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The present work aims at developing a spectral model for a passive scalar field and
its associated scalar flux in homogeneous anisotropic turbulence. This is achieved
using the paradigm of eddy-damped quasi-normal Markovian (EDQNM) closure
extended to anisotropic flows. In order to assess the validity of this approach, the
model is compared to several detailed direct numerical simulations (DNS) and
experiments of shear-driven flows and isotropic turbulence with a mean scalar gradient
at moderate Reynolds numbers. This anisotropic modelling is then used to investigate
the passive scalar dynamics at very high Reynolds numbers. In the framework of
homogeneous isotropic turbulence submitted to a mean scalar gradient, decay and
growth exponents for the cospectrum and scalar energies are obtained analytically
and assessed numerically thanks to EDQNM closure. With the additional presence
of a mean shear, the scaling of the scalar flux and passive scalar spectra in the
inertial range are investigated and confirm recent theoretical predictions. Finally, it is
found that, in shear-driven flows, the small scales of the scalar second-order moments
progressively return to isotropy when the Reynolds number increases.
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1. Introduction

The study of a passive scalar, such as small temperature fluctuations 6, convected by
a turbulent velocity field u; is of interest for several reasons. From a fundamental point
of view, though homogeneous anisotropic turbulence (HAT) has been at the centre of
many theoretical, numerical and experimental works for almost 40 years, numerous
questions still remain without clear answers. How does the energy, mainly produced
at large scales by mean velocity and scalar gradients, affect the small-scale dynamics?
Is there a complete return to isotropy of small scales? Is the growth or decay dynamics
of quantities, such as the kinetic energy and the scalar variance, predictable?

Upstream to these fundamental questions, there are practical reasons for the
investigation of HAT. Indeed, taking into account anisotropy created by non-zero mean
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fields is an important feature to describe real flows by comparison to the classical
case of homogeneous and isotropic turbulence (HIT). Notably, the deep understanding
of homogeneous turbulence dynamics could provide further insights into the analysis
of high-Reynolds-number natural flows such as atmospheric and oceanic ones. Such
flows are complex for multiple reasons, one being that their Reynolds numbers
are much higher than the ones currently reachable in direct numerical simulations
(DNS) and experiments. For instance, the Reynolds number based on the Taylor
micro-scale Re, = K+/20/3ve (where K = (u;u;)/2 is the kinetic energy, € = v(0d;u;0;u;)
its dissipation rate, u; the fluctuating velocity, and v the kinematic viscosity) can be
of the order of 10* in atmospheric flows. Such large-Reynolds-number simulations
without modelling would require huge computational resources to capture only the
early stage of the dynamics, and would need a fine description of all scales, from
the most energetic ones to the dissipative ones at the level of the Kolmogorov scale
n = (e/v*)~"4. In addition to very high Reynolds numbers involved in atmospheric
flows, the nature itself of such flows is complex, as it contains many different
physical phenomena. Indeed, a fine description of atmospheric dynamics would
require account to be taken of rotation, helicity, stratification, shear and mean scalar
gradient from the ground to high altitude (Wyngaard & Coté 1972; Kader & Yaglom
1991). Mean velocity and scalar gradients are also deeply associated with production
mechanisms in the turbulence dynamics regardless of the flow type. Indeed, they
play a fundamental role in the energy transfers through scales. Therefore, insights
concerning the role of mean velocity or scalar gradients are of great interest for
turbulent flows, and specifically the ones where departure from isotropy is generated
by anisotropic forces or by solid walls giving rise to shearing stresses. Moreover,
a better understanding of all these anisotropic turbulent flows could be obtained by
making separate investigations of isolated mechanisms at high Reynolds numbers,
which are still quite unreachable using DNS.

This is the approach followed in this study. In order to achieve this objective,
notably for very high Reynolds numbers, the dynamics of a passive scalar field
and its flux (u;0) in HAT is addressed with the use of an eddy-damped quasi-normal
Markovian (EDQNM) closure adapted to anisotropic flows. The modelling proposed
here is an extension to the scalar case of a model recently developed by Mons,
Cambon & Sagaut (2016). The purpose of this work is therefore twofold: developing
the theoretical basis of an anisotropic EDQNM modelling for the passive scalar,
and using it to investigate non-helical high-Reynolds-number turbulence. Moreover,
the present model is developed for arbitrary mean velocity gradients that produce
energy: consequently, it is not adapted to the case of purely rotating turbulence
in which there is no energy production and where the dynamics is dominated by
dispersive (inertial) waves interacting nonlinearly, requiring even more complex tools
(Cambon & Jacquin 1989; Sagaut & Cambon 2008). The emphasis is thus put
on three different configurations: homogeneous isotropic turbulence with a mean
scalar gradient (HITSG), homogeneous shear turbulence (HST), and finally these two
frameworks combined into homogeneous shear turbulence with mean scalar gradient
(HSTSG) as notably encountered in atmospheric flows.

In HITSG, the mean scalar gradient A = d® /dx;, where @ is the mean scalar
field, produces scalar fluctuations so that the scalar variance K; = () can increase
whereas the isotropic velocity field is decaying. This mean scalar gradient creates an
anisotropic flux (u360), called the cospectrum in spectral space, which has received
a lot of attention: with spectral closures (Herr, Wang & Collins 1996; O’Gorman &
Pullin 2003; Bos et al. 2004; Bos, Touil & Bertoglio 2005; O’Gorman & Pullin 2005),
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with DNS (Pumir 1994; Overholt & Pope 1996), theoretically (Lumley 1967) and
experimentally (Venkataramani & Chevray 1978; Warhaft 1980; Sirivat & Warhaft
1983; Jayesh & Warhaft 1992; Mydlarski & Warhaft 1998; Mydlarski 2003). In all
these studies, the scaling of the cospectrum is uncertain in the inertial range, k=7/3
or k72, probably because of too low Reynolds numbers. This point will be addressed
hereafter.

The case of a mean velocity gradient S =dU,/dx;, where U; is the mean velocity
field, without mean scalar gradient, has been less studied: a rapid decrease of Ky
was observed experimentally (Warhaft 1980; Karnik & Tavoularis 1989), and this has
been confirmed theoretically (Gonzalez 2000). Interestingly, in such a configuration,
the evolution of the passive scalar field dynamics is completely different from the one
of the velocity field.

Finally, when both mean velocity and scalar gradients are applied, there is a
continuous production of kinetic energy K(7) that grows exponentially for large
dimensionless times St. Consequently, thanks to interactions with the scalar flux, Ky
grows exponentially as well. The HSTSG configuration has been at the centre of
many works as well: with a classical EDQNM approach (Bos & Bertoglio 2007),
with DNS (Shirani, Ferziger & Reynolds 1981; Rogers, Mansour & Reynolds 1989;
Brethouwer 2005; Kassinos, Knaepen & Carati 2007) and experimentally (Tavoularis
& Corrsin 1981; Danaila et al. 1999; Ferchihi & Tavoularis 2002). Even without
rotation, the HSTSG configuration remains quite representative of atmospheric flows
(Wyngaard & Coté 1972).

Besides, the small-scale return to isotropy (RTI) for each of the three cases
presented is of primary importance: indeed, according to Kolmogorov (1941), the
small scales of the flow should return to isotropy whatever the large scales are.
While the small-scale RTI of second-order moments of the velocity field is well
known (Speziale, Sarkar & Gatski 1990; Pumir 1996; Garg & Warhaft 1998; Shen
& Warhaft 2000), the case of third-order moments (such as the derivative skewness
of the velocity in shear flows) is still an open question. Moreover, it appeared that
the scalar case is even more complicated, since the conclusion is not clear regarding
second-order moments: departures from isotropy are observed experimentally and
numerically at small scales with a mean scalar gradient only, in shear-driven flows,
in boundary layers and in jets (Sreenivasan, Antonia & Britz 1979; Sreenivasan &
Tavoularis 1980; Sreenivasan 1991; Pumir 1994; Danaila et al. 1999). Consequently,
and in order to clarify the RTI of the scalar small scales, high-Reynolds-number
anisotropic flows will be investigated thanks to the present modelling.

The general method used to develop the present model, briefly called anisotropic
EDQNM, is now described. Firstly, the dynamical equations that govern the
evolution of the spectral second-order correlations, referred to as Craya equations, are
considered. They have an exact part, linear and closed, which corresponds to mean
gradient effects. The second part, originating from triple correlation contributions,
is explicitly closed with EDQNM. The closure technique for anisotropic flows is
discussed in several papers, with a complete survey in Sagaut & Cambon (2008):
for the sake of simplicity, explicit effects of mean velocity and scalar gradients
are not taken into account in the equations for three-point third-order correlations.
Such effects are important only in the case of interacting waves, as in rotating
turbulence (Cambon & Jacquin 1989), and can be globally modelled, without altering
the structure of the EDQNM model, as in Burlot et al. (2015) for unstably stratified
turbulence. The latter study shows the strong analogy between shear-driven flows
with passive scalar and stratified buoyant flows, in which the buoyancy fluctuation
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(density or temperature) is an active scalar. In a second step, a tractable model is
obtained in terms of spherically averaged descriptors, so that the state vector depends
only on the wavenumber modulus k: the integration on spherical shells is performed
analytically. This procedure in two steps generalizes the pioneering work of Cambon,
Jeandel & Mathieu (1981) for the velocity field, and consistently extends the recent
model by Mons et al. (2016) to the scalar and velocity—scalar correlations modelling.

This method is applied to model the dynamics of the scalar field and of the
mixed velocity—scalar correlation in HAT. The closure is presented in §§2 and 3,
along with the main equations and the anisotropic EDQNM modelling: the evolution
equations of the passive scalar and the scalar flux constitute one of the main results
of this study. Section 4 is devoted to the validation of the present model, where
several detailed comparisons with experimental and numerical works are proposed
at moderate Reynolds numbers. Then, new numerical and theoretical results at very
high Reynolds numbers are presented in §5. Finally, § 6 is dedicated to the main
conclusions of the present work and perspectives.

2. Closed equations for the passive scalar and scalar flux

In this section, incompressible homogeneous turbulence without rotation and helicity
is considered. The evolution equations of the spectral kinetic and scalar second-order
correlations are derived. Then, the closure method for the nonlinear terms is presented
along with the EDQNM approximation. In what follows, time dependence will
sometimes be omitted for better readability.

