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The physical picture of a fluid particle pair as a couple of material points rotating
around their centre of mass is proposed to model turbulent relative dispersion in the
inertial range. This scheme is used to constrain the non-uniqueness problem associated
to the Lagrangian models in the well-mixed class and the properties of the stochastic
process derived are analysed with respect to some turbulent velocity characteristics.
A simple illustrative Markov model is developed in stationary homogeneous isotropic
turbulence and the particle separation statistics are compared with direct numerical
simulation data. In spite of the simplicity of the model, a consistent comparison is
observed in the inertial range, supporting the formulation proposed.

1. Introduction

The strong efficiency of turbulent mixing makes turbulent dispersion important
in environmental problems and also fundamental to understanding the nature of
turbulence.

In particular, the relative dispersion between two fluid particles can be seen as the
Lagrangian counterpart of the two-point velocity difference in the Eulerian theory
and the results of the Eulerian theory can be applied directly, i.e. in terms of the
two-point separation without any adjustment or additional assumptions. However,
two-particle dispersion is not determined by Eulerian two-point statistics alone, since
also Lagrangian time scales have an influence on the process.

At infinite Reynolds numbers, the particle acceleration can be considered local in
time and space and thus, in the inertial range, an uncorrelated random forcing can
be assumed (see Monin & Yaglom 1975, pp. 370-371, Borgas & Sawford 1991). This
suggests the suitability of modelling turbulent dispersion as a first-order Markov
process, even if the Markovian assumption cannot be derived from the equations
of motion. Markovianity can be assumed for the relative dispersion, too. Turbulent
relative dispersion with particular attention to its stochastic modelling is reviewed by
Sawford (2001).

A valid application of the stochastic-model approach for describing Lagrangian
statistics in turbulent flow can be found in Borgas & Yeung (2004). These authors
show that stochastic models, when properly formulated, are efficient representations of
the turbulent dispersion process. Moreover, in the viscous range, where the Markovian
assumption is unphysical, non-Markovian corrections can be introduced (see Heppe
1998).
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As shown by Sawford & Borgas (1994), a description of the turbulent dispersion
consistent with the Kolmogorov theory (K41) (Monin & Yaglom 1971, 1975)
requires the stochastic process to be continuous, ie. it requires the formalism of
the Langevin and Fokker—Planck equations (see Risken 1989; Gardiner 1990). Here,
three-dimensional stationary homogeneous isotropic turbulence is considered. Let
r(t) = r(t) — r®(t) and u(t) = u'V(t) — u®(t) be the three-dimensional particle
separation and velocity difference vectors at time ¢, respectively. Then, the relative
motion between two fluid particles is described by the stochastic differential equations

dr =udt, du=adt+ /2CycdW, (1.1a, b)

where a = a(u, r,t) is the drift term, /2Cye is the noise amplitude and dW is a
Wiener process with zero mean and variance dr, (dW;(t)dW,(s)) = &;; dt8(t —s). The
noise amplitude is chosen consistently with the second-order Lagrangian structure
function in K41, ie. S, = ((u¥(0) — u¥(1))?) = Coet, j = 1,2,i = 1,2, 3, where C,
is a universal constant and ¢ the mean rate of turbulent kinetic energy dissipation.
From the theory of stochastic methods, it is known that the Lagrangian probability
density function (PDF) p;(u, r;t|ry) evolves according to the Fokker—Planck equation
(Risken 1989; Gardiner 1990)
aprL d d I’ pr
o —a*ri(uipL) ~ou (aipr) + Coe du o,
In order to derive an exact, statistically founded, formulation, Thomson (1987)
defined the constraint called the well-mixed condition which recovers the important
physical requirement that the Eulerian and Lagrangian statistics generated by the
model must be consistent, e.g. if an initially well-mixed scalar field (for constant density
flows) is considered, the Lagrangian evolution of the process does not produce mean
concentration gradient or concentration fluctuations. This constraint was subsequently
applied also in relative dispersion (Thomson 1990). A similar work was published by
Novikov (1986). The well-mixed condition is derived by applying to the Fokker—Planck
equation (1.2) the following Thomson—Novikov formula (Novikov 1986; Thomson
1987)

(1.2)

pelustlr) = / pulu, ritlro) dro, (1.3)

with the initial condition p;(u, r;0|ry) = 8(r — ro)pe(u;0|r). As a consequence, the
following determination of the drift term is obtained

0 8@, 0 814,»
PE L g _ e duipr
E)ui aui ot 8ri

where pg is the Eulerian PDF and |[@| — 0 when |u| — oo.

