whole wavenumber space) and have been
obtained previously (André & Lesieur 1977). Here is some additional information: S(5°)
is the classical kinetic energy non-linear transfer appearing in HIT. Moreover, it is clear
from (2.25) that helicity directly impacts the non-linear transfers of E(k,t) through a
purely helical transfer S(¢)). One can further remark that S;?”) has a form very similar
to the isotropic non-linear transfer of a passive scalar field (Briard et al. 2016). In addition
to the original work of André & Lesieur (1977), it will be shown numerically in section

3.1 that both S(5°) and S}}im correspond to direct transfers from large to small scales,

whereas S("¢!) and ng) are inverse transfers.
Finally, with (2.25) and (2.26), it is now possible to write the Lin evolution equations
for E(k,t) and H(k,t) in homogeneous helical turbulence

<% + 2uk2) E(k,t) = Sp"(k,t), (2.31)
(% + 2yk2> H(k,t) = Sy*(k,t). (2.32)

In the next part, some details are provided about the numerical resolution of these two
equations.

2.4. Numerical setup and initial conditions

The time evolution of the kinetic and helical spectra E(k,t) and H(k,t) is obtained
by solving two coupled integro-differential equations using a third-order Runge Kutta
scheme with implicit treatment of viscous terms. The wavenumber space is discretized
using a logarithmic mesh k;4; = rk; for ¢ = 1,... n, where n is the total number of
modes and r = 10*//, f = 17 being the number of points per decade. This mesh spans
from kmin = 1070k, t0 kmax = 10k, where kz, = 1/L is the integral wavenumber and
ky, = (¢/ v*)1/4 is the Kolmogorov wavenumber (the possibility of a different viscous
cutoff wavenumber for the helical spectrum will be discussed as well). If not mentioned
otherwise, the initial Reynolds number based on the Taylor microscale is Rey(0) =~
5.10%: this allows to investigate the decay of helicity and kinetic energy in regimes that
cannot be reached yet by DNS, but that nevertheless involve typical Reynolds numbers
of atmospheric flows. The characteristic time used for normalization is the eddy turnover
time 79 = K (0)/€(0).

The choice of initial conditions is important, and for consistency, the same as in André
& Lesieur (1977) are used

2
E(k,t =0) = k% exp (g (;) ) . H(k,t=0)=kE(k,t=0), (2.33)
L
with o the large scales spectral exponent of the kinetic energy spectrum: E(k < k) ~ k°.
Consequently, the helical infrared slope is o = o 4+ 1, and satisfies (2.22). It can be
checked numerically that if one chooses E(k,0) = H(k,0), this violates the previous
condition at large scales. Moreover, with the choice (2.33), both spectra evolve conjointly,
and helicity affects the filling of the small scales during the cascade of kinetic energy: this
is illustrated in figure 1 as well, where the filling of the small scales with kinetic energy is
delayed by helicity in the early times of the decay. This is consistent with the results of
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FIGURE 1. Early decay of the kinetic energy K (¢) with and without the additional presence
of helicity, for Batchelor turbulence (¢ = 4). The results are similar for Saffman turbulence
(0 =2).

André & Lesieur (1977). The authors insist on the fact that the first effect of helicity is
to slightly slow down the filling of small scales with energy, as already noticed by Polifke
& Shtilman (1989); Polifke (1991); Moffatt & Tsinober (1992). Once the spectra E and
H are fully developed, the effects of helicity on the kinetic energy decay are more subtle,
as addressed in sections 3.2 and 4.

3. Kinetic energy and helical spectra E(k,t) and H(k,t)

In this part, the kinetic energy and helical spectra E(k,t) and H(k,t) are investigated
numerically at very large Reynolds numbers thanks to the EDQNM modelling presented
in the previous section. Firstly, basic properties of homogeneous skew-isotropic flows are
recovered and some features regarding inverse transfers are addressed. Then, non-local
interactions are considered in the infrared range of the spectra (for wavenumbers smaller
than the integral one ky) and non-local expansions are made in order to study the large
scales dynamics. These results will be directly used in section 4 to predict the decay of
kinetic energy and helicity in homogeneous turbulence.

3.1. Joint cascades - Direct and inverse non-linear transfers

Since the numerical work of Chen et al. (2003), the joint cascades of the kinetic energy
and helicity in k~%/3 inertial ranges have been well assessed. This section aims at explor-
ing large Reynolds numbers with EDQNM, as done in the pioneering study of André &
Lesieur (1977): more precisely, higher Reynolds numbers are reached, the assumptions
and physics behind the £~5/3 scaling of the kinetic energy and helical spectra are dis-
cussed, and the spectral non-linear transfers of kinetic energy and helicity are investigated
in order to exhibit some inverse transfer mechanisms.

Firstly, the k—5/3 scaling for both F and H is presented in figure 2. The inertial kinetic
and helical ranges both extend from their respective integral wavenumbers k;, = 1/L and
kg = 1/Ly to the Kolmogorov wavenumber k,. It was argued in Ditlevsen & Giuliani
(2001) that there could be a different cutoff for the helical spectrum, defined as

K = ( h )1/7. (3.1)

V3 €2

The opposite was proposed by Chen et al. (2003), i.e. there is only one viscous cutoff
k,. The latter is clearly what is obtained in figure 2: the k—°/3 ranges for F and H both
reach k,. It is worth noting that at moderate Reynolds numbers Rey ~ 50, k,, is only
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FIGURE 2. At left, kinetic and helical spectra E(k,t) and H(k,t). k)’ is defined in (3.1), and kg
is the helical integral wavenumber. At right, the normalized kinetic and helical fluxes with their
respective dissipation rates € and ex. Both with o = 2, at Rey = 2.10%, along with the kinetic
integral and Kolmogorov wavenumbers kz and k.

three to four times higher than k:ff : consequently, large Reynolds numbers are needed
to assess that the helical inertial range reaches the Kolmogorov wavenumber. Another
interpretation of kf;{ is proposed in Appendix E. Helicity being a quantity not positive-
definite, a change of sign can be observed in H (k,t): more precisely here, negative values
are obtained at small scales. Such a phenomenon also occurred at large Reynolds numbers
in André & Lesieur (1977), and was observed as well at moderate Reynolds numbers in
DNS (Polifke & Shtilman 1989; Politke 1991).

The k~5/3 scaling can be deduced from dimensional analysis. The main hypothesis is
that the typical characteristic time in the inertial range 7(k) = (k%¢)~'/% is the same
for both the kinetic and helical spectra. From this assumption results an ” Obukhov-like”
scaling, ey (t) = kH(k,t)/7(k), which directly yields in the inertial range

H(k,t) = Cyreg e /3 k=5/3, (3.2)

The constant Cy ~ 2 is obtained at Rey = 2.10%, whereas the Kolmogorov constant
remains unchanged with respect to HIT simulations. The present value Cy ~ 2 is in
agreement with André & Lesieur (1977). It is worth noting that one could change Cg
and Cpg to fit better with DNS by modifying the eddy-damping constants: this is out of
the scope of the present work, but could be of interest for the development of simplified
models.

One can remark that the scaling (3.2) is very similar to the one of a scalar field being
passively advected by a turbulent flow: indeed, a similar assumption regarding the non-
linear time and the scalar dissipation rate is made in this case (see Lesieur (2008) for
a review). This is one of the reasons why it is often said that helicity cascades linearly
with the kinetic energy (André & Lesieur 1977; Ditlevsen & Giuliani 2001).

The scaling (3.2) can also be obtained by considering that non-linear transfers in the
inertial range are mainly local, i.e. k ~ p ~ ¢ in equations (2.27)-(2.30). By dimensional
analysis, and dropping all geometric factors x, y and z, this yields for the kinetic and
helical fluxes II(k) ~ 0 E(k)?k* and g (k) ~ 0 E(k) H(k) k*, where the flux is IT ~
kS {EV L and 0 = O is the ”local” third-order correlation characteristic time. Using the
hypothesis for the eddy-damping of the helicity field, which is that 0,, is identical for
both F and H, and assuming that at high Reynolds numbers in the inertial range one
has IT ~ € and Il ~ €, yields

€

s

=7(k) = (k26)_1/3. (3.3)
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The latter assumption IT ~ € is often made at large Reynolds numbers and is well assessed
in figure 2. Finally, using (3.3), one obtains two equivalent relations

e(t) H(k,t) ~en(t) E(k,t) and e(t) K (t) ~en(t) K(t). (3.4)

The scaling (3.2) is further recovered by replacing the kinetic energy spectrum by E(k) ~
€2/3k=5/3_ Thus, the joint cascade of kinetic energy and helicity is recovered, and simple
arguments showed that the assumption behind the =5/ scaling of H(k,t) is that the
velocity and helical fields have the same characteristic inertial time 7(k) = (k%¢)~1/5.

The total non-linear kinetic and helical transfers S5 and SH L, defined in (2.25) and
(2.26) respectively, are now investigated in figure 3 for Batchelor turbulence (results are
similar for Saffman turbulence). In section 2.3, S was decomposed into the sum of
a purely kinetic contribution S(5°) identical to the non-linear transfer in HIT, and a
purely helical contribution S0 Tt is found in the EDQNM simulations that the latter
part corresponds in fact to a transfer of energy from small to large scales. This inverse
transfer is nevertheless less intense than the direct one, so that the total kinetic transfer
SNL is direct. Moreover, whereas the direct non-linear transfer S(**°) spans on all scales
of the wavenumber space, the inverse transfer S¢) is very localized at large scales,
which creates a small region where S(5°) is positive at large scales, which is different
from HIT. Nevertheless, the total kinetic energy transfer SN is completely similar to
the one in HIT. _ _

Similarly, S¥* was decomposed into two contributions ng) and ng), which both
span on the entire inertial range. It is revealed in figure 3 that these two parts correspond
to direct and inverse transfers respectively. Once again, the inverse transfer is weaker than
the direct one, so that the total transfer of helicity S§* goes from large to small scales.
One can observe that SN* is negative around ky, and this explains the negative values
of the helical spectrum H (k,t) at the dissipative scales observed in figure 2: this can be
interpreted as viscous production of helicity, since —2vk3H (k) is positive in this region.
The fact that inverse transfers of kinetic energy and helicity are hidden in the total direct
cascade is in agreement with the recent results of Alexakis (2017).

In this part, it was recovered that in freely decaying HHT, there is a joint cascade of
kinetic energy and helicity towards small scales. The main assumption behind the k~5/3
inertial scaling is that the kinetic and helical fields have the same inertial characteristic
time. Finally, it was shown numerically that despite a direct cascade, some inverse non-
linear transfers occur, less intense than direct ones.