2.1. Brief overview of the velocity field

In this section, the main theoretical aspects of Mons et al. (2016) are recalled for the
sake of clarity and to introduce important notation. The spectral velocity second-order
correlation — or spectral Reynolds stress tensor — is defined as

Ry(k, 8 (k — p) = (i (p, Dk, 1)), 2.1

where (-) is an ensemble average, (-)* the complex conjugate, k and p are wavevectors
of modulus the wavenumbers k and p, (T) denotes the Fourier transform and #; is the
spectral fluctuating velocity. Finally, IA?,-j corresponds to Rj; = (u;u;) in physical space,
and its evolution equation in the presence of a mean velocity gradient A; = dU;/dx;
is called the Craya equation and reads

a ad A N N
(81‘ _Alnklﬁ + 2Vk2> Rz](k) +Mm(k)Hn1(k) +M]n(k)Rnl(k) = T,;VL(k)’ (22)

where v is the kinematic viscosity, M;;(k) = (8;, — 2c;e,)A,j, with o; = k;/k, and Ti’}’L
is the total nonlinear transfer, which can be split into a conservative part and a non-
conservative one, the latter being linked to slow pressure terms and thus responsible
for the RTI mechanism. The kinetic energy and its dissipation rate are defined as

K(t) = Riiz(t) - / h Ek, H)dk, e()=2v / N KE(k, ) dk =v <
0

0

al/ti 8”,‘

8Xj )Cj

> , (2.3a,b)
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where E(k, t) is the kinetic energy spectrum. In what follows, the &—Z decomposition
is used (Cambon & Rubinstein 2006) for a flow without helicity,

R E(k) E(k)
Rij(k) = —4nk2Pi,-(k) + (é”(k) ~ I k2> Pjj(k) +Re(Z(k)N;(k)N;(k)), (2.4)
N — < (poD)
Ay o AP gy i ®

ij

where Re(-) denotes the real part, and & — E/(4mk?) reflects directional anisotropy, i.e.
the difference between the energy in a given direction and the spherical average, and
is linked to the kinetic energy spectrum through an integral on a spherical surface S;
of radius k,

Ek,t)= | &k, t)dzkzé / Rk, 1) d’k. (2.5)

Sk Sk

Then, the complex-valued scalar Z is linked to the polarization anisotropy, i.e. the
difference in energy between components, and is related to the spectral Reynolds
tensor through

Z(k, 1) = 3Ry (k, N} (k)N (), (2.6)
where N; are helical modes (Cambon & Jacquin 1989; Waleffe 1992) defined as

k
Ni(k) = e? (k) —ieV k), e = Kol i : el =eV el V=a @Ta-d)

where (e, e®, e™) is the Craya—Herring orthonormal right-handed frame of reference
associated with a privileged direction n. The first step of the derivation proposed by
Mons et al. (2016) consists in using EDQNM to close the generalized transfer terms
in the evolution equations of & and Z, equivalent to (2.2).

The second step starts with the following truncated expansions of the spectral
Reynolds stress tensor for & and Z for moderately anisotropic flows,

&k, 1) = E(1 — 15H (k, D), (2.8)

)

Z(k, 1) = 3&HT" (k, )N} (N7 (K), (2.9)

i

with & = E(k, 1)/(4mk?), and where H"" and H,(-j” ) are deviatoric tensors that

ij
describe anisotropy, defined by a spherical integration

28k H{" ko = [ Ao @k 2B My o= [ A
Sk

ij ij
Sk

(k, 1) d’k.
(2.10a,b)

Finally, these truncated expansions allow one to derive evolution equations for the
spherically averaged descriptors E, Hff"r) and Hfjp ) (see table 1). After the spherical
integration, the k dependence is transformed into a k one, according to the expansions
into spherical harmonics (2.8) and (2.9): these expansions allow part of the angular

dependence information to be restored.
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Spherically averaged descriptors
k-vector descriptors Isotropy Directional anisotropy Polarization anisotropy

Ek, 1) E(k, 1) H"™ (k, 1) 0
Z(k, 1) 0 0 H" (k, 1)
ET(k, 1) Er(k, 1) H (k, 1) 0
Filk, 1) 0 0 Ef(k, 1)

TABLE 1. Description of anisotropy at the velocity, passive scalar and scalar flux levels,
using k-vector descriptors and their corresponding spherically averaged contributions. Here
&, Z, & and F; are defined respectively in (2.5), (2.6), (2.15) and (2.20).

2.2. Towards the passive scalar and scalar flux Craya equations

In order to derive the spectral evolution equations of the scalar—scalar and velocity—
scalar second-order correlations, the procedure described in the previous section for
obtaining the Craya equation is used. The scalar field T is decomposed into mean
and fluctuating parts 7= + 6, with (#) =0, and the mean scalar gradient is written

RlC)
N 8x,~ ’
so that ® = A,x;. In physical space, the evolution equation of the scalar fluctuation 6
in the homogeneous framework is

A; (2.11)

a0 a0 0 9%0
~ +Aj,x,— + Mj/lj + a(@uj) =a——
j

) (2.12)
ot 0x; 0x;0x;

where a is the scalar diffusivity. The Fourier transform of the previous equation yields

d 3 . _
(az —AﬂkjETkI 1 ak2> 0 + Aty = —ik;Ou;, (2.13)

with the convolution product
Gk o= [ 0.0 0P, (2.14)
k=p+q

Then, the spectral scalar-scalar correlation &7 is defined as
(0" @) k)) = & (k)5 (k — p). (2.15)

which corresponds to the second-order correlation K; = (#%) in physical space.
Correlation &7 is real and thus satisfies &7 (k) = &7(—k) due to Hermitian symmetry.
It is linked to the scalar variance spectrum Er(k, f) through a spherical integral

Erk,n)= [ & (k, 1) &k. (2.16)
Sk
The Craya equation for the three-dimensional scalar variance spectrum is then

3 3
(m - Aﬂkja—kl + 2ak2) ET(k, 1) + 24F;(k, ) =T (k, 1), (2.17)
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where TT™ s the total nonlinear scalar transfer, which can be written
TN (k, t) = 2k; Re ( / STk, p, 1) d3p) , (2.18)

with [(...)d’p the integration over the whole spectral domain, and where S7 (k, p, 1)
is the scalar three-point third-order spectral correlation,

STk, p, D8 (k +p + q) = i{t(g)0 ()0 (p)). (2.19)

The scalar flux F;(k, f), or mixed velocity—scalar correlation, introduced in (2.17) is
defined as .
(@ (p)0 (k)) = F;(k)5(k — p), (2.20)

which corresponds to the second-order correlation RY = (,0) in physical space. The
scalar flux Craya equation is then

0 0 N
(at — Ak + 0+ a)kz) Fik) + My F,(k) + LR, = TF " k), 2.21)
1

T,NL - . . .
where Ty~ is the nonlinear scalar flux transfer, which can be written

Tk, t)szm(k)/S,fm(k,p, ) d3p+kj/Sﬁ*(P,k, ndp, (2.22)

with S¥ (k,p, 1) the scalar flux three-point third-order spectral correlation,

Stalle, p, 08k +p + q) =i(il, ()0 k) b,y (p)). (2.23)

The form of the nonlinear scalar flux transfer (2.22) has been obtained in a recent
active scalar study (Burlot et al. 2015). Writing 7™ in a manner analogous to the
kinetic case (Mons et al. 2016) is done by introducing

'k, p, D) =k, / St(k,p, t)d’p, (2.24)

so that the nonlinear scalar transfer reads
TEN (k1) =1k, p, ) + 7" (p. k, 1) + W] (k, 1), (2.25)
where W/ (k, 1) = —oa,tf(k, p, t) represents nonlinear mixed pressure—velocity

correlations, from which the RTI of F; is expected, but not prescribed. This RTI
mechanism is responsible for the destruction of the scalar flux since it does not exist
in isotropic turbulence. The quantity t/ + 7/ is a conservative transfer quantity with
zero integral over k.

2.3. Generalized scalar Lin equations and EDQNM closure

The generalized Lin equations for the scalar correlation &7 and the scalar flux F; can
be written

<88t + 2a’<2> ETk, )y =Tk, 1) + T""(k, 1), (2.26)
( % + (4 a)kz) Filk, ) =T/ (k, 1) + Tk, 1), (2.27)
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F.L . .
Here 77 and T;*" are the linear passive scalar and scalar flux transfers,

9ET (K
7Lk, 1) :Aj,kj% _AF Kk, 1), (2.28)
1
oF;(k, t) .
TP, 1 = A D) o F ik, 1) — A,y K, 0. (2.29)

ak;

Now, the nonlinear passive scalar and scalar flux transfers 77" and T need to be
modelled. The EDQNM approximation was first introduced by Orszag (1970), Leith
(1971) and Orszag (1977) for hydrodynamic turbulence.

Hereafter, an EDQNM closure adapted to homogeneous anisotropic flows is derived
similarly to Mons et al. (2016). The complete anisotropic form of the second-order
spectral tensors is kept in the quasi-normal (QN) formulation, and is therefore
expressed in terms of the k-vector descriptors of table 1, whereas the eddy damping
(ED), which models the contribution from fourth-order cumulants to the equations that
govern triple correlations, is kept in an isotropic relationship. Assuming that the scalar
probability distributions are close to normal distributions, the QN approximation is
used to model the passive scalar and scalar flux nonlinear transfers. Then, combining
isotropic ED, complete QN and Markovianization allows one to write from (2.18)
and (2.22)

TN (K, 1) = 2k; / o TNk, 1) dp, (2.30)

kpq

T/ e, p, 1) = i (K) / 0 Tk, p, ) Ep + Ky / 0, @,k 0 dp. (231)

T
Here 6,

correlations, respectively,

1 —exp[—(a(k* + p*) + vg* + w2 (k) + p2(p) + 3 (@)1l

and 9,; , are the characteristic times of the third-order scalar and scalar flux

T
Vi = a(k? +p?) +vg? + 12 (k) + pa(p) + 13(q) ’ (232
oF — 1 —exp[—(ak? + v(P* + ¢°) + pa(k) + 3(p) + 13(9)1] ’ (2.33)
P ak* +v(p* + ¢*) + pa(k) + 3 (p) + w3 (g)
and 9,;(7 and 0,;(1 are obtained by writing the evolution equations of the passive scalar

and scalar flux third-order correlations defined in (2.19) and (2.23), respectively. Such
an approach for the scalar case has already been used by Bos ef al. (2005) for HITSG.
The eddy-damping terms p, and w3 reflect departure from normal laws and, combined
with Markovianization, ensure realizability,

k k
2 (k, t)=Az\// PE(p.tydp,  ps(k, t)=A3\// P’E(p,t)dp, (2.34a,b)
0 0

with A, =0 and A; = 1.3. The setting of A, and Aj; is discussed in Herring et al
(1982) and Lesieur (2008), along with the choice of the eddy-damping terms w, and
3. These two constants are set, based on experimental and theoretical considerations,
to recover the Corrsin—-Obukhov constant Kcp =~ 0.8. For the kinetic field, the eddy
damping used in EDQNM is

k
itk =4y / PE(p, 1) dp, (2.35)
0
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as defined by Pouquet er al. (1975) — as an improved version, more general (assessed
in two and three dimensions, at various Reynolds numbers) than in Orszag (1970) —
where A; =0.355, so that the Kolmogorov constant is recovered, Ky~ 1.3. As a result

of the QN approximation, T, ?" and ‘I;’QN can be written

TNk, p, 1) = 2P, (@) Fu(k, DF,,(p, ©) + F}(q, t)(k,F(p, 1) + p.F,(k, 1))

— kuRoi(g. (& (k, 1) — & (p. 1)), (2.36)
T e.p. 1) = ky(Ru(g. DF; (p. 1) + Ry(p. DF; (g. 1)
+2Fm(k7 t)(Pimn(q)i\qnj(IL t) +ijn(p)§ni(qa t)) (237)

With this closure, and with calculations very similar to the kinetic case, the nonlinear
scalar transfer becomes

T Mk, 1) = 2 / 0 kp(xy +2) (8" +Re X" ) (& — &) dp
ky — px
q

+2 / or (knF:;* (PoFon+ TonF") + puFlerF

kpq

> d’p.  (2.38)

The single and double primes " and ” refer to wavevectors p and g, respectively; x, y
and z are cosines of the angles formed by the triad vectors (k, p, q); and X = Ze?!,
X =Z'e* and X" = Z"¢*"’, where A, A’ and A" are rotation angles of the triad
around k, p and ¢, respectively, and Z has been defined in (2.6). Since the scalar flux
exists only in an anisotropic configuration, and is thus a purely anisotropic field, the
second part of (2.38) is neglected for moderately anisotropic flows, where all quadratic
anisotropic contributions can be neglected. The closure for F;(k) is developed with an

appropriate decomposition in the following section.