However, for a given Eulerian PDF, the drift coefficient a defined in (1.4) is
determined up to an additive term with zero divergence with respect to u. This
drift indetermination, also referred to as the non-uniqueness problem, motivates the
present paper. Here, a consistent formalism without indetermination is derived in
the well-mixed approach, uniquely relating the drift term with a kinematical formula
for relative acceleration, under the Markovian assumption. In particular, the derived
closure uses the fact that turbulent flows are rotational.

This paper describes a Lagrangian stochastic model for the relative dispersion of
particle pairs in stationary isotropic turbulence. The key idea is to treat the fluid
particle pair as a couple of material points rotating around their centre of mass for

a; pe = Coe (1.4)
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turbulent relative dispersion when the particle separation falls in the inertial range.
Since in the centre-of-mass reference frame the particles move only radially, it is
possible to derive formulae for relative velocity and relative acceleration, thereby
constraining the non-uniqueness problem.

The remainder of the paper is organized as follows. In §2, a literature survey of
the non-uniqueness problem is given, and in §3 a closure for Lagrangian stochastic
models of turbulent relative dispersion is proposed. In §4, the properties of the new
closure are investigated with respect to some fundamental aspects of fluid dynamics.
In §5, a Markovian model is formulated and compared first with data obtained from
the direct numerical simulation (DNS) by Biferale et al. (2005) and later with other
models. Finally, in §6, the results are discussed and the conclusions are given.

2. Background to the non-uniqueness problem

In one-particle models, the non-uniqueness problem is solved in homogeneous and
isotropic turbulence or in the one-dimensional case, while in two-particle models the
non-uniqueness remains in the multidimensional case even in a steady homogeneous
isotropic flow (Borgas & Sawford 1994). This indetermination arises because (1.3)
defines a purely statistical condition and the Eulerian PDF alone does not include all
the dynamical contents of the physical process.

This indetermination is a relevant problem in the improvement of Lagrangian
stochastic models because solutions to (1.4) differ strongly (Borgas & Sawford 1994;
Borgas, Flesch & Sawford 1997). In absolute dispersion, several selection criteria have
been proposed. For example, the rotation of the particle trajectories (Wilson & Flesch
1997; Reynolds 1998, 1999a; Sawford 1999), the correspondence with the second-
moment closures of the Reynolds-stress and scalar-flux equations (Reynolds 2002),
and also the ability to represent DNS statistics was tested as a discriminator between
models (Sawford & Yeung 2000, 2001). However, none of the above criteria is sufficient
to define a unique model yet.

In relative dispersion, the optimal reduction to the known one-particle statistics was
adopted as a selection criterion, the so-called two-to-one reduction (Borgas & Sawford
1994). However, these statistics are not adequately modelled by every model (Thomson
1990). An alternative to the non-unique well-mixed approach, which requires also the
choice of an Eulerian PDF, is the moments approximation method (Kaplan &
Dinar 1993). With the moments approximation method, the non-uniqueness problem
is solved operationally by choosing a polynomial form for the drift term whose
coeflicients are determined by imposing the consistency with some Eulerian statistical
moments (Pedrizzetti & Novikov 1994; Heppe 1998; Pedrizzetti 1999). However,
stochastic models based on the moments approximation approach in general do not
satisfy the well-mixed condition (Du, Wilson & Yee 1994). A more conclusive result
is desirable.

Kurbanmuradov & Sabelfeld (1995) introduced a new approach. They considered
isotropic turbulence where the relative dispersion is spatially characterized only by
the modulus of the particle separation » = (r+r)"/? and subsequently rewrote the well-
mixed models in the spherical reference frame defined by r. This reference system
is the natural one for applying the two-point Eulerian theory (Monin & Yaglom
1975) in relative dispersion, in fact the line joining the two points is r. This spherical
reference frame was used for absolute dispersion models in two and three dimensions
(Flesch & Wilson 1992; Monti & Leuzzi 1996). The new reference frame is defined
by the change of variables {u} — {u, v/ ,u"|} — {u),ur,a} where uy = u-r/r,
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ul = u-u— uﬁ and @ € [0;2n] is a uniformly distributed angle. In this frame,

the two-to-one reduction is meaningless. In the new reference frame, the stochastic
equations of the relative motion between two fluid particles become

dr = U dr, duH =X dr + v/ 2C()8 dW”, du, = yan dt 4+ +/ 2C()8 dw,, (2.16!*(,’)

where the drift term indeterminacy remains.