3.2. Non-local interactions - Infrared range dynamics

This section focuses on the permanence of large eddies (PLE) in the presence of helicity,
and on non-local interactions between small and large scales. Consequently, at this point,
one needs to recall the definition of the PLE hypothesis. Both Saffman and Batchelor
turbulence are investigated in this work, whose infrared exponents are respectively o = 2
and o = 4, where E(k < kr,t) = Bk? and H(k < kpg,t) = Bpk°". Due to the
initial conditions (2.33) where o = o + 1, one has for instance in Batchelor turbulence,
E(k < kr,0) ~ k* and H(k < kg, 0) ~ k°.

The PLE hypothesis is said to be true in decaying turbulence for E(k,t) (for H(k,t))
when both B and o (Bpy and op) remain constant throughout the decay. If a kinetic
energy spectrum with o < 4 is imposed initially, then o remains constant (Lesieur &
Ossia 2000). Regarding B, this prefactor is time dependent for values o € [0, 4] where the
critical value is located in the range 3 < 0. < 4 (Eyink & Thomson 2000; Lesieur & Ossia
2000). Consequently, for Saffman turbulence (o = 2), the PLE hypothesis is verified,
whereas it is not for Batchelor turbulence (o = 4): this has been assessed numerically in
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FIGURE 3. At left, helical non-linear transfers Sgﬁr) and ng). At right, purely helical and

isotropic non-linear transfers S and S0, Bottom, total non-linear kinetic and helical
transfers kSY” and kSNT. All for Batchelor turbulence (0 =4) at Rey = 5.10%, along with the
integral and Kolmogorov wavenumbers kr and k.

HIT for E(k,t) (Meldi & Sagaut 2013) and for a passive scalar Ep(k,t) (Briard et al.
2015).

In what follows, it is proposed to investigate both numerically and theoretically what
are the effects of helicity on the strong backscatter of energy that classically occurs
in Batchelor HIT, and to address the permanence of large eddies at the level of the
helical spectrum. The starting point is figure 4, where the time evolutions of the kinetic
energy and helical spectra E(k, t) and H (k, t) are displayed for Batchelor turbulence. Two
features need to be underlined: firstly, it appears that H experiences no backscatter, so
that the PLE hypothesis is verified in Batchelor HHT for the helical spectrum, unlike
E. Secondly, the backscatter for F is weaker in the presence of helicity than in HIT,
as revealed by the grey curve corresponding to a HIT simulation for E, at the same
time. These two features can be explained analytically, using non-local expansions. These
important results, and especially the fact that the PLE hypothesis is verified for H even
in Batchelor turbulence, are applied in the next section to determine theoretical decay
exponents for K (t) and Ky (t).

One can show that the non-local kinetic energy transfer acting in the infrared range,
i.e. coming from small scales, is

, 14 > E(p)? 2 e oE
700 (ht) = 358 [ 2B = ZHE) [ (550) <05 ) o (35

Such expressions were derived in Lesieur & Schertzer (1978); Lesieur (2008). The first
rhs term is responsible for the backscatter of energy that breaks the PLE hypothesis.
The second rhs term is classically written under the eddy-viscous form —2uk?E, and
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FIGURE 4. Decaying spectra in Batchelor turbulence (o = 4) with Rex(0) = 3400. At left, kinetic
energy spectrum E(k,t): at t = 10%79, F for HIT is displayed as well in grey. At right, helical
spectrum H (k,t).

represents a pseudo kinetic energy dissipation, in other words the damping of large scales
by small-scale turbulence. To understand why back transfers of energy on E(k,t) are
decreased with helicit‘y7 one has to expand Sel) when k < p ~ ¢, which gives

> H
Thed= (1) = k:4 / 000y 22 4 2 2y / Yo (orr(p) — p22) ap.
15 kL dp

p
(3.6)
The first rhs term modifies the backscatter of energy whereas the second one can also be
interpreted as a pseudo helical dissipation term in —2v/7k? H. Combining this expression
with (3.5) reveals the impact of helicity on the total inverse non-local kinetic transfer in
HHT

T (k,t) = %k‘* /: 90ppE]()—12’)(1 - (%) )dp—2z/tk2E(k:) —wHK2H(K). (3.7)

damping of large scales
k* backscatter

The second term indicates a change in the effects of viscous damping on large-scales,
difficult to quantify. However, for the first rhs term, one has, using the realizability
condition (2.22), i.e. 0 < [H|/kE < 1,

14 4 E(p)2 H (p) ’ 14 4/ E(p)2
— 1-— dp < — —dp. .
15]{/’ /]CL 90pp ) ( E( ) ) P 15]{/’ . 90pp B} 14 (3 8)

<1 Non-local transfer in HIT

Consequently, the k* backscatter of energy of E(k,t) is decreased by helicity, with respect
to HIT.
Then, similar non-local expansions for SN yield

_ 2 &0 OFE o H
Ty (k) = =SR2 HE) [ 6o <5E<p>+ ap)dw—k‘* o 90pp—p(§’ Lay

kL 15

(3.9)
This inverse non-local helical transfer indicates that there is no strong k* backscatter
that breaks the PLE hypothesis. The first term can be written —2v4k?H (and was found
also in Baerenzung et al. (2008)), and the second one is quite original since it involves a

pseudo-enstrophy dissipation and could consequently be written —2v¢k*E
The method used now to describe analytically the infrared dynamics of the kinetic
energy and helical spectra in HHT - at first order - is inspired from Lesieur (2008),
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Expression Physical meaning Appears in equations ...

150y = f:; Oopp <5E(p) +p%—f) dp |Dissipation of K (t) and Ky (t) for E(k,t) and H(k,t)
150f = koz 6?)# (p% - 9H(p)) dp Dissipation of Ky (t) for E(k,t)
150 = =7 fkoz Oopp };(2’7) dp Dissipation of enstrophy for H(k,t)

TABLE 1. Summary of the different eddy-viscosities v, v, and v¥, that intervene in the
non-local expansions of the non-linear transfers S§* and S§* in HHT.

where a similar reasoning is performed for HIT. When the turbulence is fully developed,
both spectra scale in E(k,t) ~ B(t)k? and H(k,t) ~ By (t)k°" at large scales. In this
infrared range, viscous dissipation is negligible, and inverse non-local transfers 7%, and
Ty, dominate with respect to local ones S NL and SHE. Thus, the simplified Lin equations
in the infrared range are O,F = T and 0, H = T};, which yields

dB 14 >

= = —k4_"/ (..)dp — 2v:k* B(t) — 2vF k> T 7 By (t) (3.10)
dt 15 .
dBp 2, /°° 14 4. /°°
— = ——k*By(t L)dp + =k B(t ...)dp. 3.11
7= iR BHO) [ (et ®) ] (-)dp (3.11)

With the present initial conditions (2.33), one has oy = o + 1, but one could think of
different initial conditions that would result in a more complex infrared dynamics for
F and B: this is the object of section 4.4. For now, one has o = o + 1, and in this
case, whatever the infrared slope o is, the dissipation terms involving the turbulent eddy
viscosities v, & and v} are negligible because k < 1, so that

Vo, ds% = —2w¥k3B(t) — 2vk* By (t) ~ 0. (3.12)
dBy /dt is not rigorously zero, since the non-local expansion is kept at the lowest order
in k/p < 1 (see Appendix A for details) in the infrared range, as done in Lesieur &
Schertzer (1978), but is equal to some subdominant terms for the dynamics of By, as
assessed by figure 4. This means that whatever the large scales initial conditions o are,
the PLE hypothesis holds for the helical spectrum H (k,t) when oy = o + 1.

Regarding E(k,t): with the same reasoning, for ¢ < 3, the rhs terms of (3.10) are
negligible, meaning that the PLE hypothesis holds for E(k,t). Whereas for ¢ = 4, B(t)
truly depends on time since the first rhs term is stronger than the two others —2v,k?B
and —2v k3 By, so that

dB
Vo < 3, — =0, 3.13
a 7 (3.13)
dB 14 (> = E(p)?® H(p) \*
=4 —_— ~ — 0 1-— dp. 3.14
775 dt 15 J;., PP 2 ( pE(p) ) P (3.14)

The latter result contains the fact that helicity decreases the backscatter of E(k,t) in
Batchelor HHT. The different turbulent spectral viscosities introduced previously are
summarized in Table 1. Details about the non-local expansions are provided in Appendix
A.

In conclusion, it has been shown numerically and analytically in this part, that firstly
the helical spectrum H(k,t) does not experience any strong backscatter that breaks
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the PLE hypothesis, for initial conditions such that oy = o + 1: in particular, the
PLE holds in Batchelor turbulence for H(k,t). And secondly that helicity reduces the
backscatter of kinetic energy for E(k,t). These theoretical results regarding the infrared
dynamics of H(k,t) and the impact of helicity on the infrared dynamics of E(k,t) are both
directly applied in the following section which aims at predicting the decay of the kinetic
energy and helicity at large Reynolds numbers: indeed, the derivation of theoretical decay
exponents require an accurate knowledge of the infrared dynamics.

4. Decay exponents for helicity and kinetic energy

The aim of this part is twofold: first, to predict the decay of helicity Ky =< w;w; > /2
in a homogeneous skew-isotropic turbulent flow when the helical spectrum is initially
non-zero, according to (2.33). And secondly to quantify the impact of helicity on the
decay of the kinetic energy K (t) =< u;u; > /2.

4.1. About the interest of the helicity decay

The prediction of the decay of helicity is made possible by the determination, at large
Reynolds numbers, of theoretical decay exponents: the method, originally applied in
Comte-Bellot & Corrsin (1966) (CBC) for kinetic energy, relies essentially on dimensional
analysis. Similar theoretical results regarding the decay of the kinetic energy have also
been obtained with self-preservation analysis (George 1992).

Recently, EDQNM has been intensively used to determine these theoretical decay
exponents in different configurations, at high Reynolds numbers and after a large number
of turnover times: the decay of kinetic integrated quantities in HIT (Meldi & Sagaut
2013), the extension to the decay of a passive scalar field in HIT (Briard et al. 2015), and
finally the decay of the velocity-scalar correlation in an isotropic turbulence with a mean
scalar gradient (Briard et al. 2016). The study of the helical case is therefore a natural
extension and our predictions are compared to those of Levshin & Chkhetiani (2013) in
Appendix B.