3. Spherically averaged scalar Lin equations

This section presents the final step of the modelling. Spherically averaged evolution
equations for the scalar variance spectrum, the scalar directivity and the scalar flux are
derived from the previous generalized scalar Lin equations (2.26) and (2.27). These
final scalar equations depend only on the modulus k of the wavevector k.

3.1. Spherically averaged descriptors

A decomposition similar to the one of & in the kinetic case is used for the scalar
correlation

Er(k,t
7( )(1 —15HD

(ngkt: .
&1 4k? Y

(k, D)) = &) (k, 1) + ET (k, 1), (3.1

with T4 = —156TH a0 and & = Er/(4mk?). The following decomposition is
chosen for the scalar flux:

Fik, t) = 3&" (k, )Py (k). (3.2)

This decomposition is consistent with the scalar flux being a solenoidal field (k;F; =0).
These equations (3.1) and (3.2) are exact in HITSG (Herr et al. 1996), whereas they
are truncations at the first non-trivial order (the second order) of the scalar correlation
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&7 and scalar flux F; expansions for the cases involving mean velocity gradients (HST
and HSTSG). These truncations are consistent with the modelling of & and Z done
in (2.8) and (2.9), respectively.

Hermitian symmetry for the scalar flux, F;(—k) = F;(k), is straightforward from the
decomposition of a vector into helical modes. Notably, it implies that the vector (fip
is purely real. About the distinction between directional and polarization anisotropies:

scalars admit directional anisotropy only. Consequently, HEJ-T), which appears in the
expansion of &7, reflects directional anisotropy, as does H,(-jd”) in the decomposition of

&. Then, as F; is a vector, éj.F represents polarization anisotropy. Finally, a solenoidal

second-order tensor such as R; admits both contributions (Cambon & Rubinstein
2006). This classification is summarized in table 1.

An additional solenoidal contribution in terms of the Levi-Civita permutation tensor
is discussed by O’Gorman & Pullin (2005), resulting in the so-called quadrature
spectrum. It can be shown that, using a toroidal-poloidal decomposition of a
solenoidal vector, the latter contribution is redundant with the projection part in
(3.2). Therefore, as the helicity spectrum (Gomez, Politano & Pouquet 2000) is
neglected in the spectral Reynolds stress tensor, this additional solenoidal contribution
is consistently discarded.

The scalar anisotropic descriptor H,(-J-T) and the spherically averaged scalar flux EF
are defined similarly to the kinetic ones Hgﬁr) and Hfjp oD using spherical integration,

2Er(k, DH (k, 1) = / ETA (&, 1P, d*k, (3.3)
Sk
Ef(k,t)= / Fi(k, t) d’k. (3.4)
Sk
The scalar anisotropy tensor bg is then given by
bl(f) = 1 / Tk (k, HH\" (k, 1) dk (3.5)
T K@ Jo T '

and is analogous in the description of anisotropy to b,(-jd”) for the velocity field (Mons
et al. 2016). Similar scalar anisotropy descriptors were introduced by Kassinos et al.
(2007), with a slightly different convention for structure-based modelling. Finally, the
scalar energy Ky, or scalar variance, and its dissipation rate are defined as

K7 (1) = (0% = / Er(k,t)dk, er(t)=2a / K2Er(k, ) dk. (3.6a,b)
0 0

3.2. Spherical average of the passive scalar and scalar flux fields

The final evolution equations for the spherically averaged scalar descriptors, derived
from the previous generalized Lin equations, and briefly called spherically averaged
scalar Lin equations, read

3 . :
(az + 2ak2) Er(k, 1) =S"MEO (k, 1) + STk, 1), (3.7)
3 , .
<8t + 2ak2> Er(k, OH (k, ) = S;M ) (k, 1) + S5 (K, 1), (3.8)
9
<az +(a+ v)k2> Ef (k, 1) =STM (k, 1) + STE(k, 1). (3.9)
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Here ST-M59) ig the classical nonlinear spherically averaged isotropic scalar transfer,

ST,NL(iso)(k’ 1 = / TT,NL(k, f) d*k

Sk
= [ 160 w0y + 286 - EDdpde. G0
Ay

T,NL(dir)

which is exactly the one derived by Lesieur (2008); and S is the nonlinear

spherically averaged directional scalar transfer,

1 3 -
TNL(dIr)(k t) — 5 / TT,NLPij(k, l,) d2k _ EJST,NL(ZAO)(k’ t)

Sk

= / 4104, P 0y + 267 = DE (& = EDH™ dpdg
Ay

+ / 80, kP q(xy + 23y — D& (& — EHHF dpdg

kpq

+ / 8%, Kp*q(xy +2)&) (32 — DETHY — 28 H) dpdg,
Ak
(3.11)

with .Ak the domain where &, p and ¢ are the moduli of the triad vectors. The transfer
ST-NLGso) g a conservative transfer, meaning that its integral over k is zero. However,

the integral of ST NE@ID s different from zero (like the directional transfer of the

Velocny field). From the non-conservative part of STNL(d”), an RTI of the passive

scalar is expected. Nevertheless, as there is no ﬂuctuatlng pressure in the passive
scalar equation, it cannot return to isotropy on its own, and therefore this mechanism
is driven by the dynamics of the velocity field only. For the linear terms, ST-L059 is
the linear spherically averaged isotropic scalar transfer,

STHE (k, 1) = / T"" (K, 1) dzk_—2A+—(kETHm) 2A,E], (3.12)

In
Sk

and Sg’L(di’) is the linear spherically averaged directional scalar transfer,

1 S .
TL(dtr)(k t) — 2/ TT'L(k, I)P,jdzk— glsT,L(lso)(k’ t)
Sk
3 +H (T) +H (T) 2 + (T) 1 +
= —-Ep (AJH, +A[H, — A 0;iH," | + A Er
7 J 3 5 ij
2 0
+ (T) + (T) (T)
(A'lak(kET )+Aﬂﬁ(kETH ) — fAlm Uak(kETHl ))
1
- E i ﬁ(kET) ET(Al;HEIT) —I—A;HJ(IT))
2
1o (a Ef + LEN — 3/1,Ef5ij) , (3.13)

where A,T; and A; respectively denote the symmetric and antisymmetric parts of the
velocity mean-gradient matrix, 4; is the mean scalar gradient and Ef =4nk*&F.
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Regarding the scalar flux, its nonlinear transfer becomes, at first order in
anisotropy,

3 / /! "

Ik, 1) = > / 00 kS0 L EF (2px(a; + za) (] + yar;)

+q(y+x2) Q0] (@] + yoy) — Py)) + k& (1 = )P} + (o + zo) (o + yar)) | &p

3 ’ " 1 " ’

+ > / 05k [aEET (o] + yai) (o + zat] 4 2y(a] + xax))
+ k&Y EF (o + yor ) (g + ze) + (1 = Y (P} — 20:(et; + 221))))
+ (& (@] + za) (0 +ya)) — (xy + )& E Py 1 dp
-3 / O kot Lk(1 = y) &) EF (o + 2at))
+ 986 (1 — 22 = 2y(y + x2)) (@] +ya;) ] dp. (3.14)

One can observe that in the framework of moderate anisotropy, only the isotropic part
of the velocity field & = E/(4mk*) remains. The nonlinear spherically averaged scalar
flux transfer is then

SENE(k, 1) = / TFM (K, t) Ak

Sk
—4x? / 04 K Pa&y k&S (1 4y — 22 — xyz — 2y°2%) — 2q(5° + x2)& 1dp dg
Ay
+ 47’ / 05K q [ 6o(qz(2xy* +yz— & — py(x +y2) &)
Ak
+ k& (1 —y* + 22 — xyz — 2*2)EF —2(1 —yHEF) 1 dpdg. (3.15)

One can extract from this nonlinear scalar-flux transfer the mixed pressure—velocity
part, which is expected to have an RTI function

SERT (e, £) = —8 / w*0F KBpg& &N (1 —yH(1 -2 dpdg. (3.16)

kpq
Ay
And S;* is the spherically averaged linear scalar flux transfer,

SEEk, 1) = / T/ (k, ) Ak

Sk
1 ; 1 a
_ (dir) (pol) F F
= —2AE (36ij+ Hi" + Hf ) — gA;; (ZEJ. + ﬁ(kEj )) . (3.17)
As a conclusion, the dynamics of a passive scalar field in homogeneous anisotropic
turbulence is driven by six spherically averaged compact equations within this

anisotropic EDQNM modelling: three for the velocity field first given in Mons
et al. (2016),

9 A A
(m + 2vk2) E(k, t) = SNESO) (k. 1) + SEEO) (k, 1), (3.18)
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d . . N
<az + 2vk2> E(k, OHS™ (k, 1) = SY“7 (k, £) + S; (k, 1), (3.19)
9
<az + 2vk2) E(k, OH™ (k, 1) = SyH 7" (k, ) + S5 (k, 1), (3.20)

two for the passive scalar (equations (3.7) and (3.8)), and one for the scalar flux
(equation (3.9)). The last three are original results of the present work. The different
anisotropy descriptors are gathered in table 1.

3.3. Numerical parameters, initial conditions and validity of the model

The time evolution of the kinetic spectra (E, EH,(»;M, EH,S’"’D) and the passive
scalar and scalar flux spectra (Er, ETHEJT) , EF) are obtained by solving 20 coupled
integro-differential equations using a third-order Runge—Kutta scheme with implicit
treatment of diffusion terms. The wavenumber space is discretized using a logarithmic
mesh k;,; = 10'/k; for 1 <i<n, where n is the number of modes and f =17 is the
number of discrete points per decade. This mesh spans from k,,;, to k. = 10k,, where
k, = (¢/v*)'/* is the Kolmogorov wavenumber. Such a resolution at high Reynolds
numbers allows a fine description of the viscous range, with k,,;, higher than the ones
usually used in DNS. The time step is monitored by defining a constant Courant—
Friedrichs—Lewy (CFL) number and is obtained by considering the characteristic
time scales of scalar and kinetic dynamics. The values of the physical and numerical
parameters are given for simulations at large and small Reynolds numbers in table 2.
If not mentioned otherwise, the initial conditions are isotropic (F;(k, t =0) =0) with
the kinetic energy spectrum E(k, t = 0) proposed by Pope (2000) and Meyers &
Meneveau (2008),

E(k, t=0) = Kok € fi(kL)f, (k). (3.21)
where f; and f, are shape functions for large and small scales, respectively,

X
(15 +1.5—0/4)23

5/3+0
> . ) =exp(=5.3((x" +0.4H* —0.4)),

(3.22a,b)
and o is the infrared slope. Simulations have shown that initial moderately anisotropic
conditions only slightly impact the early dynamics, without altering the asymptotic
states. Thus, classical isotropic initial conditions are used such as Er(k, 0) = E(k, 0),
avoiding the introduction of supplementary numerical parameters.

In what follows, the Prandtl number is equal to one, meaning that a = v, and
integrated quantities correspond to quantities obtained by integration over the whole
wavenumber space, such as the kinetic energy.