This indeterminacy can be avoided by choosing to develop a stochastic process
for {r, u;}, where essentially an average is taken over u, (see Sawford, Yeung &
Borgas 2005; Sawford 2006). However, Kurbanmuradov (1997) proposed to solve
the indeterminacy assuming that the longitudinal drift term x; depends solely on
the longitudinal component of the velocity and not on the orthogonal ones: x, =
X (u, 1, t); here, this is called quasi-one-dimensional assumption. This assumption
implies considering only the first two equations in (2.1a—c) and the formal reduction
to a one-dimensional problem. Subsequently, the quasi-one-dimensional approach
developed by Kurbanmuradov (1997) was applied by him and collaborators (Sabelfeld
& Kurbanmuradov 1997, 1998; Kurbanmuradov et al. 1997, 2001) and by others
(Borgas & Yeung 1998, 2004; Reynolds 1999b, Franzese & Borgas 2002). However,
this class of models shows a high rate of separation (Kurbanmuradov et al. 2001)
and a new closure is required. In the next section, a new closure is proposed starting
from the fact that rotation reduces the dispersion (Borgas et al. 1997).

3. A closure for Lagrangian stochastic models of turbulent relative dispersion
3.1. Lagrangian relative kinematics

Turbulent flows are characterized by high levels of fluctuating vorticity and this plays
a key role in turbulent dynamics (see Tennekes & Lumley 1972). In order to describe
relative dispersion, the importance of particle rotation must be kept in mind. The
simple physical picture of a fluid particle pair as a couple of material points rotating
around their centre of mass is proposed when the particle separation falls in the
inertial range. Since in the centre-of-mass reference frame the particles move only
radially, it is possible to derive formulae for relative velocity and relative acceleration,
thereby constraining the non-uniqueness problem.
The Lagrangian relative velocity can be written as, see Appendix A,

uzu“;—i—ﬂxr, (3.1)

where
1
2 =—(rxu). (3.2)
r

In the chosen physical picture, the orientation and the value of the angular velocity
vector £ (3.2) depend, at all times, on the particle separation and their velocity
difference.

In decomposition (3.1), no strain-rate term appears because Lagrangian quantities
are considered; the Helmholtz theorem for the decomposition of a vector field
as the sum of an irrotational vector and a solenoidal vector holds for space-
dependent vectors only, e.g. the Eulerian velocity field (Narasimhan 1993, p. 186).
Furthermore, in the determination of the angular velocity £, no gauge invariants
occur in (3.1)—(3.2), since in this particular case, the rotation axis is perpendicular to
the separation line (£2 L r); as discussed in Appendix A. The unit mass angular
and inertial momenta of each particle with respect to the centre of mass are
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MY =(r xu)/4 and IV = (r/2)?, respectively, and the modulus of the angular velocity
vector 2 =u,/r.

The Lagrangian relative acceleration is defined as A = du/dr = AV — A® where
A" = du/ds, and its most general form, when (3.1) holds, is

A=a L £ ax(@2 x r) +as(r x (2 x 7). (3.3)
r
Taking the time derivative of (3.1) gives
d 2 wir oo
A="=<A+”l>r+fzxu+uu—r+fzxr, (3.4)
dt r)r r ror
where
d d uiri  (Airi +uug)r — uir; 3 A;r;
duy _ dur =( Fi 4w )r — uriu =A\\+ﬂ, A = r’
dr dr r r? r r

and 2 = df/dr. In the present case, from (3.2) £ is
2 :12[(r><A)—2u(r><u) .
r r

Since §2 substituted into (3.4) gives the identity A = A, no constraint can be obtained
for the coefficients {a1, o, a3}. Using (3.2), formula (3.3) can be rearranged as

r
A= (C{] —OQMH); +a2u+a3r2.fl. (35)

The kinematic formula (3.5) will be related to the drift term of the stochastic model
and the coefficients determined from symmetries and properties of the statistical
description so that a closure for the non-uniqueness problem is obtained.