As a starting point, let’s recall that figure 1 revealed that helicity was slowing down the
filling of small scales with energy in the early times of the simulation. This is a transitory
result for the early stage of the decay, in agreement with (Polifke & Shtilman 1989), and
it will be shown hereafter that the impact of helicity on kinetic energy in fully developed
turbulence is more subtle.

4.2. Effect of helicity on the kinetic energy K(t) decay

The effects of helicity on the kinetic energy decay are firstly addressed. Simulations show
that the decay exponent « of the kinetic energy, where K (t) ~ t%, is not modified by
helicity, except in the case of Batchelor turbulence (o = 4), because of the reduction of
the non-local inverse transfers analyzed in section 3.2. Hence, one would expect the decay
of K(t) to be rapider in Batchelor HHT than in Batchelor HIT: indeed, the non-local
inverse transfers bring back less energy to the large scales. This is recovered in figure 5.

To analytically take into account the breakdown of the PLE hypothesis, a backscatter
parameter p is usually introduced (Lesieur & Ossia 2000; Meldi & Sagaut 2013; Briard
et al. 2015). In HIT, one has p(c = 4) = 0.55 and p(oc < 3) = 0: in particular, in
Batchelor HIT K (t) ~ ¢t~ 138, Here, in Batchelor HHT, K (t) ~ t~1417 is obtained, and a
least-square fit provides a new backscatter parameter py = 0.14 for HHT. Consequently,
with respect to HIT, only the backscatter parameter changes from p to py in HHT for
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FIGURE 5. Decay laws for the kinetic (—) and helical (——) fields, in Saffman (black) and
Batchelor (grey) turbulence. Symbols refer to the theoretical predictions given in (4.1) for a,
(4.3) for am, and (4.2) for L and Lg. At left, growth exponents of the kinetic and helical
integral scales L and Ly. At a given o, the kinetic and helical theoretical exponents indicated
by o cannot be distinguished. At right, decay exponents of the kinetic energy and helicity K
and Ky, where o and O refer to the kinetic and helical theoretical predictions respectively.

the decay of kinetic energy

K@) ~t*, o= (4.1)

o—pg+3 pa(oc <3)=0
These decay exponents for the kinetic energy, whose values are gathered in Table 2, are
assessed in figure 5 in Saffman and Batchelor turbulence: only the case o = 4 differs from
HIT, where here in HHT the decay of K (t) is slightly rapider. The fact that helicity does
not influence much the energy cascade once the turbulence is fully developed is in good
agreement with conclusions drawn by Polifke (1991); Borue & Orszag (1997).

Lo —pm 1 {pH(J4)O.14

4.3. The decay of helicity Ky (t)

In the previous part, helicity was shown to impact the kinetic energy decay only in
Batchelor turbulence. The emphasis is now put on the decay of Ky itself. The method
to predict the decay of helicity is similar to the one of an advected passive scalar, and
even more simple. Indeed, as revealed in figure 4 and explained in section 3.2, the helical
spectrum H (k,t) experiences no strong back transfers, so that the PLE hypothesis is
verified, from o = 1 to 0 = 4. Therefore, there is no need to introduce a backscatter
parameter. It is recalled that given the initial conditions (2.33), the spectral infrared
slope of H(k,t) is oy = 0 + 1, where o is the infrared slope of E(k,t).

Then, it is reasonable to assume that the kinetic and helical integral scales L(t) and
Ly (t) decay similarly, so that their algebraic exponents ny, and ny,, are equal

2 2
L(H)(t)mtnL(H)7 Ng, = U—i-SZRL:m. (4.2)
This assumption is completely assessed in figure 5 in both Saffman and Batchelor turbu-
lence (the same kind of hypothesis for the scalar integral scale is made when it comes to
predict the decay of the scalar variance). Then, using either the continuity of H(k,t) in
ky = 1/Ly to determine the decay law for e, or dimensional analysis with Ky ~ K/Lp,
or equation (3.4), one gets

o+ 2
o+3

Theoretical values of this expression for ay, gathered in Table 2, are in excellent agree-

KH(t)NtaH, aH:—2

(4.3)
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CBC assessed by EDQNM ||c =1|c=2|c=3|0=4
o (4.1) -1 | -6/5 | -4/5 |-1.417
an (4.3) -3/2 | -8/5 | -5/3 | -12/7

TABLE 2. Theoretical predictions for the kinetic and helical decay exponents a and ay as a
function of the infrared slope o.

ment with simulations presented in figure 5 for Saffman and Batchelor turbulence: one
can remark that the more ¢ increases, the more Ky decays rapidly, similarly to the
dynamics of K (t). In addition, the decay exponent of ef is oy — 1, according to (2.20).
Interestingly, the theoretical decay exponent of K is equivalent to the one of the scalar
variance in HIT with an infrared slope o7 = 0 4+ 1 without any backscatter. Finally, our
predictions for Ky are compared to those of Levshin & Chkhetiani (2013) in Appendix
B.

In conclusion, the present theoretical predictions for the decay of helicity and kinetic
energy have been assessed numerically. This is the first time such a result is proposed,
with a careful attention to initial conditions and infrared dynamics.

4.4. Robustness of the decay exponents - Altered infrared dynamics

In section 3.2, for kinetic energy and helical spectra scaling in £ = Bk? and H = By k"
in fully developed turbulence, the evolution equations of B(t) and By (t) were derived in
(3.10)-(3.11) in the infrared range, assuming the dominance of inverse non-local transfers
Ty and T on local ones. For the initial conditions (2.33) where oy = o+1, it was notably
found that the permanence of large eddies holds for Batchelor turbulence (o = 4).

Nevertheless, one can wonder if other initial conditions would produce a different in-
frared dynamics, and this could be relevant to test the robustness of the decay exponents
a and ap derived in the previous sections. One can remark that in (3.10), the term
responsible for the backscatter of E is the one where the k0 factor vanishes. Thus, it
is legitimate to wonder if in (3.11) one could have 4 + 0 — oy = 0 in order to obtain
d¢ By # 0, and consequently to create backscatter for the helical spectrum. It is worth
noting that 2 + o — o = 0 is impossible in (3.10) because of the realizability condition
(2.22).

In order to simplify this study, the maximal helicity condition H = kE is kept, but
the initial kinetic energy spectrum is now changed into a sharply peaked Gaussian one

E(k,t = 0) = Cy exp (-@ [m (%)D , (4.4)

with C7 so that one has a unit initial kinetic energy, and Cy = 0.1. After a few turnover
times, the kinetic energy spectrum scales in E ~ Bk* in the infrared range (Lesieur &
Ossia 2000). Unlike (2.33), the helical infrared slope o is now different from o+ 1. As a
consequence of (3.11), it follows that o = 8, and that the helical spectrum experiences
backscatter with
dBy 14 > H(p)

=4 S TBw [ oy (45)
The theoretical infrared scaling prediction H ~ k3 is assessed in figure 6, along with the
k* infrared scaling of E(k,t): in this case, the permanence of large eddies is not verified
anymore for H (k,t) for the initial conditions (4.4). Nevertheless, it is shown in figure 6 as
well that the previous theoretical decay exponents for kinetic energy and helicity are still
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FIGURE 6. At left, helical spectrum H (k, t) (black) for the initial condition (4.4) (——) at various
times t/79 = 10, 10*> and 10°; the kinetic energy spectrum E(k,t) is displayed as well (grey) at
t/70 = 10°. At right, decay exponents o (—) and ay (——), where o and O refer to the kinetic
and helical theoretical predictions (4.1) and (4.3) respectively.

valid, which implies that the backscatter of H(k,t) is negligible in the decay. This case
further illustrates the robustness of the theoretical predictions for the decay exponents.

Simulations not presented here show that for Saffman turbulence (E ~ k?), a kS
infrared scaling for H could be created, but this is out of the maximal helicity framework:
H(k,t = 0) should be Gaussian with E(k,t = 0) ~ k? exp(—k?), and the theoretical decay
exponents are still verified.

5. Helicity statistics in physical space

In the introduction, the main theoretical results for high Reynolds numbers HHT in
physical space were recalled: notably two equivalent laws, found independently, which
result from the conservation of helicity in inviscid flows. These two laws are the inertial
scaling for the two-point triple velocity correlation (Chkhetiani 1996)

2
30
and the inertial scaling for the third-order velocity-velocity-vorticity structure function
(Gomez et al. 2000)

S(r) =< upusuy >= —ep, (5.1)

1 4
D(““‘*’)(r) =< durdu;0w; > —3 < duiduidwy, >= —greH, (5.2)

where, as usual, r is the distance between two points located in  and =’ = = + 7,
the ()1 refers to the component along 7, and the prime ’ to quantities expressed in @’
- which should not be misunderstood with the prime of correlations functions, such as
f(r), W' (r), which is the derivative with respect to r - and du; = u} — ;.

The latter law (5.2) is similar in its derivation to the laws for < durdg? > and <
dur,d0? > in HIT, which come from the conservation of kinetic energy and scalar variance
respectively in inviscid flows, where §¢? = du;du; and 0 is a fluctuating passive scalar
field (Antonia et al. 1997). These two scalings for HIT are well-known and have been
assessed numerous times, mostly in DNS (Yeung et al. 2002; Watanabe & Gotoh 2004;
Yeung et al. 2005; Bos et al. 2012; Gotoh & Watanabe 2015): a numerical validation
using high Reynolds EDQNM simulations is proposed in Appendix C to underline the
analogy between transport of helicity, kinetic energy and scalar variance.

In this section, formula that allow to compute helical structure functions from spectral
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quantities are derived, similarly to what is usually done for velocity and scalar statistics
in HIT (Monin et al. 2007). This further permits, using the EDQNM model presented
in the previous sections, to assess numerically at high Reynolds numbers the two laws
(5.1) and (5.2). In continuity of these developments in physical space, the evolution
equation of the helical dissipation rate ey is addressed: e itself and its production term
are simplified, similarly to what is usually done for the kinetic energy dissipation rate in
HIT. These analytical considerations provide further insights on the derivatives of helical
correlations and skew-isotropic tensors, and leads to the definition of helical Taylor scale
and derivative skewness.