It has been mentioned several times that the present model is valid for moderate
anisotropy as quadratic contributions in terms of anisotropy descriptors have been
neglected. In this view, criteria need to be given to quantify the upper bounds of the
anisotropy that the model can handle at the levels of the velocity and scalar fields.
Such criteria, or realizability conditions, can be derived directly from (2.8) and (3.1),
to ensure that the kinetic and scalar energy densities & and &7 are positive. This
yields

Jo(x) = <

max (£) <5, max (L) <, (3.23a,b)
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Kind of anisotropy Re,(t=0) Pr CFL Konin Konax

HITSG 10* 1 0.3 1077k, (t=0) 10k,
HITSG towards low Re 10* 1 03 107, (r=0) 10k,
HST 1 1 03 107%,(=0) 10%%,
HSTSG 1 1 03  107"%,(=0) 10%%,

TABLE 2. Physical and numerical parameters used for the simulations. Here k; and k, are
the integral and Kolmogorov wavenumbers, respectively. The initial value of the Reynolds
number Re, = K./20/3ve can be different when it comes to comparisons with experiments
and DNS, along with the Prandtl number, often set to 0.7.

where . and £ are eigenvalues of H,S-dir) and H,(]»T), respectively. In the following
simulations, these realizability conditions are a posteriori systematically verified as
satisfied. Moreover, it is worth noting that the violation of (3.23) immediately yields
negative values for the spectra E(k, ) and E7(k, ). Hence, moderate anisotropy could
be roughly defined as the case for which the intensity of the mean-field gradients is

such that the realizability conditions are satisfied.

4. Comparisons with experiments and DNS

In the two previous sections, spherically averaged evolution equations were derived
to investigate the dynamics of a passive scalar and its flux in homogeneous anisotropic
turbulence. The modelling of anisotropy within the complete EDQNM approach,
labelled as EDQNM in what follows, is now assessed by comparisons to several
DNS and experiments at moderate Reynolds numbers in the three configurations
presented in the introduction: HITSG, HST and HSTSG. In each case, definitions
and basic results are recalled. In what follows, the infrared range refers to very large
scales, and, from this point, large-scale kinetic and scalar infrared slopes are the same,
i.e. 0 =or. This is justified in appendix A, and these infrared slopes are defined as
Ek<kp,t)~k° and Er(k < kg, t) ~k°T, with k; and ky the integral kinetic and scalar
wavenumbers, respectively.

4.1. Homogeneous isotropic turbulence with a mean scalar gradient (HITSG)

In this section, the emphasis is put on the specific case where the scalar flux appears
due to a uniform mean gradient 4; = (0, 0, —A) with A > 0, whereas the velocity
field is purely isotropic and decreases with time. This configuration has been widely
investigated (Bos et al. 2005; O’Gorman & Pullin 2005; Bos 2014): turbulent eddies
bring the hot fluid to the cold parts of the flow (and the opposite), thus creating a
turbulent flux.

4.1.1. Definitions and spectral behaviour
Firstly, some definitions are given. When the kinetic field is isotropic, it tends to
destroy the scalar flux F;, whose dynamics is given by (3.4) and (3.9), created by
the scalar gradient A. Given the form of the production transfer term S;“, only the
third component of EF is non-zero, and its sign is opposite to that of A. Hence, the
cospectrum is defined by
F(k, 1) =E5 (k, 1). (4.1)


https://doi.org/10.1017/jfm.2016.362

https://doi.org/10.1017/jfm.2016.362 Published online by Cambridge University Press

Spectral modelling for passive scalar dynamics in anisotropic turbulence 173

The cospectrum energy and cospectrum dissipation rate are straightforwardly
Kzt = / F(k,tydk, ez(@t)=W+a) / K.Z (k, t) dk. (4.2a,b)
0 0

Finally, in homogeneous turbulence, the time evolution of the velocity—scalar
correlation RF(f) = (u;0) is

dRf - a0 r
with A; =0 in HITSG, and
F du; 06 F
e M=W+a) — ), €z=¢€;. (4.4a,b)
8x1 axl

In the case of a simple scalar gradient (R} = Kz), the previous evolution equation
simplifies into

dK
T(I) =Pz (1) —ez(0) + 115(1), (4.5)

where -
Mz (f) = / STk, 1) dk (4.6)
0

is the cospectrum destruction, or cospectrum pseudo-RTI, driven by the fluctuating
pressure of the kinetic field. Here P4 is the cospectrum production

= FL 2
Pz() =/ S5k, t)dk = gAK(t). 4.7)
0

In homogeneous isotropic turbulence with a scalar gradient (HITSG), the cospectrum
is initially zero. The spectral scaling of the cospectrum can be deduced by dimensional
analysis, as proposed by Lumley (1967), Bos et al. (2005) and O’Gorman & Pullin
(2005). One has to assume that .%# depends only on the scalar gradient A, the
wavenumber k and the kinetic energy dissipation rate € so that

F(k,t)=Cz APk, (4.8)

where Cg is the cospectrum constant, found to be Cg ~ 3 in the present work.
Bos et al. (2005) reported C4 ~ 1.5 whereas O’Gorman & Pullin (2005) computed
Cz = 3.5 with their asymptotic high-Reynolds-number model. The k~7/* scaling is
similar to the velocity cross-component spectral tensor in shear turbulence (Lumley
1967). If one assumes that .# depends on €, k and its dissipation rate €, then
F ~ e Y3ezk™33, which is similar to a passive scalar variance spectrum scaling.
This approach would imply that the cospectrum dissipation rate €z is conserved
throughout the cascade and this cannot be satisfied due to the pressure effects (Bos
et al. 2004).

In what follows, for numerical simulations, one needs to define a dimensionless
mean scalar gradient .%,. There are different possibilities to define a reference mean
scalar gradient A, unlike the mean velocity gradient, which is unambiguously
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FIGURE 1. (a) Cospectrum, kinetic energy and scalar spectra %, E and Er for
Re,; =2 x 10°, as a function of the wavenumber k, along with the integral and Kolmogorov
wavenumbers k; and k,. (b) Effects of low Reynolds numbers on the scaling of .Z,
obtained with log.% /logk, as a function of log(k/k;), with a zoom on the narrow inertial
range for the low-Re, curves Re, = 50, 100 and 150: the arrow indicates the sense of
increasing Reynolds numbers. Both for Saffman turbulence (o =?2).

defined (De Souza, Nguyen & Tavoularis 1995). The dimensionless mean scalar
gradient is defined as

Fy=

. 4.9
A (4.9)

The reference mean scalar gradient A, is defined explicitly in the following
comparisons. If not mentioned otherwise, .#y =1 is chosen.

In figure 1, the k=73 scaling clearly appears for the cospectrum. However, as
previously reported by Bos et al. (2005), it requires a high Reynolds number
(Re, > 10* here). This condition is very important. Indeed, without it, there is
no clear power law, neither k=7 nor k=2, as revealed in figure 1 for the three
moderate-Reynolds-number cases 50 < Re; < 150. The inertial range is rather narrow,
and there is a transitory slope that tends to —7/3 as Re, increases. Hence, the k=2
scaling reported in previous works seems to be a low-Reynolds-number effect, which
occurs around Re,; = 100, typical for DNS. The k~7/3 scaling has also been obtained
experimentally (Mydlarski 2003), in DNS (O’Gorman & Pullin 2005; Watanabe &
Gotoh 2007) or with classical EDQNM (Bos er al. 2005; Bos & Bertoglio 2007).

An interesting point to mention, which has not been explicitly reported so far, is
about the infrared range of the cospectrum. Indeed, as .# =0 in the initial isotropic
flow, one can wonder how it evolves at very large scales. The result is displayed in
figure 2: the cospectrum infrared exponent is the same as the kinetic one o. This is
important for the results presented in § 5. Moreover, the k=73 scaling is recovered
for all the o presented. Finally, the linear and nonlinear transfers associated with

: F,NL F,RTI :
the cospectrum are presented in figure 2: SS’N — 8§37 represents the conservative

nonlinear transfer with zero integral over k, where S;*"" is the RTI transfer associated

with pressure effects, and S5 is the total nonlinear transfer that corresponds to a
non-conservative flux because of the RTI mechanism. And Sy is the linear transfer
responsible for production of anisotropy through the scalar gradient, which decreases

with time as the kinetic spectrum E(k, f).
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FIGURE 2. (a) Large-scale spectral scaling of the cospectrum .# for different kinetic
infrared slopes o after several turnover times, as a function of the wavenumber k.
(b) Linear and nonlinear transfers of the cospectrum for 0 =2 at Re; =2 x 10° as a
function of the wavenumber %.

4.1.2. Comparison with Overholt & Pope (1996)

The focus is put on the ratio of the cospectrum dissipation €z and cospectrum
production Pz. In the DNS of Overholt & Pope (1996), it is shown that the
cospectrum dissipation is not negligible at low Reynolds number even though it
decreases with Re,. The following power law is found:

€ DNS
("Q) =4.61Re;""™® (4.10)
P

for four different DNS from Re, =28 to 185. This is reported in figure 3 along with
results from the present anisotropic EDQNM simulations for comparison purposes:

€z EDQNM
() = 11.6Re; "™, (4.11)
Py

In the present case, this ratio is evaluated for Reynolds numbers such that the
kinetic field decreases according to CBC theory (Comte-Bellot & Corrsin 1966). The
satisfactory agreement with DNS regarding the Re, power law for low Reynolds
numbers partially validates the model for the cospectrum. The discrepancy for the
numerical factor may arise from the fact that in the DNS the velocity field is forced,
whereas it is freely decaying here. The interesting result is that the Re, power law
is valid in both decaying and forced turbulence, and does not depend on the infrared
slope o. As for the high-Reynolds-number regime, the Re;' predicted by Bos et al.
(2005) is recovered numerically in figure 3 as well. This scaling law can be obtained
analytically by direct computation, assuming that for high Reynolds numbers the
dominant region of the kinetic spectrum and cospectrum is the inertial range,

[e¢] kn
K.F (k, t) dk e1/3/ k'3 dk
Eg(l) _ 3(1) +a)/0 ( ) N k.
= = - .
Pz (1) 2A / E(k. ) dk 62/3/ 53 dk
0

ki

(4.12)

Then, using classical relations such as (k,/k.) = Rei/ *  where Re; is the integral
Reynolds number, so that «/20Re,/3 = Re,, and vk/* =¢'/*, one finds € /P ~ Re;".
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FIGURE 3. Comparison with the DNS by Overholt & Pope (1996) of the ratio of
cospectrum dissipation € and production Pg, both defined in (4.4) and (4.7), for high
and low Reynolds numbers, as a function of the Reynolds number Re,. Simulations for
o =2 and % = 1. Symbols x and O represent respectively EDQNM simulations and
DNS. Lines are best-fit power laws.