Li & Meneveau (2005, 2006) discussed the determination of du/d¢ and du, /dt
starting from the linear approximation u;(x + r) — u;(x) = Ayrr, where Ay;, the
velocity gradient tensor Ay; = du,/dx;, is considered constant across a fixed length £.
In fact, they derived the so called ‘advected delta-vee’ system of equations for du/d¢
and du, /dz, which is useful for the computation of A (3.5). However, in the present
paper, the Lagrangian acceleration is determined in the framework of the well-mixed
approach. Nevertheless, one of their results will be used in the next section to support
the closure derived here.

3.2. Particle pair rotation and stochastic models

As pointed out by Kurbanmuradov (1997), in isotropic turbulence, the drift term a;
in Cartesian coordinates has the following general form

ri u;
ai(up,up,rt)=@,uL,r, t)7 +Y(up,ug,r, t);, (3.6)

where ¢ and ¢ are two unknown scalar functions.
The drift terms in Cartesian and spherical coordinates are related to each other as
follows (Risken 1989):

ul
Xy, up,rt)=a + - (3.7)

2
—pt+yd 1L (3.8)
u r
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u;a; —u)a uu Coe
Xulwg g, 1) = e (3.9)
u, r u,
:1/,2_%_’_%' (3.10)
u r uy
From (3.8) and (3.10), the following expressions for ¢ and ¢ are found:
u uw>  uy Coe
0= ——x——+ L2, (3.11)
U, r u, u,
u uu u Coye
Y= —x + — - — 2 (3.12)
u, r u, u,
Substitution of (3.11)—(3.12) into (3.6) yields
: 1 . 2
a; =Xrl+<bli—l/trl> (XL—COE> —%Vi+ﬂui, (313)
rooug r Uy r r
and in vector form
r 1 r Coe
a=XH*+7 u—u|— XL — — +Sl><u, (314)
r u r u,

where the angular velocity £ is defined in (3.2). For the noise dW, a representation
of the type of (3.6) cannot be given because a Markovian noise is not a function of r
or u. However, keeping in mind that in the chosen reference frame the motion is only
radial with respect to the centre of mass, the noise can be explicitly considered in
the longitudinal direction while in the transverse direction it is implicitly taken into
account with the dependence of the drift term on the stochastic variable u, . Finally,
considering also that the noise is not affected by the variables changing (Risken 1989,
pp. 57-58, 88-91),

dw = <dW : ') T —aw, L. (3.15)
r r r
Hence, considering that
Adt = adt 4+ /2Coe dW (3.16)
formally holds (1.1a, b), (3.4), substitution of (3.6) and (3.15) into (3.16) gives
Adr = (pdt +/2Coe dWH); + wg dr. (3.17)

Now, comparing (3.17) and (3.5), the coefficients o, and a3 are determined as a; = ¥/u
and o3 = 0. Furthermore, the above definition of A gives

apdt = AH dr = a| dr + iV 2Coe dWH,

so that «; includes all the effects of the stochastic noise. From comparison of (3.17)
and (3.5) the following equation is obtained for ¢:

@ =a —ay. (318)
Substitution in (3.18) of ¢ with (3.11) and of a; with (3.7) gives
2 2
A (XL—COE> + 5 Mo (3.19)
u, u, r r

From (3.15) and arguments above it, the effects of the stochastic noise are only along
the r/r direction. Therefore, o, appears to be independent of Cye because it is the
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coeflicient in the (2 x r)/|$2 x r| direction. This means that x;, = Cog/ui+ f(u), uy, 7).
The system of stochastic equations (2.1a—c) gives the evolution in time of {uy, u,,r}
with Lagrangian probability density function p;(uy,uy,r;t|rg). This PDF can be
composed by the product p;(uy,r;tluy,ro)p(uy;tlry) and from this, in stationary
turbulence, it is statistically sound to have x; = x.(u., r). From dimensional analysis,
x. assumes the form
2
XL = Cor + kui,

uy r
where k is a dimensionless real number which has to be determined. However, for
numerical stability, K must be zero. In fact, when u, tends to O or +oo, the limits of
x1 with k # 0 are

u, — 0, xi — +oo,

u, — +oo, xi — sgn(k)oo,
and with k =0

u, — 0, xi — +oo,

u, =+, xi. —0.
Finally, x, is given by

XL = %, (3.20)
uy

and therefore o, = u/r. With the three coefficients now determined as oy = A,
ar =uy/r, as =0, (3.3) becomes

2 2
A= (A+M) F_wr my, (3.21)
r
and in Cartesian components
2N\ 2.,
R R L (322)
r

Furthermore, (3.21) can be rearranged as
2
A= <A+”i> Tiexu, (3.23)
r r

which gives an identity when substituted into (3.4) (see Appendix B). Equation (3.23)
is the solution of (3.4) combined with the stochastic model formulae (3.14) and (3.20).