5.1. Inertial scaling for S(r) and D) (r)

This part aims at recalling the main steps of the derivation of the laws (5.1) and (5.2),
and linking S(r) and D) (r). The two-point second-order Reynolds tensor reads in
HHT

Rij(r) =< ujuf >=u? [f(?“)% + gf’(r) (% - r;,zj) } + @eijm, (5.3)

where f =< wupu} >/ u? is the second-order longitudinal correlation, with u? = 2K/3,
and h(r) = Rag(r). The mixed velocity-vorticity correlation is given by

R OR; 8] T h h rors

H mn 2 il'j

i~ ; - ejlna—l'; e (?f/ + Ef”) B 25ij; i <; - h/) <5ij r2 ) '
(5.4)

Also,
H h / 1
R (r) = —4— =21, h(r) = —gTKH. (5.5)
r
The latter expression shows that A(0) = 0. Then, the two-point triple velocity correlation
contains an additional antisymmetric part with respect to HIT, so that (Chkhetiani 1996;
Gomez et al. 2000)
k—rk k 2k +rk’ T
o3 TiliTh = O otk = (G + i) + S(r) 5 (€aary + €mari),
(5.6)
where k(r) =< upupu) > and S(r) =< upuguf >: in particular, < ugugur’ >= 0 and
< uruzuy >= —S(r), which gives S(0) = 0. Thus, from the evolution equation of R;;(r)
= — (< wywu;, > + < ujwu, >) + w——=L, 5.7
ot (’)rl( wity > + < ujunt; >) + Y orom, 5-1)
it is possible to compute the evolution equation of the antisymmetric part (R;; —Rj;)/2 =
heijiry/r linked to helicity (Chkhetiani 1996; Kurien 2003). The spatial derivative 0,
erases the part which contains the third-order longitudinal correlation k(r), so that,

/ —
< UiU;Up, >=

after some algebra and using 0; Ky = —ep, one gets
r 20, 4 2 20h  0%h
—eg = —— 2| —=h -—+—. .
31T 39 () +2v < r2 (r) + ror 8r2> (58)

Further neglecting the viscous effects in the inertial range and integrating over r, one
obtains (5.1). Then, it is possible to derive the equation for D(“*) starting from

7 + 5’&]6—71](5’&1) == 2I/arjarj (5’&1), (59)

Obw; 0 0 0?
o ) = Sws—— . )
8t + 6UJ 87’]' (&UZ) 6w] 87"]' (6UZ) + VaTjaTj

(6us), (5.10)
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where 8/6353 = 0/0,; = —0/0,,; has been used (see Antonia et al. (1997) for further
details on the method). Combining these two equations yields

D= ouidn > 9 (< ugsuisin > —2 < uiduid, > )

ot or;
2 Siy . .
_ 21/8 < duidw; > < Odu; ddw; - (5.11)
6rj8rj 67‘]‘ arj
—_—

B33

Then, < du;ou;dw; >=r; < durdudw; > /r, and O,,(D“)y; /r) = 0, (r? D)) /r2.
Further neglecting the time derivative and the viscous term in the inertial range, inte-
gration over r yields (5.2).

Interestingly, (5.1) and (5.2) can be linked: remarking that < du;dw; >= 2 < uw; >
—2 < uw) >, O R = —2ey /3, with R¥Y, = —2h/r, this provides

10,45 1 u 10 (100*RI)\ 10 ([ ,ORY
7’287’(T i) =< uiw; >= Ry, 7’87"(2 or N " or )’

and one gets by identification

D) —< Supduidw; > —% < duidudwy, >= —%g( 33(r)). (5.12)

This important relation is used in the next part, where (5.1) and (5.2) are assessed
numerically at large Reynolds numbers.

5.2. Numerical assessment of S(r) and D) (r)

Now that the main theoretical results have been recalled, the relations linking spec-
tral quantities to helical structure functions are derived. First, one needs to obtain the
evolution equations of < u;w] > /2: this is done starting from (5.8) since

<uiw§> 16( h) reg _ Oh

= . 1
2 2 or 3 ot (5.13)
One obtains
0 (< ujw, > 29 (10 2v 0 [ ,0°h
g i __ 29 = — ). 14
ot < 2 > r2 or <r ar( S)> r4 Or (T 8r2> (5.14)
This equation needs to be identified with the helical Lin equation (2.32), so that
20 (1 8 sm kr)
20 (T 87’ ) / S " 9k
After some algebra, one obtains
1 [ SNL rsin(kr) sin(kr) cos(kr)
S(r) =< iy - dk 5.15
) =3 /0 el ke Tz 1 (5:13)
< SNL rsin(kr)  cos(kr)
Dluue) :4/ H ~ dk. 5.16
A [ (kr)? kr (5.16)

Notice that these two formulas are valid for both decaying and forced HHT, and the
latter expression for D(“%) is very similar to the ones for < durdq¢® > and < Surd6? >
which can be found in Appendix C, which is expected since they all refer to conservation
laws. The relevance of the two previous formula (5.15) and (5.16) is illustrated in figure
7, where the compensated helical third-order correlations —D(“““) /(rey) and S/ (repr)
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FIGURE 7. Third-order helical correlations D®*“) and S, for ¢ = 2 at Rex = 3.10*, along
with the integral and Kolmogorov scales L and 7. Top row: at left, —D®"““)/(rey) and
— < durdq® > /(re); at right, S/(r%em). Bottom: different scalings of D“*“) and S: the scale
A is defined later on, in (5.22).

are displayed at high Reynolds numbers. The theoretical values 4/3 and 1/30 are almost
recovered at Rey = 3.10%: the slight difference is comparable to the difference observed
for the —4/5 law in decaying turbulence (Bos et al. 2012). Interestingly, D(**“~) is slightly
closer to 4/3 than < durdg? > in HHT. Simulations not presented here revealed that at
the same high Reynolds numbers, — < durdq® > /(er) is as close to 4/3 in HIT and in
HHT. Let’s mention that an equivalent scaling for S (the 2/15 law) was already assessed
in DNS (Kurien et al. 2004b). But so far, to our knowledge, the scaling for D(**“) was
not verified numerically, at least for freely decaying turbulence: the present simulations
show a very good agreement between EDQNM results and the theoretical expectations.
Finally, it is revealed in figure 7 that S ~ r* at small scales, which is straightforward
using (5.12), unlike < 6u? >, < Surdg® >, < durdd? > and D) which scale in 73
(see figures 12 and 13).

5.3. Ewolution equation of e

In this part, the evolution equation of the helicity dissipation rate is addressed. The ob-
jective is to simplify this equation, in a manner similar to what is usually done for the
kinetic energy dissipation rate e in HIT (Pope 2000). More precisely, ey itself and its pro-
duction term are greatly simplified, and expressed as simple functions of the derivatives
of the fluctuating velocity and vorticity fields. The final expressions (5.20) and (5.29)
constitute one of the main new theoretical contributions of the present work, and ap-
plications are proposed as well. The calculations being rather lengthy, the intermediate
steps are gathered in Appendix D for the sake of clarity. The evolution equation of ep
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reads
0 /ey 62ui 62(4)1'
—(E)+D =2 1
ot ( 14 ) * [U,W] Vs 896]-8:01 axjal'l > (5 7)
Dl ] =< ou; %awi aui%&ui ou; aui% >, (5.18)

Oxj Oxj Ox Zhs Ox; Oxj Ox;j oS Oxj Ox; Ox;

where the production term D[u,w] contains contributions from spatial derivatives of
skew-isotropic tensors such as < w;ujw; > and < w;uju; >. In the two following subsec-
tions, both ey and D[u,w] are simplified. This procedure consists into two steps: first,
expressing ey and D[u,w] as functions of the derivatives of h(r) and S(r) respectively;
and then expressing these derivatives as functions of particular components of the fluctu-
ating velocity and vorticity fields. Obviously, this is much more lengthy for D[u,w] since
it is a third-order moment, composed of three different terms. All results of this part
remain valid whether the turbulence is forced or decaying.

5.3.1. Derivatives of RZ(T) - Determination of ey

The first step to simplify ey consists into expressing it as a function of the derivatives

of h(r). To do so, one first needs to know the derivatives of Rg , analogously to what
George & Hussein (1991) did for € in axisymmetric turbulence. One has,

aQRiI}, Ou; Ow; €H ( O?RH ) Ou; Ow;
r=0

= . .1
8rj8rj < axj 895]- - (5 9)

Orp0ry - dx) O, ’ v

After some algebra gathered in Appendix D, one gets the general expression of aqug ,

from which one can obtain some relations between the derivatives of h(r). Then, using
a Taylor expansion of h(r) for r — 0 (with h(0) = 0) yields the important theoretical
result

8u1 8w1
axl 6901 ’
where the prime ’ denotes a spatial derivative 9/9r. This expression permits to determine
the helicity dissipation rate with one term instead of nine, and is equivalent to € = 15v <
(O1u1)? > for the kinetic energy dissipation rate in HIT.

The natural application of the previous calculations for the dissipation rate of helicity
is the definition of a helical Taylor scale Agy. Its expression is found analogously to
what is usually done for the longitudinal Taylor scale A (Pope 2000), i.e. considering the
osculating curve Py (r) of h(r) in r = 0, which reads

e = 10vR""(0) = 150 < (5.20)

’ r? " 7 1 Kn 3 €H
Py (r) = h(0) +rh'(0) + -h"(0) + =h"(0) = —r—== + 17 =, (5.21)

and Ay is further defined by Py (Ag) = 0 and Ay # 0, which yields

200K
Ay = o) 2B (5.22)
€H

It is worth noting that this new expression obtained by analytical considerations is anal-
ogous to the classical one for the velocity A = /20vK /e. The relevance of this formula
is illustrated in figure 8. Both A and A\py are displayed, at large and moderate Reynolds
numbers for Saffman turbulence. Both scales indicate the beginning of a region where
viscous dissipation balances non-linear transfers. At high Reynolds numbers, A\ and Ay
cannot be distinguished, whereas Ay is a bit smaller at moderate Reynolds numbers.
The wavenumber sz , defined in (3.1) and proposed by Ditlevsen & Giuliani (2001), is
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F1GURE 8. Taylor scales for kinetic energy and helicity A and Ag, along with the corresponding
spectral viscous fluxes —2vk®E and —2vk®H and the non-linear transfers kSN and kSN for
o = 2. The wavenumbers k;/ (3.1) and k, are displayed as well. The black curves are for the
kinetic field, and the grey ones for the helical one. At left, Rey = 10*. At right, Rey = 400.

presented as well: it seems to have a similar physical meaning as Ay, at least at large
Reynolds numbers, and some explanations are provided in Appendix E. Moreover, figure
8 illustrates the viscous production of helicity, already observed in figure 2 where the he-
lical spectrum was negative around k,: indeed, —2vk3 H is positive near ky here. Finally,
Ap is displayed as well in figure 7, and is located at scales larger than the separation
between the r and r® scalings for D(%uw),

A secondary application of these calculations is to express analytically the impact of
helicity on the second-order longitudinal correlation f(r — 0). Indeed, unlike HIT where
all odd derivatives of f(r) for r = 0 are zero, one can show that f”/(0) is a priori different
from zero in HHT (one has always f/(0) = 0 because of homogeneity). Expressing 07, RE,
and 035 REL thanks to (D 2) yields

1 OuzOws _ Ous Ows

M) =—=2 < e = — < — 2 5.23
f ( ) 2 81'1 8561 8563 8563 ( )
so that the Taylor expansion of f(r) reads
r? e r3 rt 2P
. T L= 24
1) ST ! O 24 35u2’ (5:24)

Additional HHT term

where P = [* k*E(k)dk is the palinstrophy.