4.1.3. Comparison with Sirivat & Warhaft (1983)

In this section, results provided by the present model are compared with the
experimental work of Sirivat & Warhaft (1983) in the HITSG configuration in
figure 4. The case where the scalar gradient is created with a mandoline (a
screen of thin heated wires) is considered. The parameters of the experiment
are the following ones: the input velocity is U = 3.4 m s~! and the mesh size
M = 0.024 m. For this configuration, the initial Reynolds number is Re,(0) = 26.4
and the turnover time 7., = 1.14 s. The scalar dissipation rate is evaluated to
approximately €, >~ 1072°C? s~! for a scalar gradient 8 =1.78°C m~'. Assuming that
for this experiment the Prandtl number is approximately 0.7, a reference fluctuating
scalar gradient is computed as

a0
A,ef=<> =/ (4.13)
0X / 3a

so that the dimensionless mean scalar gradient is %) = B/A,s = 0.152. Temporal
results are transposed to spatial ones through

X t UtTeyp

M . M

(4.14)

where 7, is the kinetic characteristic time K/e evaluated numerically after two turnover
times, so that transition effects from the initial conditions are erased. The experimental
decay rate of the kinetic field being o, = —1.3, Saffman turbulence (0 =2) is an
appropriate large-scale initial condition for the EDQNM simulations. The cospectrum
correlation

(u;0)

pu,-H = Pwo = Puz6
V(2)(62) ’

is well recovered and p,y — —0.7. The ratio of scalar production —AKgz and
dissipation ey is also in agreement with present results. The final value of the ratio

(4.15a,b)
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FIGURE 4. Comparisons with experimental results of Sirivat & Warhaft (1983) for the
case of the mandoline, as a function of x/M, where M is the mesh size and x the
distance to the grid. The x symbols correspond to the experimental results and lines to
the EDQNM ones. (a) The cospectrum correlation p,, defined in (4.15). (b) The scalar to
kinetic integral scales ratio Ly/L. (¢) Ratio of production and dissipation of the passive
scalar —AK #z/er. (d) Kinetic to scalar time scales ratio Ry defined in (4.16).

of characteristic times,

KET
h KTE ’

matches quite well with experimental data. However, there is a slight difference
for the ratio of integral scales Ly/L (=~ 0.7 with the present anisotropic EDQNM
closure, and ~ 0.9 experimentally). As no indications are given, there could simply
be a difference in the definitions; nevertheless, the fact that L;(f) < L(¢) is recovered.
Let us underline that the initial condition is isotropic here, which is not the case
in the experiment: as mentioned by Sirivat & Warhaft (1983), the initial fluctuating
temperature field is slightly inhomogeneous, and because of the grid itself the kinetic
field contains some anisotropy. But still, the early times of p,», and —AKg /ey are
well captured. As for the cospectrum correlation p,4, it has to be pointed out that
there is a large scatter, since measured values span from approximately —0.19 to
approximately —0.8, with an average around approximately —0.65 (Venkataramani &
Chevray 1978; Sirivat & Warhaft 1983; Overholt & Pope 1996; Mydlarski 2003). It
appears in EDQNM simulations that p,, varies strongly for 5 < Re, < 300, roughly
from 0.6 for high Re to approximately 0.71 for low Re. This is the classical range
of Reynolds numbers covered by experiments and DNS. Consequently, the reason for
the scattering of p,s could be moderate Reynolds numbers, where it becomes more
sensitive to the intensity of the mean-scalar gradient.

Ry (4.16)
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FIGURE 5. (a) Scalar spectrum Er(k,?) in a sustained shear flow, with St=50 (Re, = 10")
and o =2, along with the scalar integral and Kolmogorov wavenumbers k; and k,, as a
function of the wavenumber k. (b) Scalar decay exponents «r in high-Reynolds-number
regime, with St =1 for 0 =2 and ¢ =4, as a function of the Reynolds number Re,.
Symbols represent the theoretical values expected from (4.17): O is for o0 = oy =2, and
O is for 0 =07 =4.

4.2. Homogeneous shear turbulence (HST)

In this section, qualitative comparisons and general results are given for the
passive scalar field submitted to a shear without any scalar gradient. This particular
framework has not received much attention in experiments or DNS, unlike the case
with both velocity and scalar gradients that will be addressed in the next section.
Firstly, the case of a mean shear imposed at short times only and then released is
investigated, and finally the emphasis is put on the passive scalar field submitted to a
sustained shear. For a shear-driven flow, the mean velocity gradient matrix is written
Az =dU,/dx; = —S with § > 0. The dimensionless time St refers to the quantity of
anisotropy injected in the flow. In both cases, the scalar spectrum displays a k=3
inertial-convective range as revealed in figure 5.

4.2.1. Case of the shear-released turbulence

In isotropic turbulence, the decay exponents of scalar integrated quantities such as
the scalar variance K7 and the scalar dissipation rate e are well known since Comte-
Bellot & Corrsin (1966) and are recalled in table 3 following the work of Briard et al.
(2015). For the scalar variance,

- 1
_2(7T pr+

Ky (t) ~1t°7, = )
7(2) or 0—p+3

(4.17)

where pr(c = or =4) =0.27 and pr(c =07 <3) =0, and p(c =4) = 0.55 and
p(o <3)=0. These parameters p and pr reflect the strong backscatter of energy for
the velocity and scalar fields, respectively, that can occur in the infrared range notably
for the Batchelor case. In particular, p;y depends slightly on the Prandtl number and
much more on the kinetic infrared slope o (Briard et al. 2015). In figure 5, large-
Reynolds-number scalar decay exponents are recovered for Saffman and Batchelor
shear-released turbulence. This means that initial large-scale velocity gradients do not
alter the long-time decay of scalar integrated quantities. Such a result for the scalar
field is similar to what was found for the velocity one (Briard et al. 2016).
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c® p— 30 =P +5/3 poo Ot
oc—p+3 2
L(¢) and Ly () 2 L
an n—=——— n = —
T L o—pt3 L=5
— 1 1
Ky (f) oy = _zw ar = _or+l
oc—p+3 2
er(t) " __O'—p+5+2O'T—2pT " __O'T-|—3
’ T oc—p+3 T 2
lo—p—1 o—1
Re, NRe, = — 35— A NRe) = —
20—p+3 8

TABLE 3. Kinetic and scalar decay exponents in homogeneous isotropic turbulence. Here
o and o7 are the kinetic and scalar infrared slopes; p and pr are the kinetic and scalar
backscatter parameters; and Re, = K+/20/3ve is the Reynolds number based on the Taylor
micro-scale. The kinetic and scalar integrated quantities are: kinetic energy K = [ Edk;
kinetic energy dissipation rate € =2v [ k*E dk; Kinetic integral scale 4L=3nK~"' [k 'E dk;
scalar variance Ky = f E; dk; scalar variance dissipation rate €7 =2a f k*E; dk; and scalar
integral scale 2Ly = nK;' [k 'Er dk.

Before the release of the velocity gradients S = Iz,' at ¢t = 11y, the scalar
anisotropy indicators bg depart from the isotropic value 0. Then the passive scalar
field experiences an RTI mechanism driven by the velocity field. This process is
displayed in figure 6. An asymptotic anisotropic state is reached, similar to the
kinetic one (Speziale et al. 1990; Mons et al. 2016). The final non-zero values of
bg show that there is still anisotropy in the flow after the release of the velocity

gradients A;. The spectral anisotropy tensors HEJD (k, t) are also displayed in figure 6,
and reveal that anisotropy is mostly gathered around the scalar integral wavenumber
kr. The interesting point is that some anisotropy persists in the small scales of the
scalar second-order moments, as shown in the zoom. Simulations indicate that small
scales of the velocity second-order moments are completely isotropic. This is in
agreement with most of DNS and experiments.

A supplementary qualitative comparison, in the case of mean-velocity-gradient
released flow for the passive scalar field, can be made. Indeed, an axisymmetric
contraction is performed by Gylfason & Warhaft (2009), where the temperature
fluctuations are created by a mean gradient. Although no quantitative comparison
is possible because of the moderate anisotropy limitation of the present model (the
dimensionless velocity gradient reaches . = 70 in Gylfason & Warhaft (2009)),
interesting qualitative facts can be reported. The measure of anisotropy is done using
the fluctuating scalar covariance Cj; = (§;£;), where & =06 /0x;, which brings the same
kind of information as do the bg During the contraction, |Cj| increases, and at the
exit of the contraction, it converges to a constant value, different from zero. This
behaviour is similar to that of the bg and Gylfason & Warhaft (2009) concluded that
there is a partial RTI, which is in agreement with the present results.
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FIGURE 6. Scalar anisotropy indicators for o =2, with St=1: (a) bg(t), defined in (3.5),
as a function of time #; (b) H\'(k, 1), defined in (3.3), at t = 10°7, (Re, = 800), along

5
with the scalar integral and Kolmogorov wavenumbers k; and k,, as a function of the
normalized wavenumber k/kr.

4.2.2. Case of the sustained-shear turbulence

In this section, the shear is maintained. It is known that there is an exponential
growth of the kinetic energy K(¢) due to nonlinear transfers (De Souza et al. 1995;
Garg & Warhaft 1998; Brethouwer 2005; Sagaut & Cambon 2008; Mons et al. 2016).
The kinetic exponential growth rate is

€

y =2by3 XS’ (4.18)

which directly comes from the evolution equation of K(#), where bz = R3/(2K).

The estimation due to the present modelling (Mons et al. 2016) gives y =~ 0.34.

This seemingly high value of y is discussed in Briard ef al. (2016). The relevant

question is now: Is there a similar growth for the scalar variance K7(#)? Its evolution
is governed by the equation

dKr

T 2AK (1) — €r(2). (4.19)
In HST, A =0 and there is no production term linked to velocity gradients, unlike
the evolution equation of K(¢). Hence, there should be no growth of K7(#) even if the
shear is maintained. In figure 7, the bg and the scalar shear rapidity

er(r)
SKr(1)

S,ﬁ(t) = (4.20)

reach constant values for St > 30. Moreover, it can be seen in figure 7 that the scalar
variance Kr decreases exponentially, with a decay rate yr >~ —0.52. Let us replace Kr
and er in (4.19) by

Kr(t) = K7° exp(yrSt),  er(t) =€ exp(yrSt). (4.21a,b)

An analytical expression for y7 is then obtained:

o]

€
yr=—o=, Kr(®)~Kr(0)exp(yrS). (4.22a,b)
SK2
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FIGURE 7. Evolution of integrated quantities in HST, as a function of the accumulated
anisotropy St, with §=17,"' and Re,(St =50) ~ 10*. (a) Scalar anisotropy indicators bg,
defined in (3.5), along with St =€7/(K7S) for o =2. (b) Kinetic and scalar energies K
and K7, and scalar dissipation rate €7, for 0 =2 and o =4.

The decay rate yr found by plotting K7 is in good agreement with the asymptotic
value of S%, which also gives y7 = —0.52. The important result here is that the value
of the scalar exponential decay rate yr seems not to depend on the shear rate S for
moderate intensity, nor on the infrared exponents o and o7y (and neither does y for
the exponential growth of K(#) (Briard er al. 2016)). The scalar dissipation er, also
displayed in figure 7, exponentially decreases with the same rate yr = —0.52, which
is consistent with the evolution equation (4.19).

The fact that anisotropy created by mean velocity gradients accelerates the decay of
the scalar field has been observed experimentally by Warhaft (1980) with a contraction.
Moreover, such an exponential decrease of the scalar variance Kr has been found
theoretically by Gonzalez (2000) using a self-preservation analysis. The exponential
decay rate obtained is B, = —(Sty)~" with 7y = K7/ey, which is precisely the yr
obtained here.

Various simulations show that the realizability condition (3.23) is violated at the
scalar level for S > 37, ' whereas it still holds at the velocity level. This shows
that pure shear flows might be a limiting case of the present anisotropic EDQNM
modelling for the passive scalar dynamics. Hopefully, this case is less studied and
less representative of atmospheric flows than the HSTSG one, which is the topic of
the next section: when a mean scalar gradient is added to the mean shear, the large-
scale anisotropy at the scalar level is smoothed and the scalar field can handle higher
shear rates.

4.3. Homogeneous shear turbulence with a mean scalar gradient (HSTSG)

This final section focuses on homogeneous shear turbulence with a mean scalar
gradient (HSTSG). The emphasis is put on the impact of both mean velocity and
scalar gradients on the scalar flux and the passive scalar.

4.3.1. Definitions and transfers
Previously, it was shown that, with a mean scalar gradient A;, only the third
component of the scalar flux Ef =.% was non-zero. With a velocity gradient only,
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FIGURE 8. Linear (a) and nonlinear (b) transfers for the cospectrum (i =3, grey) and
streamwise flux (i =1, black) for o =2 at St=50, where Re; =2 x 10*, and as a function
of the normalized wavenumber k/k;.

no scalar flux appears at all. With both velocity and scalar gradients, the first
component of the scalar flux is also non-zero. Therefore, the streamwise flux is
defined as

Ef (k. 1) = Fs(k. 1), (4.23)

which arises only with the additional presence of a velocity gradient dU,/dx;. Its
energy and dissipation rate are then

K3 () = / Fsk,t)dk, €5(t) = +a) / K Zs(k, 1) dk. (4.24a,b)
0 0

In figure 8, both linear and nonlinear spherically averaged transfers are presented for
the cospectrum and the streamwise flux. One can note that they are very similar and
only slightly vary in intensity. This shows that the two components of the scalar flux
behave similarly in HSTSG. The small-scale RTI of scalar second-order moments in
the HSTSG framework is discussed later, and the spectral scaling of % is addressed
after the comparisons.