Note that (2.7) in Li & Menevau (2006) is obtained from the above solution (3.23)
when substituting r = £ and changing the sign of «,. This change of sign means that
the growth direction of the (£ X r)/|$2 x r| axis is inverted (3.3).

The physical picture described above selects a unique model in the well-mixed class,
and thereby solves the drift indeterminacy. In fact, applying (1.3) in the new reference
frame to the Fokker—Planck equation associated to (2.1a—c), and using (3.20), the

following equation is obtained (Pagnini 2005):
2 1
¥re, L O (u BPE)] . (324

L
auﬁ uy BMJ_ 8MJ_

opE

1a, , 0
— — — C
T 2 Br(r u pe) + auH(XHpE) 0€
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with the normalization condition
+0o0 400
275/ du/ duu,pe(uy,u,;tlr)=1.
—o0 0

Integrating (3.24) in u €] — co;u;], the second drift term x; is uniquely determined
by

19 1
x| = Coe—LE — —w(u, us,r 1), (3.25)
PE auH PE
where
“(opg 10, ,, Coe 0 IpE ,
V= — + 5= - —— , 3.26
/Jv{ at +r2 8r(r ujpe) uy ouy ”LauL “ (3.26)
with the general assumptions
0
xpe =0 LES00 -,
uj

Equation (3.25) shows the dependence of the longitudinal drift x;, on u,, which
is different from the longitudinal drift obtained from the quasi-one-dimensional
assumption by Kurbanmuradov (1997).

The relative motion between two particles turns out to be described by the stochastic
differential equations

dr = u| dr, dMH = X| dr + vV 2Cpe dWH, dI/U_ = % dr + \/2Coe dWJ_, (3.2761*C)
1

where x| is defined in (3.25)—(3.26). From (3.11)—(3.12), the two unknown functions ¢
and ¢ (3.6) are

u?

p=x—-—— V=
r r
Mathematically, the multidimensional models are not closed because, for a given

Eulerian PDF, there are two unknown functions (¢, ) and only one constraint,
i.e. the Fokker—Planck equation. In the present approach, there are two unknown
functions (xj, x.), or equivalently (¢, ¥), and two constraints, ie. (3.20) and the
evolution equation (3.24).

MMH

(3.28)

4. Physical aspects of the closure proposed
4.1. Compatibility with the Navier—Stokes equations

Since the stochastic models formulation proposed includes the statistical dependence
between the longitudinal and the orthogonal components of the velocity difference
vector, it is consistent with a fundamental aspect of Navier—Stokes dynamics. On
the contrary, the models formulated with the quasi-one-dimensional assumption
are inconsistent with this fundamental aspect of Navier—Stokes equations because
that assumption is based on the statistical independence of the velocity difference
components. The same fundamental inconsistency with Navier—Stokes equations
occurs for Gaussian models formulated in Cartesian coordinates (Thomson 1990;
Borgas & Sawford 1994) because they are based on the covariance matrix of velocity
difference that reduces to a diagonal matrix (i.e. statistical independence of velocity
difference components) when the present reference frame is adopted.

In stationary isotropic turbulence, one of the few exact results of the Navier—Stokes
equations is the so-called 4/5 law that affirms (see Monin & Yaglom 1975; Frisch
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1996)
<uﬁ> = —ter. (4.1)

The two perpendicular components u/, and u/| are such that u? = u?+u'? and (u?) =

2(u'?) = 2(u'?) , then for a solenoidal isotropic field (see Monin & Yaglom 1975,
o 107 Frisch 1996)

Sugul) = (wu'?) = ¢ [<M3> +V8;u:>]
— e (42)
and for each Cartesian component
(wiwjug) = —=e(rijx + ;8 + redij). (4.3)