5.3.2. Determination of the production term Du,w]

The procedure used to determine ep is now applied to the production term D[u,w]:
since this term is complex and involves derivatives of two different tensors < w;ujw; >
and < w;uju; >, the determination is divided into two steps. First, D[u,w] is expressed
as a function of the derivatives of S(r), and it will be shown that only S*)(0) remains.
Then, S()(0) is expressed as a function of the derivatives of the fluctuating velocity and
vorticity fields.

As pointed out in Gomez et al. (2000), the tensor < w;uju; > is much more complicated

to handle than < w;ujw] >, which can be linked easily to < w;uju; > given in (5.6)
(wuw) 0 < ujujug >
¢ or.

Tp

it =< UW] > €ppg qﬁz(-‘;luu) =< wiuju; > . (5.25)
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(uuw)

Calculations detailed in Appendix D first permit to link derivatives of ¢, ;; " and ¢
to D[u,w] according to

(wuw)
ijl

83

D Y
[, ] <8rj Oor;ory

[qb(“““) F gl (WU)D,«ZO’ (5.26)

ili ili lLii

where the derivatives of gbz(.;luw) and (bl(.fluu) contain derivatives of S(r). Taylor expansions
of S(r) for r — 0 further give

ou; Ouy Ow; ou; Ouy Ow; ou; Ou; Owy

— — _ T T TR g5 gliv)
Oz, O, O >+ < Da1 Dz, O > - < Dz, D1 O >= —355""(0).
(5.27)

Now that D[u,w] has been linked to S (0), the final step is to express the fourth
derivative of S(r) as derivatives of the fluctuating velocity and vorticity fields, so that
DJu,w] can be evaluated in DNS for instance. For this purpose, the explicit sixth-order

Diu,w] =<

tensor 6f’lpq¢§;lw) is needed, and given in Appendix D. From this lengthy expression, one
notably gets
ool .
— g 5.28
( ) (), (5.28)
from which one finally obtains the second important result of this section
GQU% Owq

Dlu,w] = —3550)(0) = 35 < (5.29)

&ﬁ 81'1 ’
which permits notably to compute D[u,w] with only one term, instead of eighty-one.
Further proceeding as in Kerr (1985), i.e. identifying (5.17) with the spectral evolution
equation of epy

55_f - 21// k2SﬁL(k:,t)dk;—4u2/ k' H (k,t)dk, (5.30)
O O
provides
) 2 o
5 (0) = ﬁ/o k2SN (k, t)dk. (5.31)

Hence, one can define, analogously to the mixed-derivative skewness of a passive scalar
in HIT, a helical derivative skewness as

82’[14% 8w1 8u1 8w1 aul 2
wuw = — —_— — .32
S < 0% Ox4 >/ < 0x1 Ox1 A= (8301) - (5.32)
3v/30 I kK2SHEdk

W 1% k2 Edk [ k2HdE

Interestingly, the factor 3v/30 /14 is identical to the one of the velocity derivative skewness
in HIT.

The helical derivative skewness Sy is displayed in figure 9 as a function of the
Reynolds number Rey. Only Saffman turbulence is presented, because the curve for
Batchelor turbulence is identical at high Reynolds numbers, similarly to the velocity and
mixed derivative skewnesses in HIT. The initial oscillations at large Rey correspond to
the first turnover times of the simulation, when the turbulence is not fully developed
yet. As for the velocity and mixed derivative skewnesses, Sy is negative and reaches

an asymptotic value at large Reynolds numbers Sge, , = —0.141. This value S5, is lower

(5.33)



Dynamics of helicity in homogeneous skew-isotropic turbulence 25

0.2
Oy M ]
-0.2 52 = —0.141 ]

~0.4f , :

Suuw

-0.6 1

-0.8 1

5boo 2000 1000 500

R(i)\

FIGURE 9. Helical derivative skewness Syuw (t) in HHT for o = 2.

in magnitude than asymptotic values for the velocity and mixed derivative skewnesses
in HIT which are around ~ —0.5. The knowledge of the helical derivative skewness is
of importance, for two reasons: it is of theoretical interest since it permits to have a
strong analogy between the evolution equations of € in HIT and ey in HHT. On a more
practical point of view, the previous developments which led to Sy, show that there
exists, in homogeneous helical turbulence, a quantity which is constant at large Reynolds
numbers: such a result could be used to improve RANS models for helical flows, where
the production term would be linked to Sy -

6. Effects of helicity in a turbulence with a mean scalar gradient

In this section, the transport of a passive scalar field @ is addressed. However, since
there are no explicit contributions of helicity in its evolution equation, a vertical mean
scalar gradient A = (0,0, —A) is added. In purely isotropic turbulence with a mean scalar
gradient, the well-known cospectrum, scaling in F ~ Ae~'/3k~7/3 in the inertial range,
appears. When both helicity and a mean scalar gradient are combined, a second spectrum
is created, called the quadrature spectrum Q(k,t), linked to the imaginary antisymmet-
ric part of the scalar flux F;(k), or spectral two-point velocity-scalar correlation. This
quadrature spectrum was reported in Mydlarski & Warhaft (1998), and shown to be
zero in non-helical turbulence with a mean scalar gradient in O’Gorman & Pullin (2005).
Consequently, we choose here the framework of helical turbulence with a mean scalar
gradient in order to create this quadrature spectrum and analyze its properties. In the
two next parts, it is first proposed to derive the evolution equation of Q(k,t) and its
non-linear transfer terms within the EDQNM framework, and secondly to investigate its
inertial scaling. Analogies with the effects of helicity on the kinetic energy spectrum are
pointed out, and the decay exponent of helicity along with the helical Taylor scale given
in sections 4 and 5.3 are used. A unit Prandtl number is considered, and simulations not
presented here have revealed that the scalar variance spectrum still scales in k~%/3 in the
inertial range despite the presence of helicity.
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6.1. Fvolution equation of the quadrature spectrum

The scalar flux can be decomposed similarly to the spectral Reynolds tensor Rij in (2.8),
as

EQ(k,t

2 ko
where both vectors £ JF and EJQ are real. The first part of the decomposition is usual (see
Briard et al. (2016) and references therein) and is linked to the cospectrum F when a
mean scalar gradient is present

F(k,t) = 4wk’ (k,t) = | F3(k,t)d’k. (6.2)
Sk
Whereas the second part is linked to the quadrature spectrum @, non-zero in the presence
of helicity

Q(k,t) = Amk?ES (k,t) = / iesjiki Fj (K, t)d?k. (6.3)
Sk

The phenomenon creating this additional contribution to the scalar flux, parallel to the
mean gradient in the presence of helicity, is called ”skew-diffusion” in Moffatt & T'si-
nober (1992). It is worth noting that from the decomposition (6.1) and (6.3), imaginary
components of the scalar flux, perpendicular to the mean scalar gradient, are non-zero.
Nevertheless, these components vanish after spherical averaging.

The mixed vorticity-scalar correlation is then < w36 >= fooo Q(k,t)dk, and its evolu-
tion equation reads

0 < wsb >
ot

00 Ows

—_— > 4
896]- 895]- (6 )

2 6u3

In the framework of homogeneous helical turbulence with a mean scalar gradient, the
spherically averaged Lin equations for the cospectrum and the quadrature spectrum are

(% + 2uk2> Flk,t) = %AE(I@, £) + SE(k,t) + SEPD (1), (6.5)
SNE(k,t)
9 +20k? ) Q(k,t) = 2AH(k t) + SyE(k, t) (6.6)
at ) 3 ) Q s V) .

where helicity is the production term of the quadrature spectrum. The non-linear transfer
of the cospectrum Si" is always present when there is a mean scalar gradient, whereas

Sf (hel) i5 the additional contribution arising from the presence of helicity

SID (k1) = ax® |68 K2 (x +y2)H" (2p25§? - k;ef?')dpdq
Ap

+ 42 /A Ongk(e+y2) [H(v2e2" — ala = 2ky)€R) — WH"ER apdg,
k
(6.7)

F
where 0,
relations, given in Briard et al. (2016). The remarkable feature is that Sg (hel) is a conser-
vative transfer, with zero integral over the whole wavenumber space, similarly to S("¢) in

the evolution equation of E(k,t). The spherically-averaged quadrature non-linear transfer

is the characteristic relaxation time of the triple velocity-velocity-scalar cor-
hel)
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FIGURE 10. (a) Decay exponents o and ar of < wsf > (——) and < uzf > (—) respectively,
for 0 = 2 (black) and o = 4 (grey); theoretical predictions, [ for ag (6.9), and o for ar.

SgL = S? finally reads
S2(k,t) = 472 /A Orgk°pa [56' (EZ—Q/ (zyz + 22% — 9?) — 2z(xy + z)EZQ)
k
+z(ay + 2)H(26F — sf’)} dpdg

+ 472 / or Qq[kpé'é’ (EZ-QI (zyz + 222 —y%) — 2(1 — yQ)EZ-Q) — kpz(zy + 2)H"EF
A

pkq
k
+ k& (62 p(1 —y?) — £ qla — y2 — 209%))
— pgH (&F”y(l — )+ EF (wz+ P —y(1 — w2)))} dpdg, (6.8)

and is not a conservative transfer, similarly to S£. Its integral over the whole wavenumber
space yields, according to (6.4), the term < fw;0;uz >.