4.3.2. Comparison with Rogers et al. (1989)

Now, the comparison is made with the DNS of Rogers et al. (1989). There, the
velocity gradient dU;/dx, is such that the dimensionless shear rate is . = 14.142,
so that dU;/dx, = § = yr(fl (see De Souza et al. (1995) for the process). Three
cases for the scalar gradient are performed, one in each direction x;, x, and x;, with
the dimensionless mean scalar gradient .7, = 2.5. Comparisons are made with the
diffusivity tensor

Dy = —(ouy (1) (4.25)
ii = —(ou; e . .

y dxj

Each column of the tensor D; refers to a different simulation where the direction
of the scalar gradient changes. For instance, D)3 refers to the third case. The
agreement between EDQNM simulations and DNS is revealed in figure 9, where
D; is normalized by D). A difference is observed along the flow direction for
Dy,/D>, where DNS predicts a higher value. This discrepancy may come from the
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FIGURE 9. Comparisons with numerical results of Rogers et al. (1989), with o = 2,
. =14.142 and ., = 2.5, as a function of the accumulated anisotropy Sz. Symbols
correspond to the DNS, and lines to the EDQNM simulations. (@) The normalized
diffusivity tensor, defined in (4.25), for the three orientations of the mean scalar gradient.
(b) The turbulent Prandtl number Prz, defined in (4.26), for these three cases.

limited DNS resolution, which alters the dynamics in the streamwise direction. Then,
for each simulation, the turbulent Prandtl number is defined as

R
Pri(t) = ——12, with no summation on i, (4.26)

ii
where D; is the turbulent diffusivity, with i = 1, 2 or 3 depending on the case
considered. The agreement is rather good: the asymptotic value of Pry ~ 0.8 is
recovered in the second case, whereas the general behaviour is captured for the first

and third cases: Pr(TD < Pr(T3 ) < Pr(Tz).

4.3.3. Comparison with Kassinos et al. (2007)

A last comparison is performed with the more recent DNS of Kassinos et al. (2007).
This work deals with magnetohydrodynamics (MHD) but the validation is made in
the purely hydrodynamic case with the data of Brethouwer (2005). Hence, only the
case where the magnetic field is zero and where there is no rotation is considered.
The mean velocity and scalar gradients are along x, and such that . = 8.95 and
# = 1. The kinetic field is allowed to decay without any forcing before velocity
and scalar gradients are applied at ty,. There, the Reynolds number is Re, =45 with
SK/e(t =ty) = 18. The scalar fluctuations are set to 0 at f =1ty (this is why initially
v (t=1y) = —1). For EDQNM simulations, the mean gradients are applied after two
turnover times and there SK/e = 13 and Re, = 50. The two correlations p,s and py
are presented in figure 10 along with

S [3Kr

B= V2 4.27)
which characterizes the relative strengths of the velocity and scalar fluctuations. There
is a good agreement for the asymptotic values of p, and p,, and the transitory
behaviours are rather well captured. The weaker value for p,, at moderate St may be
the consequence of a slightly too strong increase for our Ry; = (uu;). This does not
prevent the correct value being reached at larger St in the asymptotic state. As for
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FIGURE 10. Comparisons with the numerical results of Kassinos et al. (2007), for o =2,
& =8.95 and .%; =1, as a function of the accumulated anisotropy Sz. Symbols correspond
to DNS and lines to EDQNM simulations. (a) Both p, and p,s, defined in (4.15), are
investigated. (b) Here B defined in (4.27) is shown.

B, the simulation differs slightly from the DNS: the g value is over-estimated and
has almost reached a constant value whereas it decreases slightly for Kassinos et al.
(2007). Nevertheless, in both cases §~ 1 at large St, which indicates that the velocity
and scalar fluctuations have a similar contribution to the anisotropic asymptotic state.
An additional comparison with the pioneering experiment of Tavoularis & Corrsin
(1981) is proposed in appendix B: this comparison does not appear in the core of
the text since it investigates quantities such as p,s, B and Prr that have already
been studied here. Nevertheless, this experimental work is an important historical
contribution, often used as a basis of comparisons, that deserves to be addressed.

4.4. Conclusion on the comparisons

The present anisotropic EDQNM modelling for the passive scalar and its flux has
been compared with several experiments and DNS. The agreement between asymptotic
values of integrated quantities, and even sometimes in the transitory state, validate
the modelling introduced in §§2 and 3. Nevertheless, it has to be mentioned that the
present model seems to slightly under-estimate the turbulent Prandtl number.

5. Decay and growth laws in homogeneous anisotropic turbulence

In this section, the anisotropic EDQNM modelling is used to address the high-
Reynolds-number regimes of HAT. This section focuses on the decay and growth of
the cospectrum energy and scalar variance in HITSG. From a physical point of view,
information about the dominant mechanisms during the decay is given. Moreover, the
scaling of the scalar spectra is investigated and the small-scale anisotropy is discussed
for both HITSG and HSTSG.

5.1. Decay and growth laws in HITSG

The results presented here are an extension of an analysis previously applied to the
passive scalar in HIT (Briard et al. 2015). The theoretical decay exponents of kinetic
and scalar integrated quantities are recalled in table 3.

The cospectrum % is continuously destroyed by the decay of the velocity field, and
is consequently also decaying. Theoretical decay exponents can be derived similarly
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to what Comte-Bellot & Corrsin did for the passive scalar. Two assumptions, based
on physical arguments for high Reynolds numbers, are needed. Firstly, figure 2
revealed that the cospectrum infrared dynamics is driven only by the kinetic one.
Then, we assume that the main contribution to the decay mechanism comes from the
inertial range and consequently that only the k~7/* inertial range should be taken into
account to determine the decay exponents of .%#. Secondly, in the case of Batchelor
turbulence, when the permanence of the large-eddy hypothesis is broken, backscatter
parameters p and pr are introduced for the velocity and scalar fields, respectively, in
HIT (Briard er al. 2015). Since .# is the spectral counterpart of the velocity—scalar
cross-correlation, its backscatter parameter p 4 should contain both effects. Hence, one
defines pz = (p+pr)/2 for 0 =4 (so that pg =0 for o < 3). This gives pz =0.4075
in the case Pr=1 for 0 =4. These reasonable assumptions yield

Ke@®)~ | Fk, t)dk~k e, (5.1)

ki

Injecting in this equation the decay exponents of € and k;, recalled in table 3, and
using pg, one obtains the theoretical decay exponent of the cospectrum for high
Reynolds numbers,

_o—pg—l

. 5.2
oc—p+3 (5-2)

Kz(t)~1"7, ag=

In the low-Reynolds-number regime, when the cospectrum survives, the production
term Pg drives the dynamics of the velocity—scalar correlation. The RTI term [14
and the cospectrum dissipation rate € can be considered as negligible. Indeed,
considering the form of the cospectrum dissipation (4.4), this quantity reaches its
highest values in the inertial range, which tends to disappear for low Reynolds
numbers. Therefore, the evolution equation (4.5) of the cospectrum energy becomes
(dK z/dt) ~ Pz =2AK/3. This immediately yields

o—1
2 9y

Qg =— (5.3)

which does not depend on the scalar gradient A.

These theoretical decay exponents for the cospectrum for high and low Reynolds
numbers are assessed numerically in figure 11. The agreement is excellent, even for
the particular case of Batchelor turbulence. Such laws could not have been observed
before since it requires high Reynolds numbers in decaying turbulence, whereas most
of the DNS of HITSG consider a stationary velocity field at moderate Reynolds
numbers. These theoretical results, assessed numerically, give further insights into the
prediction of high-Reynolds-number decay in HITSG. From (5.2) and (5.3), it follows
that K& does not decay for o = 1. In this case, the Reynolds number Re, remains
constant and so the dynamics of the inertial range, on which « g is based, remains
unchanged.

The dissipation rate €4 is now investigated. Probably because the scalar flux is
a purely anisotropic quantity, which implies that €4 is not conserved in the inertial
range, unlike € and e, one cannot express its time dependence as a power law.
Nevertheless, as the inertial range disappears for low Reynolds numbers, obtaining
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FIGURE 11. Decay exponents of the cospectrum energy og (a) and of the cospectrum
dissipation n., (b) for different infrared slopes o, as a function of the Reynolds number
Re,. Symbols represent theoretical predictions: O for high Reynolds numbers, given by
(5.2); O for low Reynolds numbers, given by (5.3) and (5.4).

the decay exponent n., of €z is possible in this regime, considering the evolution
equation (4.5), so that

exz(t)~1"7, n,=ag—1=-— > (5.4)
The agreement between this theoretical result and numerical simulations is displayed
in figure 11 as well.

The emphasis is now put on the effect of the mean scalar gradient A on the passive
scalar itself. The scalar spectrum still displays a k'3 inertial-convective range despite
the mean gradient, as revealed in figure 1, and this was obtained experimentally as
well (Mydlarski & Warhaft 1998). From the evolution equation of the scalar variance
(4.19), it follows that the dynamics of Ky is driven by the production term in the
presence of a mean scalar gradient A. Using the previous results regarding the decay
exponents of Kz, the theoretical exponent of K; in the presence of a mean scalar
gradient «f can be found. In the high-Reynolds-number regime, one has

2 4+p7—p
Kr(t) ~1°7, f= =2 =50, 5.5
T( ) O[T P _p + 3 > ( )
and for low Reynolds numbers,
N o—3
=— 5.6
ol . (5.6)

Note that the exponents do not depend explicitly on the scalar gradient A. The
agreement between these theoretical expressions of «# and numerical simulations is
presented in figure 12 in both high- and low-Reynolds-number regimes. For high
Reynolds numbers, the scalar variance grows in time whatever o is, whereas for
low Reynolds numbers, it decays only for o = 4. This can be explained using some
physical arguments. The theoretical prediction (5.6) of «f is based on the fact that
the dynamics of Ky is driven by the production term 2AK g, and K4 is greater for
smaller . Consequently, for high infrared slope such as o =4, the spectrum E(k, 1),


https://doi.org/10.1017/jfm.2016.362

https://doi.org/10.1017/jfm.2016.362 Published online by Cambridge University Press

Spectral modelling for passive scalar dynamics in anisotropic turbulence 187

(a) 2.0
1.5+

0 CBC scalar with A high Re
O CBC scalar with A low Re

1.0

O]

A
T

05

o

0r

-057¢

Re/l R€/1

FIGURE 12. Growth and decay exponents of the scalar energy o (a) and of the scalar
dissipation rate ng‘[ (b) for different infrared slopes o, as a function of the Reynolds
number Re,. Symbols represent theoretical predictions: O for high Reynolds numbers,
given by (5.5); O for low Reynolds numbers, given by (5.6).

and thus .Z (k, 1), has less energy in large scales, resulting in a weak production
term for the scalar variance that does not balance dissipation. This is consistent with
HITSG experimental results at moderate Re,, where the scalar variance can grow or
decay depending on the intensity of A: with a weak A, K7 still decays (nevertheless
more slowly than in HIT). Therefore, a strong mean scalar gradient A corresponds
to a small infrared slope o, or equivalently corresponds to energetic large scales.