The exact result (4.2) shows that the components of the velocity difference are not
statistically independent, as a consequence the Eulerian PDF cannot be factorized.
This result is of fundamental importance in turbulent dynamics. In fact, the moment
of the third order represents the energy transport between the motions of various
scales, and this is a major feature of turbulent flow (Novikov 1989). This strong
physical constraint arises naturally in the formulation derived here. In fact, in the
stationary case (dpg /0t = 0) integrating (3.24) in u| € ]—oo0; +oo[ with weight 2r gives

d Coe 0 ap.
Coe 9 4.4
23, —(r*(uylur)py) = RETR (u 8ul>’ (4.4)

where p, is the marginal PDF of u, (p. = pe(u1) =2n [ ppdu;) and (u||u,) is the
conditional mean defined as
” peluy, uy)
(uylur) = 275/ wypeuyluy)duy,  peluylu,) = “—0 222,
—0o0 pE(uJ_)
Then, if the Eulerian PDF can be factorized, the equalities (u|u;) = (u) = 0 hold
and (4.4) becomes

82 8pj_
2

=0, 4.5
1 Bl = tu lauL (4.5)

after multiplication by u?. However, it is well known that for a function h(), &£ € R,
the following Mellin transform rule holds (Sneddon 1972, p. 268)

,0%h  _0h o

— 2" 4.
&5 Hegg <o (), (46)
hence (4.5) is solved, in the s space, by
s2p’(s)=0. 4.7)

From (4.7), it is clear that there is no non-trivial solution to (4.5). This proves that
in this closure scheme, the choice of a factorizable Eulerian PDF of the velocity
difference is not permitted in the inertial range. However, in §4.4, it will be shown
that in the small-length-scale limit and spatial decorrelated velocity field, a Gaussian
Eulerian PDF is recovered.

This result makes the approach derived here strongly different from the other ones.
In fact, in the quasi-one-dimensional approach (Kurbanmuradov 1997), the Eulerian
statistics generated by the model are consistent with a factorizable Eulerian PDF.
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From the stochastic differential equations (2.1a—c), with the quasi-one-dimensional
assumption x| = x|(uy,r, t), it follows that the Lagrangian statistics of u are
independent of #, and then in terms of PDF

pr(uy,ur,ritlro) = pr(uy, ritlro)p(u),

where p(uy) is an undetermined function and depends exclusively on u,, as a
consequence of the assumption that {r, x|} are independent of u,. From (1.3), the
Eulerian PDF is

2
pe(up, uistlr) = /PL(M, uy, V;f|”0)r% dro

2
’
ZP(ML)/PL(M,F;HVO)},% drg

= pur)pe(uy;tr).

Now, formula pg(uj,ui;t|lr) = pe(ui;tlr,u))pe(uy;tlr) implies pg(u;tlr,u)) =
p(uy) = pe(u1). As pointed out in (4.2), this statistical independence is in contrast with
the Navier—Stokes equations. Moreover, the fact that u is statistically independent
of u,, as follows directly from the quasi-one-dimensional assumption, is in contrast
with the Navier—Stokes equations also in the Lagrangian frame. Figure 1(a) shows
the plot of (uylur)/(uf)'? vs-u,/(u?)"? and figure 1(b) (u |uy)/ ()" vs - uy/(uf)'’?
as computed from the Lagrangian data of the DNS (Biferale et al. 2005). From these
figures, the statistical dependence between u; and u, is evident. Both graphs have
significant statistical noise for large abscissa values, as the number of particle pairs
having large fluctuation is small. However, a strong correlation between u and u, is
evident when the figure 1(a) abscissa is less than 2 and the figure 1(b) abscissa ranges
between —2 and 2. Furthermore, in these cases of strong correlation, a linear relation
occurs in both figures 1(a) and 1(b). This strong correlation occurs for decreasing
abscissa values when the time elapsed from the initial condition is increasing. This
can be understood by the fact that the whole process decorrelates when the elapsed
time increases.

Equations (4.4)—(4.7) show that the approach proposed here is not compatible
with the quasi-one-dimensional assumption. Moreover, the strong characteristic of the
Navier—Stokes dynamics of generating statistical dependence between the longitudinal
and the orthogonal components of the velocity increments cannot be disregarded in
the present formulation. The explicit rotation term causes this statistical dependence
and the following non-factorability of the Eulerian PDF.

4.2. Mean rotation analysis

The Lagrangian stochastic model formulation proposed is based on a non-zero angular
velocity £ (3.2), which causes the statistical dependence between the longitudinal and
orthogonal components of the velocity difference. The effects of this non-zero angular
velocity on the mean rotation are now discussed.