6.2. Decay of < wsf > and inertial scaling of Q(k,t)

For these numerical simulations, the initial condition (2.33) is used, with Q(k,t = 0) =
F(k,t =0) = 0. First, the decay of < wsf > is addressed. From the Lin equation (6.6)
of Q(k,t), it follows that the decay exponent of < w3l > is ag = ay + 1, where ay is
given in (4.3), because the production term linked to helicity is the one responsible for
the creation of the quadrature spectrum. This yields

oc+1
oc+3

It is recalled that the decay exponent of < uszf > is ar = « + 1, where the backscatter
parameter pg = 0.14 of section 4 should be used for consistency. Both ar and ag are
assessed for Saffman and Batchelor turbulence in figure 10 at large Reynolds numbers.
For a given infrared slope o, the decay of < w3f > is faster than < ugzf >, similarly to
the decay of K being faster than K.

Regarding the non-linear transfers: the impact of the quadrature spectrum on the
cospectrum is rather weak and can be observed through the conservative non-linear
transfer S; (hel) " This transfer is linked to an inverse cascade of < uzf >, localized at
large scales, between the integral and the helical Taylor scales. This can be qualitatively
compared to the impact of helicity on the kinetic energy spectrum dynamics through
S(hel) in figure 3. One could conclude that helicity only slightly reduces the non-linear

< wzl >~ 99, ag = — (6.9)
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FIGURE 11. At left, cospectrum and quadrature non-linear transfers. At right, cospectrum F(k, t)
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after a hundred turnover times, along with the integral, helical Taylor and Kolmogorov wavenum-
bers kr, 1/Am and k.

transfers of the cospectrum at large scales. Then, the quadrature non-linear transfer Sg L
itself is similar to the cospectrum one SI’, but less intense.

Finally, in figure 11, the quadrature spectrum itself is presented. In the infrared range,
it scales in Q ~ k3 for Saffman turbulence, because the helical spectrum itself evolves in
H ~ k?: indeed, helicity, through the mean scalar gradient, is the production term of the
quadrature spectrum. In the inertial range, Q(k,t) is first positive for scales larger than
the helical Taylor scale A7, and scales in k~7/3 similarly to F. Whereas for scales smaller
than Ay, the spectral slope is close to k~%/% and the quadrature spectrum is negative: it
is recalled that around k,, H(k,t) is also negative.

One can propose theoretical inertial scalings for the quadrature spectrum. In the pos-
itive region, assuming in (6.6) that 0;QQ ~ AH, with the classical characteristic inertial
time (k%¢)~1/3, this gives

Qk,t) ~ Neg e 23 |7T/3, kr <k <\ (6.10)

For the negative region of Q(k,t), the quadrature spectrum should only depend on ey
since this is the negative small scales of H(k,t) which are responsible for this inertial-
helical range of Q(k,t). Thus, one gets

Qk,t) ~ Aes/P k573, A <k <y (6.11)

This change of slope, from k=73 for kAy < 1, to k=5/3 for kAy > 1, observed in figure
11, and justified with dimensional and physical arguments, can also be interpreted in
terms of a change in characteristic time scales, from 7 = (k%¢)~Y/3 to 7y = (key) /5.
The latter time scale was notably proposed by Kurien et al. (2004a) for an alternative
scaling of H(k,t) at small scales. This characteristic time scale 7y is relevant for the
inertial-helical scaling of @ when it is negative. Indeed, for kAy > 1, the equation (6.6)
of @ can be written 0;Q ~ Sg L. For the non-linear term, using the inertial scalings
(3.2) for H and F, along with 6~ 7u, gives SJ* ~ Ak’4/3e§1,/3. Finally, one has
Q ~ THSIQVL so that (6.11) is recovered.

As a conclusion, the combined effects of helicity and mean scalar gradient were investi-
gated. Non-linear transfer terms were derived for the evolution equations of the quadra-
ture spectrum Q(k,t) and of the cospectrum F(k,t) within the EDQNM framework.
Fundamental properties of Q(k,t) were tackled: a prediction for the decay of < w3 >
was proposed and assessed numerically, Q(k,t) was found to slightly decrease the large
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scale non-linear transfers of F through helicity, and finally, the main theoretical result
is that Q(k,t) has two different scalings in the inertial range, which could be associated
with two different characteristic time scales.

7. Conclusion

The classical framework of decaying homogeneous helical turbulence (HHT) where
mirror symmetry is broken (skew-isotropic turbulence) at large Reynolds numbers was
addressed using an eddy-damped quasi-normal Markovian (EDQNM) closure.

Some existing results were recovered here for decaying skew-isotropic turbulence, in
order to validate the use of EDQNM for HHT, which could be summarized in three
features. First, when helicity is initially present at large scales, helicity cascades towards
small scales along with the kinetic energy, creating a k—>/3 inertial range that extends up
to the Kolmogorov wavenumber k,. The k—°/3 scaling of the helical spectrum H (k,t) is
similar to the one of an advected passive scalar, also obtained with dimensional analysis
by assuming that the inertial characteristic time 7(k) = (k%¢)~'/? is identical for both
the kinetic and helical fields. Secondly, in the early stage of the decay, helicity slows
down the filling of the kinetic energy spectrum at small scales. Consequently, there is
an initial reduction of the kinetic energy transfers: this is a transitory effect, since once
the turbulence is fully developed, the effects of helicity on the kinetic energy decay
are rather weak. Finally, two-point third-order helical correlations were investigated:
notably, the ”four-thirds” law for helical structure functions, and the 1/30 law for the
helical correlation S(r), were assessed with EDQNM at very high Reynolds numbers in
decaying turbulence. It is worth noting that the two formula linking helical correlations
in physical space and spectral non-linear helical transfers are new results of this work.

Then, EDQNM simulations were used to assess some new theoretical predictions of
fundamental interest for helical turbulence. First, the infrared dynamics of the kinetic
energy and helical spectra was investigated theoretically using non-local expansions in the
non-linear transfers. It clearly appears that in Batchelor HHT), helicity reduces the back
transfers of kinetic energy with respect to HIT: consequently, inverse non-local transfers
are weakened and bring back less energy to large scales. Furthermore, the permanence of
large eddies is shown to be verified for H (k, t), even in Batchelor turbulence, with classical
initial conditions such that the kinetic and helical infrared slopes are oy = o + 1. These
two features are assessed numerically with EDQNM. An original configuration, with
different initial conditions, also exhibited a k® infrared scaling for H(k,t), along with
some helical backscatter.

Secondly, as a direct application of the previous infrared dynamics analysis, the impact
of helicity on the long-time kinetic energy decay was shown to be quite subtle: indeed,
the decay of K(t) is not modified with regard to HIT, except in the case of Batchelor
turbulence (E(k < kr,t = 0) ~ k%) where it is slightly accelerated, because of the less-
intense inverse transfers. In addition, in agreement with dimensional analysis, theoretical
decay exponents for helicity were derived, and assessed numerically at large Reynolds
numbers: in particular, it is found that helicity decays faster than the kinetic energy.

Thirdly, the evolution equation of the helicity dissipation rate ey was studied, with a
particular attention on the derivatives of second and third order skew-isotropic tensors
such as < uwj >, < uujw; > and < wjuju; >. As an important result of these analytical
developments, ey itself is expressed as a function of h"’(0) only, where h = Ro3(r), and
its production term D[u,w] as a function of S (0) only, where S =< upuguy >. It
follows that ey and D[u,w] can be expressed with only one term, instead of nine and
eighty-one respectively.
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Fourthly, as a direct application of these fundamental results, a helical Taylor scale
was defined Ay = /200Ky /e, whose expression is analogous to the longitudinal Taylor
scale A for kinetic energy. Such a scale is new for the helicity field, and its relevance was
illustrated numerically: Ay is the scale from which viscous dissipation of helicity becomes
dynamically important, and at large Reynolds numbers, it is very close to A. Moreover,
a helical derivative skewness was defined as well, similarly to the velocity derivative and
mixed-derivative skewnesses in HIT, negative and constant at large Reynolds numbers.

Finally, it was shown that combining a mean scalar gradient and helicity produces the
quadrature spectrum Q(k,t), linked to the imaginary antisymmetric part of the scalar
flux. As a consequence, the large scale non-linear transfers of the cospectrum are slightly
reduced. After deriving the non-linear transfer terms within the EDQNM framework,
the main finding for Q(k,t) is that it has two different scalings in the inertial range: for
kAg < 1, Q ~ k~7/3, and then for kA\g > 1, Q ~ k~5/3: this change in the spectral
slope can be interpreted as the characteristic time evolving from (k?€)~'/3 to (key)~'/?
at smaller scales.

In conclusion, the present work thoroughly validates on the one hand the use of
EDQNM for the study of homogeneous helical turbulence, and brings new important
insights about the fundamental properties of helicity in high Reynolds numbers turbu-
lent flows on the other hand. As stated in the introduction, the next step would be to
combine effects of helicity with other mechanisms such as shear, stratification, rotation
and mean temperature gradient.

Appendix A. Details on non-local expansions

The non-local inverse kinetic and helical transfers T and T};, given in (3.7) and
(3.9), are obtained after performing non-local expansions of their associated fluxes. Some
details are provided here, and are inspired by the calculations of Lesieur & Schertzer
(1978).

First, one needs to define the non-local parameter a = r — 1, that marks the limit
between local and non-local transfers, where » = 10'/17 has been defined in section 2.4
and depends on the discretization.

Separating the local and non-local contributions, the Lin equation of the kinetic energy
spectrum reads

(2 + 2y/<;2) E(k,t) = SNE(k,t) +  TE  (k,t), (A1)
ot —— —~—
Local Non-local

where the non-local transfer is linked to the non-local flux through

0
TE(k, t :f—(HJFfH*). A2
R t) = 5 (42)
IIt and II~ are respectively the non-local fluxes of kinetic energy toward very small and
very large scales. Since we are interested in the infrared dynamics, we focus only on the
inverse non-local flux II7, given by

k [e'e] P
I (k1) = 2 / K’ / dp / S(K',p,q)da, (A3)
0 sup(k,k’/a) p—k’
50 €z +23
skt = | ekpq(y—q’E<q>(k2E<p>—p2E<k>) dpdg. (A4)
k

S(k,p,q)
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These inverse non-local transfers are such that k& < p ~ ¢, so that the small parameter
considered in the expansion is ¢ = k/p < 1. This yields, after some algebra

14 [k T E(p)?
(k) = 12 /O "z / 9k,pp%dp dk’
sup(k,k’/a)
9 [k T OF
— = | K?EWF / Oy | BE == ) dp|dK'. A5

sup(k,k’ /a)

The derivation of I~ at the lowest order in k/ky, yields (3.5). Similarly, expanding S ¢!
when k < p ~ ¢, one obtains the inverse non-local helical flux

14 [ T H(p)?
H(hel)—(k;, t) = _1_5 ; k4 / ek’pp%dpdk’l (A 6)
sup(k,k’ /a)
2 [k I O OH
— | K*H(K / "L (9H (p) — p—— | dpdK'. AT
sup(k,k’/a)

The spatial derivative of TT("*)~ yields (3.6). The procedure is similar for the expansion
of SNL and one gets

o0

_ _ _ 14 [k H(p)E
M7 (ko ) = Ty (k1) + T 1) = 12 / A / Hk/ppwdpdk/
0
sup(k,k’/a)
9 [k T OF
— = | K?HF / Oy | BE —— ) dpdk’
2 [ wemw) o (55) 4050 ) dp

sup(k,k’/a)
14 " i H(p)E(p) 14 (" i H(p)
——= | K4 / Oprpy ——2— dpdk’ —/ ErE(K / Oy —L dpdk’.
15 0 k’pp p4 P + 15 0 ( ) k'pp p2 D
sup(k,k’"/a) sup(k,k’ /a)

(A8)

One can note that the first and third terms cancel each other, which explains that there

is no strong k* non-local inverse transfer for H. Then, the derivation of IT;; gives (3.9).
Similar calculations can be performed for a weakly diffusive passive scalar field, for

non-local transfers from large to very small scales, as done in Briard et al. (2015).