In the particular case of Saffman turbulence (o = 2), the value «f = 4/5 was
already found by Chasnov (1995). There, the decay and growth laws of passive and
active scalar fields, with and without buoyancy or mean gradient, are studied. Power
laws for the active scalar field were assessed by large-eddy simulations (LES). Hence,
the present EDQNM simulations validate the power laws for the passive scalar field,
with an explicit dependence on the initial large-scale conditions o. Consequently, this
analysis can be considered as an extension of Chasnov (1995) regarding the growth
of a passive scalar in HITSG.

Then, from the scalar variance evolution equation (4.19), the scalar dissipation
should evolve in time similarly as the cospectrum energy,

er(t)~ 1", nh=ag, (5.7)

in both high- and low-Reynolds-number regimes. This is assessed in figure 12 as well.
All the new results regarding the growth or decay predictions for K4, K7, €5 and er
are gathered in table 4.

As a conclusion, the dynamics of a scalar field forced by a mean gradient is
fully dominated by the decaying isotropic kinetic field. Indeed, the initial scalar
large-scale condition o7 never appears in the theoretical decay and growth exponents.
The velocity field completely leads the dynamics of the flow. This is consistent with
a similar result obtained by De Marinis et al. (2013) in HIT, where the passive scalar
field experiences a Joule heat production. Therefore, it can be concluded that, with
a production mechanism, the velocity field completely dominates the passive scalar
dynamics.

With these new algebraic exponents for Ky and K4, one can show that for high or
low Reynolds numbers, i.e. when both ¢z and aé‘ are recovered, the correlation p,,
previously investigated is independent of time. Indeed, its algebraic exponent is then
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High-Re regime for all (A, o7) Low-Re regime for all (A, o7)
R (A B S
o i mas == EES =g =T
Kz (1) agz—% ag:_ogl
€z (1) Not defined Moy = o ‘2|‘ 1

TABLE 4. Decay and growth exponents of integrated quantities in HITSG for the
cospectrum and scalar fields. Here o is the kinetic infrared slope; p, pr and p# are the
backscatter parameters; oz and o are the algebraic exponents of the cospectrum energy
K and the scalar variance K7, given in (5.2), (5.3), (5.5) and (5.6); n., and ng are the
algebraic exponents of their corresponding dissipation rates, given in (5.4) and (5.7).

oz — (@ +af)/2=0. This means that for moderate Reynolds numbers (Re; ~ 100) not
high enough to ensure that o4 and ozf are verified, p,e varies in time. This could be
the reason for the scattering of the obtained values for p,s in DNS and experiments,
pointed out in § 4.

5.2. Return to isotropy in HITSG

The small-scale RTI is briefly investigated for the HITSG configuration, at the
level of the scalar second-order moments. Since only the third component of the
scalar gradient is non-zero, this is an axisymmetric configuration, meaning that the
scalar anisotropy indicators satisfy 2b7, = 2b%, = —bl, and 2H\) = 2HS, = —H{}. In
figure 13, the b’ are presented: they become constant in both Saffman and Batchelor
turbulence, which is qualitatively the same behaviour as the b; in a sustained shear

flow. The spectral anisotropy tensors H.  reveal that small scales of the scalar
second-order moments completely return to isotropy for high Reynolds numbers
Re,; ~ 10°. Moreover, it has been pointed out in experiments and DNS (Pumir 1994;
Danaila et al. 1999) that, at the level of the scalar third-order moments, some
anisotropy remains in the small scales. This is not incompatible with small-scale
isotropic second-order moments, as shown recently by Bos (2014) in HITSG.

5.3. Growth laws of the energies in HSTSG

The HSTSG configuration is now considered at very high Reynolds numbers. As
mentioned before, the kinetic energy eventually grows exponentially in shear flows at
the rate y = 0.34, defined in (4.18), within the present anisotropic EDQNM closure
in a completely homogeneous framework (Briard et al. 2016; Mons et al. 2016).
In this section, the emphasis is put on the growth of the scalar variance and its
interactions with the scalar flux. Some additional results about the passive scalar
and the scalar flux are presented, which may be of interest for one-point modelling,
such as identifying negligible quantities, and their corresponding mechanisms, at high
shear rates.

Firstly, the scalar anisotropy tensors b; are presented in figure 14. As in the
HST case without scalar gradient, the scalar indicators reach constant values
for large St, and the ratio A/S impacts only the short-time dynamics without
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FIGURE 13. (a) Diagonal components of bg, defined in (3.5), for both Saffman (black)

and Batchelor (grey) turbulence, as a function of time ¢. (b) Diagonal components of HEJD,
defined in (3.3), at Re, = 10* for o =2, along with the Kolmogorov and scalar integral
wavenumbers k, and k7, as a function of the wavenumber k.
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FIGURE 14. Evolution of integrated quantities in HSTSG, as a function of the
accumulated anisotropy St, for ¢ =2 and Re,(St = 60) =4 x 10*. (a) Scalar anisotropy
indicators bg defined in (3.5), and scalar shear rapidity S} = €7/(KrS). (b) Ratios

ez/(KzS) and €3 /(K%S).

modifying the asymptotic state. There is a noteworthy similarity with the behaviour
of bj = R;/(2K) — §;/3 in shear flows. An interesting feature is that the ratios
€z /(K#S) and efaj / (K}S) tend to zero for large St, whereas their kinetic and scalar
counterparts do not. This means that the linear effects of shear are preponderant over
nonlinear exchanges at the scalar flux level: this is in agreement with figure 8, where
the scalar flux transfers of energy are gathered at large scales, dominated by linear
mechanisms. The evolution of the scalar, cospectrum and streamwise flux energies
are given by

dK
=T = 2AKg: — €7, (58)
dr
dK
= AR+ 1T — €5, (5.9)
dK?
d—f‘:AR13+SKg+H; — €5, (5.10)
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FIGURE 15. Evolution of integrated quantities in HSTSG, as a function of the
accumulated anisotropy St, for 0 =2 and Re,(St=60) =4 x 10*. (a) Exponential growth
of the Kkinetic, scalar, cospectrum and streamwise flux energies. The cospectrum and
streamwise flux dissipation rates € and €% are displayed in grey. (b) The exponential
growth rates yz, y5 and yr.

where Ky, Kz and K}, respectively, have been defined in (3.6), (4.4) and (4.24).
Here is what happens simultaneously: The cross-correlation R; produces K3, through
the mean scalar gradient A. Then R;; brings energy to the transverse component
Rs; thanks to nonlinear redistribution, which causes Kz to grow as well through A.
Finally, K& provokes the growth of K;. The main result, displayed in figure 15, is
that the scalar variance Ky, which was exponentially decreasing in HST, now grows
exponentially in HSTSG. Its scalar growth rate is yr =y = 0.34. This is qualitatively
in agreement with the experimental work of Ferchihi & Tavoularis (2002), where the
scalar variance and kinetic energy grow exponentially at the same rate in the presence
of both mean velocity and scalar gradients. Moreover, both the cospectrum energy
Kz and the streamwise flux energy K9 grow exponentially with the rate y as well.
This is consistent with the constant scalar flux correlations p,, obtained in §4 for
sufficiently high St. From (5.10), it is possible to determine the analytical expressions
of the cospectrum, streamwise flux and scalar exponential growth rates Yz, 5 and
yr. Using the fact that € /(K#S) — 0 and €3 /(K%.S) — 0, one has

1 dKy ARy | Iz
KzS dt  SKs KzS
D

constant for Sr>1

1 dKS, K I8
——Z = T (14 Pry) 4+
KSS dt K3 K3.S

constant for Sr>>1

1 dk AK
7J:27ﬁ_i:yr (5.13)
KrS dt S Kr  KpS
—_———

constant for Sr>1

=Yz, (5.11)

=5, (5.12)

The agreement between the asymptotic values of these quantities and the value 0.34
expected is presented in figure 15. Moreover, simulations show that ¥z, y5 and yr do
not depend on large-scale initial conditions o. All the results regarding the exponential
rates of the energies and their dissipation rates in HST and HSTSG are gathered in
table 5.
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Exp. rates for all (S, o, o07) in HST  Exp. rates for all (S, A, o) in HSTSG

€

K(t =2b; — — =0.34 =0.34

® YV 13 XS Y
20 Y Y

y %

L(t z -

() > >

€r 2AK9 €r

Kr(t = — 052 — — L —034

r(®) = KyS =75k T KrS
er(?) Yr Yr

Y %

Lot z -

(1) 5 >
K (f) Not defined ARs  Ts 434

ot define = —=0.
7 Y7 =Sk, T K58
K s
K5, (1) Not defined vs = =2 (14 Prp) + —2= =034
Kﬁ K?

€z (1) Not defined LYz
€3, () Not defined Lys

TABLE 5. Exponential rates of integrated quantities for the velocity, passive scalar and
scalar flux fields in HST and HSTSG: o and o7 are the kinetic and scalar infrared slopes;
S and A are the mean velocity and scalar gradients; and y, yr, yz and y5 are the
exponential rates of K, Kr, Kz and K., respectively. The definitions of the kinetic and
scalar integrated quantities are recalled in table 3. For the scalar flux: cospectrum energy
Kz = f Z dk; streamwise flux energy K} = f Fsdk; cospectrum energy dissipation rate
€z = (v +a) [ K.Zdk; and the streamwise flux energy dissipation rate €% = (v + a)
| K Fs dk.

5.4. Discussion on the streamwise flux spectrum Fs(k,t) scaling

The scaling of the streamwise flux .%g is now addressed. This is of particular interest
since (u;0) only exists when both mean velocity and scalar gradients are active, such
as in atmospheric flows. Wyngaard & Coté (1972) first proposed

Fs(k, 1) ~ ASK™3 (5.14)

by assuming that .% depends on €, k, S and A (this expression can also be found
starting from .Zs~ Ae'/*k~7/* and replacing €'/? by its expression as a function of the
shear scale €!'/? ~ k=2/35). This is not satisfactory, as there is no dependence on €. In
a recent paper, Knaus & Pantano (2009) studied reactive and non-reactive scalar flux
spectra with DNS and found that a k~7/° range was a satisfactory behaviour. Such a
scaling

Fs(k, ) ~ Se ek (5.15)

assumes that €, is conserved, which is false, since .%s is purely anisotropic and does
not exist in HIT. With the present modelling, it is revealed in figure 16 that there is
a good agreement with the k=>*/° scaling predicted by Bos & Bertoglio (2007),

Fs(k, 1) = CL AS PPl >0, (5.16)


https://doi.org/10.1017/jfm.2016.362

https://doi.org/10.1017/jfm.2016.362 Published online by Cambridge University Press

192 A. Briard, T. Gomez and C. Cambon

(@) 108 ———= . . ~ (bh) 3
= a e : 2 — log E/ log k
< 1010 --- log Fs/ logk
& w1 == log 7 /logk :
- 103 2o
2 = 0
S) : =) by
& 10°  [—"E(k, 1), Erk, 1 P
\, 105 === F(k, 1) S, ~7/3
< W07y |- Fk D spoenth
3 22379
S kr - -3 / ki
KR 10710 : L A :
—2 0 2 4 6 —
10 10 10 10 10 5 0
k/ke log k/k;

FIGURE 16. (a) Kinetic, cospectrum and streamwise flux spectra E, % and Fs, as
a function of the normalized wavenumber k/k;. (b) Associated spectral scaling: the
horizontal dashed lines correspond to —5/3, —7/3 and —23/9, as a function of the
normalized wavenumber log(k/k.). Both at St =60, where Re; =4 x 10*, and o =2.