Appendix B. ap: comparison with Levshin & Chkhetiani (2013)

The present theoretical predictions (4.3) for the decay exponent of helicity ay are
compared to those of Levshin & Chkhetiani (2013) (LC13) in Table 3, obtained with
considerations on integral invariants. To fill in Table 3, a very reasonable assumption is
made, since initial conditions are not defined in LC13, so that there is no infrared slope o.
Hence, when in LC13 a decay exponent for the kinetic energy is proposed, it is associated
here with its corresponding infrared slope according to the CBC theory: K ~t~! — o =
LKE~t % 556=2 K~t% 5 5=3 and K ~t'%" — ¢ = 4 (backscatter is
not taken into account in LC13). The values of ayy from LC13 are the same as the ones
coming from (4.3) (—=3/2, —8/5, —5/3 and —12/7), but there are not associated with the
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LC13 Table 1 / | -3/2| =8/5 | —5/3
LC13 Table 2 —8/5| —5/3|—12/7| /
(4.3) assessed by EDQNM || -3/2 |-8/5| —5/3 |-12/7

TABLE 3. Comparison of the different theoretical decay exponents ay of helicity, obtained with
classical CBC-like arguments, and by Levshin & Chkhetiani (2013) (LC13), as a function of the
infrared slope o of the kinetic energy spectrum E(k,t).

correct infrared slopes. For instance in Saffman turbulence (K (t) ~ ¢t=%/° and o = 2),
two laws are proposed in LC13 for helicity: K5C13(t) ~ t73/2 and KEC13(t) ~ t7°/3.
This is impossible: using our theoretical prediction (4.3), K5¢13(t) ~ t=3/2 corresponds
to o =1, and K5C13(t) ~ t75/3 to o = 3, whereas K (t) ~ t~5/5 corresponds to o = 2.

Consequently, it seems that the results of LC13 correspond to infrared slopes of E and
H chosen independently, without respecting the realizability condition (2.22) which fixes
the helical slope once and for all, as soon as an infrared slope is chosen for E: (2.22)
forbids initial conditions such as oy = 0 and oy = o — 1.

Appendix C. Third-order structure functions in HIT

In this section, third-order structure functions for velocity and scalar fields are briefly
investigated in HIT, to illustrate the analogy with helicity in HHT. The so-called ”four-
thirds” laws for < durdg? > and < Jurdf? > are recalled, along with the formula
which allow to compute them from the spherically-averaged non-linear kinetic and scalar
transfers. Multiplying the evolution equation of du; (5.9) by 2du; and using ensemble
average yields

0 0 0? ddu; Odu;
= <8¢ > +—— < du;6q* >=2 <8¢ > —Av< —— > C1
gt <00 > Ty, SO0 2T g gy <0 < or; or; (1)
The pressure contribution is zero because 635;_ = Op; = —0,,. Further neglecting the time
derivative and writing —4e = —4/30,, (er;), one gets
0 4
< 5’&]'5(]2 >= 21/6_7‘] < 5(]2 > 7567’]', (C 2)

where the result of de Karman & Howarth (1938) has been used (2¢/r+¢" =0 < ¢ = 0)
combined with 82/(dr;0r;) = (2/rd, + 82.). At high Reynolds numbers in the inertial
range, this eventually gives
4
< Supdg® > (r) = —3¢h (C3)
with the usual convention 1 =7, and r9 = r3 = 0. It is possible to make a link between
(C3) and the ”four-fifths” law
4
< ul >= —ger (C4)

Using < d¢? >= 4K — 4R and further identifying the evolution equations of < du;éu; >
and R = R;;/2 (which is a different writing of the Kdrmén-Howarth equation)

OR 1 0 (10, .\ . 10 (,0R
E‘W&(FE“ ’”) = ( ar)’ (C5)



Dynamics of helicity in homogeneous skew-isotropic turbulence 33

10 -

A [Co5: ~ T T TlesssIIIII T g""

v 10~° S RS SEDP TR PR Yoo

el H v

8 ] Sud > tE
_——< Ve

A 5UL§ , h \E

B T _——— < > ' S

S 0 : e : | —— < oul > /(er) ‘k

v : A L |- < 0urdg? > [(er)| L

10° 107 10°* 10° 10° 107 10* 10°
r/n /1

FIGURE 12. Kinetic third-order structure functions < du3 > and < durdg® > for ¢ = 2 at
Re, = 2.10*, along with the integral and Kolmogorov scales L and n: at left, the different

scalings with the Taylor longitudinal scale A = /20vK/e; at right, the compensated kinetic
structures functions.

yields
0

3r® < durdq® >= E(r‘* < bur® >). (C6)

Using a method similar to what was proposed in section 5, one gets

© SNL(K) (sin(kr)  cos(kr)
Surdg® > =4 £ —~ dk Cc7
s ouLod > /0 k ((kr)2 k:r) ! (©7)
3(sin(kr) — (kr) cos(kr)) — (kr)? sin(kr)

<5ui>=12r/mSgL(k)[ }dk. (C8)
0

(kr)?
One can remark that the formula (C7) is very similar to (5.16) derived for D(*%<). The
scalings (C3) and (C4) are assessed numerically at high Reynolds numbers in figure 12,
along with the small scales and inertial range r* and r dependence respectively.

The process for a passive scalar field is very similar, and detailed as well in Antonia
et al. (1997). The equation of < §6% > is
0? 060 000

9 0

9 562> +-0 < 5u6® >=2 562 > — da < 2209%

gt <% 7 oy, SO ST Ay e < TS B A,
——_— ———

(C9)

=2/30;; (err;)

where er = 2a < 0;00;0 > is the scalar variance dissipation rate, and a the scalar
diffusivity. Neglecting the time derivative and using the previous results, one obtains the
Yaglom (1949) equation

) 2
< 6u;660% >= 2aa—rj < 60% > —gerry, (C10)

which reduces, in the inertial range, to
2
< 6updf* > (r) = —gerr (C11)
Here, the coefficient is 2/3 instead of 4/3 because er = 2a < 0;00;0 > and not ey = a <

0,;00;0 >. Similarly, one can write the evolution equation for < 66’ >

0 o (2, 0 , 0 ,
§<99 >_2(7’+8T) [<uL99 >+a8r<99 >, (C12)
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FIGURE 13. Scalar third-order structure function < durdf? > for 0 = 2 at Rey = 2.10%,
along with the integral and Kolmogorov scales L and 7: at left, the different scalings with

the scalar Taylor scale A\r = /6aK1/er; at right, the compensated scalar structure function
— < 5UL592 > /(TET).

Further using < durdf? >= 4 < w00’ > and r; < upbd’ > /r =< u;60' >, one can
identify (C12) and (C10) so that eventually

< Supdh? >= 2/000 STk(k) <SI(I;(T’§Z) - Coz(fr)) dk, (C13)

where SN% is the isotropic spherically-averaged non-linear scalar transfer (Briard et al.
2015). The link between structure functions and non-linear spectral transfer is very sim-
ilar for the scalar and helicity: there is a factor 2 instead of 4 because the scalar cor-
relation is chosen to be < 00’ > and not < 00’ > /2. It is revealed in figure 13 that
— < 6upéh? > /(err) closely approaches 2/3 at very large Reynolds numbers. Further-
more, the linear scaling in r in the inertial range is recovered, along with the 73 scaling
at small scales.

Appendix D. Details on the evolution equation of ¢y

In this appendix, details about the calculations and algebra used in section 5.3 are
gathered. The evolution equation of ey is obtained starting from the equations of u; and
w; in HHT, so that

2 - ou; Ow; _— O%uw; Ou; o O%ugu; Ow; .- 0u,wy % -

ot Oz, 0x; O0x;0x; Ox; O0x;0x; Ox; O0x;0x; Oz,
Dlu,w]

——<782p Owi o 1y <7a3wi %>+<783ui Ouwi

o 83518:1% 8xj 836]-83:18351 835]- axjal'lal'l axj '

To simplify the dissipative term, one uses < 97(9;u; Ojw;) >= 0. The pressure term is
zero since w; is solenoidal and < 9;(9;w; d;p) >= 0. The term Dlu,w], arising from the
non-linearity, is the production term of ez. One needs to expand < 0;(u; 0ju;0jw;) >=0
and < ;(w; 0;u;05u;) >= 0, which gives

< 8uz 82wi S 4 < &uz- 82’&1' > 0 < 8u1 82’&1'
U u = U, W
la$j 835]-8301 la:L'j axjal'l

- - - — >= 07 D1
la$j 8zj8:pl ( )
and yields (5.17).
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D.1. Simplification of ey
The explicit derivation of Rg reads

0’R

4 h h" h' h
g
arparq = (51'105]'!1 + 5iq5jp) (ﬁ - r_3) - 5ij5pq ( JF 2 ﬁ) +

2 St

,L‘Jaij h///i3£/+3£ +m h/’/fﬁh_”+15ﬁ/,15ﬁ
r2 r2 r3 r4 r r r

710pg + 701y + 140 " " / T " !
+ez-jz[lpq rla ‘”p(f +f——f—)+—l2fq(f(”)+f’”— 6L +6f—2)},

r 2 r2
(D2)

n 7i7§0pg + TiTp0jq + TiTq0jp + 7jTp0ig + 1§74 0ip (h—” L " )
"

where the prime ' denotes a spatial derivative 9/9r. From this general equation, one
notably obtains the quantity of interest here

Ou; Ow, n"
L s=2 (B +4— D3
= Oz 0 ~ < T > ’ (D3)

where ' and h'’ can be expressed as specific components of the velocity and vorticity
fields thanks to various relations coming from (D 2): one gets

a’u,g ng 1 8u1 6w1

B 0) = D4
(0) 0z 011 - 3:E1 ) . (D4
03 Dus
" _
r"(0) = }1_1)1%83<u2u3> <u28z§ >, (D5)

where the two expressions are linked using homogeneity and the definition of w;. Then,
a Taylor expansion of A(r) for r — 0 in (D 3) gives eg = 10vh™(0), with A”(0) = 0 since
ey is finite. Finally, Taylor expansions give, using only h(0) = 0 since the A/(0) and h”(0)
terms vanish,

(’)ug ng 4 " 6u1 Gwl
<——>=-h"0)=2< >, D6
(9:61 (9:61 3 ( ) 8501 (9:61 ( )

which eventually yields (5.20).

D.2. Simplification of D[u,w]
Classical algebra yields

¢(uuw) g (k — rk/’l)(‘siprjrq + 5jprirq) + Z_prq {(21{ + rk,)(‘siqéjp + 0jg0ip)

ijl 273
—2k + 27k’ 2k i i i
+ a T2 T (5iq7“j7“p + (quTiTp)} + Sl[ w — (SilT—J — jlr—
r r r
S oririr T
-2 [4 o 2% Ly 511— + 53-17}- (D7)
From this expression, one notably obtains
LNN) =-5 - P ¢LLL = —4?, (LLN) = 2?, ¢(LNL) =0, (D 8)

where L is the longitudinal component, i.e. 71 = r, and N is either the second or third
component, with 7o = r3 = 0 as usual. The second tensor used in Gomez et al. (2000)
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reads

wuu 7‘17“ T
¢§jl ) TJ L + B(S_]l_ + C(Szl_ + Déz] + Eezlm + Fe _]lm 2 + GGZ]W

T1Tm
2 b)

(D 9)

where A, B, C, D, E, F and G are functions of r only. Unlike qbl(.;lw) which is expressed

as a function of k(r) and S(r), qﬁz(-‘;luu) depends on unknown functions, and is not sym-

metric in is two first indices. Nevertheless, some words can be said about ¢<°9uu): using

(wuu)

incompressibility 0,,¢;;, ~ = 0 and some algebra given in de Karman & Howarth (1938),
one obtains A+ B + C' + 3D = 0, which notably implies that

( ) (wuu) 1 (wuu)
bir, | = NNL — *E‘bLLL . (D10)
Combining this with relations such as < upu)w) >= — < upwru) >, one obtains an

expression already given in Gomez et al. (2000),

D) = a9V + 26171 + 40NN — 401NN - (D11)
Using the results (5.12) and (D 8), one gets
wuu wuu S
A¢ = OIN — dpvn = 5~ 3 (D12)

(uuw) . Now, let’s

(wuu) 5 S(r), as for Diji

ijl
express D[u,w] as a function of the derivatives of (bl(.;luw) and gbz(.;”luu). One has

This expression of A¢ is essential since it links ¢

R T Ou; Ou; O
— =« Tl s T
Ory,0rp0r, O0xq Oxp, Oz, O0x,, Oxq Ox!,
&ul’ 8211,]' awl 8211,1
i D13
S By, "o, 0ay0n, (D13)
Po™  oup ou; owi Oul duy O
e e e
Orp0rp0rg O0x!, Oxq Oz Ox!, Ox, 04
ou)  w; Ouw 0%u;
ot D14
TS Baor, T Y x dny0e, (D14)

Using (D 1), one obtains (5.26), with qbz;‘;uu — l(;)uu) = 2r;A¢/r. The explicit calculation
of the above expression yields

ok (uuw) wuw) (wuw)
87’]' aTj 87’[ |:¢zlz + ¢zlz ¢lii i|

_ %%(TZ%{ (S”+5S +3S) +2 (A¢’+§A¢)}>

By plrie) Or) (Adpri/T)
i 9 gl
=—— [T4S(w) + 7391 + 325" — 6rS’ + 65} -9 ili ) (D 15)
r Or;0r;ory

It is worth noting, afterwards, that only derivatives of qu?fm are necessary to compute
DJu, w]. To conclude the first step, i.e. expressing D[u,w] as a function of the derivatives
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of S(r), one uses a Taylor expansion for S(r) when r — 0, remembering that S(0) = 0,
32 -
Dlu,w] = —==8"(0) — 355 (0) + O(r). (D 16)
r

Since D[u,w] is finite, because ey is, one has S”/(0) = 0. In the end, one gets (5.27),

where only S(0) = 5"(0) = 0 was used.

¢ (uuw)

il is now derived to obtain the explicit expression of

The general form of af;pq

S(w) (0): this is a lengthy calculation. Nevertheless, since we search for derivatives of
S(r), only the corresponding part is considered in (D 7): the part with derivatives of k(r)
vanishes with the appropriate indices contractions. This yields

P oS S8 S

gt (iv) _ 92 2 2 2
=2 2 + 174 +

Ory, Orp0ry < 5 8 r 7 72 558r3 768 r4>

T TR TpTy
76

1 S/// S// S/ S
<2—18 66596T—4) (i Turp g + B Ot o+ G+ By
5ip...+5iq...+5jp...+5jq...+5ij...+5pl...+5ql...+5pq...}

1 . S/I/ S/I SI S
o (S(“’) 5— + 6 > + 18 - 48r_4) [6ilrjrnrprq + 5jlrirnrprq}

1 S S’ S (3) (3)
+5 <2r— ~10% + 16r—4) [mjp + 77 P

2 Inpq Jjnpq

+ 7y pe +Tl7’pP( ) +rquP.(3) +

mpq yng np

rirn Pl + it (55001 + 6injq) + 774 (801 + indsp) + 757 (Binig + Oindig) +

7§7¢(8indip + O1nbip) + 1i7n(8jp01g + S1pdjq) + 1570 (ipdiq + Sipdiq)+
0i; (rprndig + TqTn 01 + rprqéln)}

1 g S s’ S
_ ﬁ < " — 2— 2— + 8— ) |:7’n7’p(5il5jq —+ 5jl5iq) + anq((sil(;jp + 5jl5ip)+

TpTq(0it0jn + 0j10in) + 150i1(Tndpg + Tpdgn + 1¢0pn) + 13051 (rndpg + Tp0gn + rq(spn)}
S’ S
+ 2T_3 - 47"_4 {5171(5311611) + 6]176111) + 6Jn(5lq5lp + 51;05111) + 0ij (611151)71 + 5lp5qn) + Oin z]pqi|

1
_ (S— _ QE) [5”13 9 4 5,P%

r2 7’4 Jjnpq 1’”?‘1i|

(D 17)

where PZ-(-?;)q = 0;j0pq + 0ip0jq + 0igdjp. With this equation, one can obviously recover

(D 15). Even though this would be tedious, this expression (D 17), combined with (D 13),

. (uuw)
can determine each non-zero component of npngwl

S(r). This equation is of course an important result of the present work, and could be
used for further theoretical developments, but more interestingly, one gets in particular

as a function of derivatives of

3, (uuw) " " /
9 ‘2111 745_ + 12S_ _ 24§ + 24£ (D 18)
ri

Using as before a Taylor expansion of S(r) when r — 0, the S’(0), S”(0) and S”(0) terms
vanish, and with S(0) = 0, this yields (5.28). Furthermore, using (D 13), one obtains

a3pluve) dur\* Owy 82u1 O 82u? dw,
—o< (2 2 < o .. (D1
( or} Y = (8301) Oy - axf Oz -Ts 0r? Or; > (D19)
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The two previous equations give (5.29).

Appendix E. Re-interpretation of the helical viscous cutoff kf

In this section, another interpretation of the wavenumber sz , defined in (3.1), is pro-
posed. This wavenumber was originally derived by Ditlevsen & Giuliani (2001) as a
helical viscous cutoff. However, it was revealed in figure 2 that sz is not a wavenumber
equivalent to k, for the helical spectrum, since both F and H have a k~°/3 inertial range
which extends up to k.

Here are some elements, based on the demonstration of Ditlevsen & Giuliani (2001),
to explain why kf;l cannot be a helical viscous cutoff. First, it is assumed in the latter
reference that H(k,t) scales as kE(k,t) in the spectral definition of ey, and that the
dominant contribution of the integral comes from the largest wavenumber,

e = 2y/ K2H (k, t)dk ~ vk Bk 1) = vk 72213, (E1)
0

which yields (3.1). However, a scaling like H ~ kFE would imply that H ~ k=2/3 in the
inertial range, which is not the case as illustrated in figure 2. Hence, the assumption
H ~ kE in the inertial range is wrong, and moreover, it is worth noting that if the
scaling (3.2) is used in the previous integral, one recovers k:ff = ky, as shown by Chen
et al. (2003).

Instead, it is shown hereafter analytically that kf;l can be seen as the wavenumber at
which viscous dissipation of helicity balances non-linear helical transfers. In the kinetic
and helical Lin evolution equations (2.31) and (2.32), writing that at k = k:ff there is

a balance between convection and viscous dissipation yields vk}’ °’E (kM) ~ 0k H (KD,
where 0 = Oy, With the relation (3.4), one further has E/H ~ ¢e/ey. Then, for the
characteristic time, 6 ~ 1/ (Z/sz 2) is chosen, in agreement with dissipation being prepon-
derant at large wavenumbers in the definition (2.24) of fxp,. Finally, the classical inertial
scaling (3.2) is used for H, so that

E(kT) 1

g~ e (R TE) e WM g e
n Vn

from which one recovers (3.1). Here, the evolution equation of E has been used: the final
result can also be obtained starting from the evolution equation of H(k), and writing
vkl °H (ki) ~ 0] BE(kff JH (k). The wavenumber kY was shown to be quite relevant
in figure 8 at large Reynolds numbers: indeed, from k:ff , there is a balance between
—2vk®H and kSYT. However, this is much less relevant at moderate Reynolds numbers:
this is expected since in the previous demonstration, inertial scalings were used, which
are valid only at large Reynolds numbers.

As a conclusion, the original helical viscous cutoff k:ff proposed by Ditlevsen & Giuliani
(2001) was re-interpreted here in terms of high Reynolds numbers balance between the
viscous dissipation of helicity and non-linear helical transfer.
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