Numerically, the constant is found to be C% =~ 1.5. This scaling relies on the
assumption that one needs to take into account anisotropy for the form of the
dissipation rate €. Starting with the scaling of the cospectrum, €'/* is replaced by

ei}/ 3(k), so that

Filk, t) ~ 46, k777. (5.17)

Then, one has €;;(k)E(k) =3¢;j(k)e, where ¢; is the spherical average of the spectral
Reynolds tensor. The k=2/° law is recovered using the scaling proposed by Lumley
(1967), ¢13 ~ Sel B3,

5.5. Return to isotropy in HSTSG

The small-scale RTI is finally addressed for the HSTSG configuration, at the level of
the scalar second-order moments. In figure 17, the scalar anisotropy tensors H;D are
presented at large St at two different Reynolds numbers: local isotropy is recovered
for the diagonal components of H,(-jT), which are zero at small scales, whereas the
extra-diagonal component Hg) shows that some residual anisotropy still remains at
small scales. This confirms that, in the presence of shear, and in agreement with
most of the DNS and experiments, some anisotropy persists at the scalar small scales,
even at the second-order moments level. Furthermore, the Reynolds number is found
to have a non-negligible impact on the small-scale anisotropy, as previously noticed
by Garg & Warhaft (1998) for the velocity field: indeed, the reduction of small-scale
anisotropy, especially for Hg), is noteworthy from Re, =2400 (already higher than the

Re, reached in DNS) to Re; =2 x 10*. The shear wavenumber kg = 1/S3/€ (Corrsin
1958) is displayed as well: for wavenumbers k > kg, nonlinear effects are dominant,
consistent with the RTI of small scales, whereas for k < ks, linear effects are stronger
and carry most of the anisotropy. A last remark is that the scalar gradient seems
to smooth the scalar large-scale anisotropy: indeed, for shear-driven flows without
mean scalar gradient, anisotropy is gathered around the scalar peak of energy kr
and is weaker in the infrared range (see figure 6). Whereas for HSTSG, anisotropy
progressively increases from moderate to large scales.
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FIGURE 17. Scalar anisotropy descriptors Hij), defined in (3.3), along with the

Kolmogorov, shear and scalar integral wavenumbers k,, ks = /S*/€¢ and kr, for o =2,
at two different Reynolds numbers, as a function of the normalized wavenumber k/k; for:
(@) Re,(St=40) =2400; and (b) Re,(St=50) =2 x 10*. The zoom represents the small
scales before k, where anisotropy persists.

Therefore, the conclusion about the RTI of passive scalar small scales is twofold.
Firstly, and consistently with what is observed for shear flows, an increasing Reynolds
number is found to reduce small-scale anisotropy for the scalar second-order moments.
Nevertheless, some anisotropy remains even at the highest Reynolds numbers reached
here (~10%). Secondly, simulations indicate that, at high Reynolds numbers, scalar
small scales are still slightly anisotropic in shear-driven flows (with or without an
additional mean scalar gradient), whereas they completely return to isotropy when
there is only a mean scalar gradient.

6. Conclusion

This study aims at modelling a passive scalar field and its associated scalar flux
in homogeneous anisotropic turbulence (HAT). This work is an extension of the
modelling developed in Mons et al. (2016), which is devoted to the velocity field.
A similar two-step approach, which could be called anisotropic EDQNM closure,
was consistently applied here. Firstly, dynamical equations that govern the passive
scalar and scalar flux fields were closed using a quasi-normal approximation and an
isotropic eddy-damping procedure without any assumption regarding anisotropy. Then,
for moderately anisotropic flows, scalar spherically averaged descriptors that depend
only on the wavenumber modulus k were presented. Consequently, the dynamics
of the velocity, passive scalar and scalar flux fields is described by six generalized
spherically averaged Lin equations: three for the velocity field, two for the passive
scalar and one for the scalar flux. The last three, equations (3.7)—(3.9), represent
the first theoretical contribution of this work. These equations are valid for arbitrary
mean velocity and scalar gradients of moderate intensity.

Three different homogeneous configurations are considered in this work, whose
comprehension is crucial to understand the dynamics of complex flows such
as atmospheric ones: isotropic turbulence with a mean scalar gradient (HITSG),
shear turbulence (HST) and shear turbulence with a scalar gradient (HSTSG). The
anisotropic EDQNM modelling is assessed by detailed comparisons with several DNS
and experiments at moderate Reynolds numbers in HITSG and HSTSG: asymptotic
values of scalar flux correlations, turbulent Prandtl numbers and diffusivity tensors
are well recovered, and the agreement at short time is satisfactory as well.
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Then, the model is used to address high-Reynolds-number flows, which are not
accessible by DNS yet. In HITSG, the scalar flux along the mean scalar gradient,
the cospectrum % (k, 1), is found to scale as k=% in the inertial range for very large
Reynolds numbers Re, > 10*. New results are proposed regarding the decay and
growth of (u3;0) and (60): theoretical exponents are derived using physical arguments,
and are then assessed numerically. Such results have not been provided before and
complete the work of Chasnov (1995). This is the second theoretical contribution of
this work, which provides further insights into the prediction of high-Reynolds-number
decaying turbulence. In HSTSG, the spectral scaling of the streamwise flux Fg(k, t)
in K72/ is recovered (Bos & Bertoglio 2007), and alternative scalings are briefly
discussed. The interesting result of this section is the exponential growth of the
passive scalar and scalar flux energies, at a rate equal to that of the kinetic energy. In
these three configurations, the small-scale RTI of scalar second-order moments was
investigated. Numerical simulations show that scalar small scales return completely to
isotropy in HITSG, which is not surprising since the velocity field remains isotropic.
On the contrary, when there is a mean velocity gradient (with or without an additional
mean scalar gradient), some anisotropy persists in the scalar small scales even at high
Reynolds numbers, which is consistent with DNS and experiments. This small-scale
anisotropy for the passive scalar is found to diminish with increasing Reynolds
number.

Rotation was not investigated in this work, because its effects on triple correlations
are not clear, and, as mentioned in the introduction, interacting waves require
additional theoretical tools, such as EDQNM2 (Cambon & Jacquin 1989; Sagaut
& Cambon 2008), to be properly captured. It is nevertheless a necessary step to the
deep understanding of atmospheric flows: the DNS by Brethouwer (2005) suggests
that the effects of a rotating shear on the passive scalar transport and its flux are
multiple and rather complex. Finally, the present modelling could be easily applied to
unstably stratified homogeneous turbulence (USHT), since stratification amounts only
to additional linear transfers, much simpler than the ones induced by mean-velocity
gradients. USHT was recently investigated by Burlot et al. (2015) with a different
anisotropic EDQNM approach, without reduction in terms of spherically averaged
descriptors: the linear parts (of the k-dependent Craya equations) are exactly computed,
but the numerical integration of the nonlinear transfers requires huge computational
resources.

In conclusion, this anisotropic EDQNM modelling seems promising since it recovers
quite well previous experimental and numerical results, and additionally permits one to
explore large Reynolds numbers. It can predict the velocity and scalar field dynamics
for various kinds of anisotropy with the same consistent method and does not rely
on adjustable constants, except the classical ones used in the eddy-damping factors.
The objective of this ongoing work is to provide a complete mapping of the scalar
field in HAT with three parameters: the shear rate S, the scalar gradient A, and the
Prandtl number Pr, whose effects on the passive scalar dynamics will be the subject
of a subsequent study.

Acknowledgements
The authors are grateful to V. Mons for valuable discussions.

Appendix A. Scalar infrared slope

In this appendix, some details are given to explain why there is no loss of
generality when the infrared kinetic and scalar slopes o and oy are chosen to be
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equal. The scalar gradient A results in a production term in the passive scalar
equation. This scalar production is linked to the cospectrum, itself linked to the
kinetic energy spectrum. Hence, the ‘minimum of energy’ of the flow is imposed by
the infrared range of the kinetic spectrum (i.e. imposed by o). So, the scalar infrared
exponent or changes if initially different from o.

For instance, if or(t =0) > o, this rapidly results in o7 =o. Indeed, oy > o0 means
Kr < K: as the kinetic field imposes the minimum of energy, or will decrease down
to o. For instance, if one has or(t = 0) =4 and o = 2, the self-similar regime is
o =or=2 (and so for this flow p; =0).

Similarly, if or < o, then oy = ¢ but it takes more time, as revealed in figure 18.
Once again, this is because of the velocity field. Without the scalar gradient, the scalar
variance would decrease more slowly than the kinetic energy. The production term
being proportional to K(¢), it forces the scalar field to grow with the infrared slope
Oor=ao0.

Appendix B. Additional comparison

Here, for historical reasons, simulations are compared to the experiment of
Tavoularis & Corrsin (1981), which was one of the first experiments to deeply
investigate the HSTSG configuration. The mean speed is U, = 12.4 m s~! and the
characteristic length is the shear generator one 42 = 0.305 m. The velocity gradient
is dU,/dx, = 46.8 m s~' and the scalar one d7/dx, = 9.5°C m~'. From the data
of the kinetic characteristic time written 7, = 279 = 0.26 s, S = 6.197, ' is found.
Then, from the scalar characteristic time 7, and the mean scalar fluctuations (62),
it is possible to compute the reference scalar gradient. Let us mention that initial
isotropic conditions are used, which is clearly not the case in the experiment. Two
final Reynolds numbers are proposed: R,, = 160 scaled for isotropic turbulence, and
R, =266 for inhomogeneous flows, chosen here as it appears to be more appropriate.

The comparisons are presented in figure 19. Data are available at three locations:
x1/h = 7.5, 9.5 and 11. Using the appropriate conversion in dimensionless time
St = (x;/U.)(dU,/dx,), this provides experimental information at St=8.63, 10.94 and
12.66. There are good agreements in figure 19 for the cospectrum and streamwise
flux correlations p,y and p,. Similar values for p, and p, are reported in
Ferchihi & Tavoularis (2002). There is a satisfactory agreement as well for the
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FIGURE 19. Comparisons with the experimental results of Tavoularis & Corrsin (1981),
for 0 =2, S=6.197," and . =0.1823, as a function of the accumulated anisotropy St.
(a) The scalar flux correlations p,, defined in (4.15). (b) The inverse of the time-scale
ratio defined in (4.16). (¢) The turbulent Prandtl number Pr; defined in (4.26). (d) The

relative strength of the fluctuations B=+/3/8 where 8 is defined in (4.27).

characteristic times ratio t,/t, = 1/R7, where Ry has been defined in (4.16). A first
discrepancy is observed for B(f) = \/5/ B, where B has been defined in (4.27), which
is underestimated in the present simulations. Let us point out that all measured
quantities except B(f) have converged, which is not realistic. Moreover, B(f) seems
to be very dependent on the initial conditions, which could explain the present
difference. One has to keep in mind that the initial condition is isotropic, whereas
in the experiment there is initially anisotropy in the flow, which is difficult to
model. This may explain as well the strong variations observed for (eK7)/(erK) at
small Sz. Finally, a difference is observed for the turbulent Prandtl number, defined
in (4.26), which is here Prr = (A/S)(R12/K#). The value obtained experimentally,
Pri? ~1.1, seems quite large compared to the EDQNM value, Pri”%" ~0.74. Indeed,
Herring et al. (1982) and Lesieur (2008) have both reported, from atmospheric data
and theoretical considerations, that one should obtain 0.6 < Pry < 0.8, which is in
agreement with the present results. Moreover, other values of the turbulent Prandtl
numbers reported from DNS and experiments agree better with 0.7 than with 1.1
(Shirani et al. 1981; Rogers et al. 1989). Let us mention that the comparison with
Bos & Bertoglio (2007) for Pry is not relevant because a constant of their model for
linear transfers is set so that Pry” =1.1 is recovered.
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