Sawford (1999) introduced the following measure of the rotation

ds = u x du, (4.8)

du being known from the stochastic model (1.1a, b). Equation (4.8) can be averaged
in the Eulerian way (Sawford 1999) to study the mean rotation effects as follows

(ds) = (u x a) dt, (4.9)

where the fact that the Wiener process has zero mean is used.
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@,

FIGURE 1. The scaled conditional mean (a) (uylur)/(ui)'? vs. uy/(u3)'? and (b) (uiluy)/
(i)' vs. uy/(uf)'* computed from the DNS data with R; = 284 (Biferale et al. 2005) at

times ¢ = 27.887,, 41.821,, 55.761,, 69.707,. The plots show the statistical correlation between
the Lagrangian u and u, ; in particular, this correlation is strong when abscissa in (a) is less
than 2 and the abscissa in (b) ranges between —2 and 2.

The drift coefficient in (3.14), after imposing (3.20), is composed by two terms and
(4.9) becomes

(ds) = —r(x ) dr + (u x R) dt,

with R = £ x u. It is of interest to study the mean rotation effects introduced by R,
because the value of (x;$2) depends on the choice of the Eulerian PDF pg (3.25)-
(3.26). Let (ds®) be

(ds®) = (u x R)dt = (u x (2 x u))dt.

When using the following vector identity u X (2 X u) = 2(u-u) — u(u-2), (ds¥)
becomes

(ds®) = (R(u - u)) dt — (u(u- 2))dt,
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and for the Cartesian components this yields

(ds/) = (2;(u-u)) dt — (u;(u- 2))dr. (4.10)
Now, including (3.2) in (4.10), we obtain

<dsiR> = riz[<(8ijkrjuk)u2> — (wgui(eijerjur)) + (uin (€ jxiriu;)) + (wiug(er;riu;))] de,

and finally

(ds®) = 0.
It is therefore possible to conclude that the effect of the angular velocity term (3.2)
on the mean rotation is zero. This is consistent with the isotropy of the flow.

4.3. Compatibility with the vorticity field

The approach derived here is based on the decomposition of the two-point velocity
vector (3.1). This decomposition is physically based on the idea that the two-particle
dispersion process has a non-zero angular velocity £ (3.2) that, as it will be shown
in this section, makes the present closure consistent with a non-zero vorticity field.
As pointed out in (Monin & Yaglom 1975, p. 374) the statistical characteristics of
the vorticity field are related to the two-point Eulerian statistics. For the relationship
between relative dispersion and the two-point Eulerian theory, the consistency of a
two-particle Lagrangian model with the vorticity field is an important aspect.

Longitudinal and orthogonal correlation functions of the vorticity field can be
expressed in terms of the longitudinal Eulerian second-order velocity structure
function Sy = ([(U(x) — U(x + r))-r/r]?) = Ck(er)??, where U(x) is the velocity
in point x and Cg the Kolmogorov constant. As a consequence, the vorticity field
is non-zero. This observation makes a non-zero angular velocity £ necessary in the
decomposition (3.1)—(3.2). In fact, the vorticity field is defined in a single point x as
®(x) =V, x U(x), and then being (see Hill 2002)

0 1/ 0 0 ,
— == —— ], r=x-—x,
ar;, 2 \0x;  0x]

with u(r) = U(x) — U(x + r) it follows that
@(x) + w(x')=2[V, x u(r)]
zz[v, x <u:> +V, x (2 x r)}
—2[-2+VY, x (2 x7r)].

For the arbitrariness of x and x/, if £ = 0, the latter equation requires the
unsatisfactory result w(x) = w(x’) = 0. As a consequence, decomposition (3.1)—
(3.2), which is a fundamental part of the approach derived here, guarantees a correct
non-null vorticity field. On the other hand, this means that any model formulation
without particle pair rotation (i.e. with a zero angular velocity £) is not in agreement
with the non-zero vorticity field.

4.4. The small-length-scale limit and the large-fluctuation regime

The strong connection between turbulent relative dispersion and two-point Eulerian
theory suggests, as important, the issue of the small-length-scale limit. Besides this,
also the large-fluctuation regime (u*> > (u?)) has an important role in turbulent
dispersion. This last was studied for the first time by Novikov (1992) with particular
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attention to the form of the Eulerian PDF. The large-fluctuation regime ‘physically
corresponds to motions with large local shear of velocity or to local jetlike motions
(“streaks”), when one of the fluid particles is inside the jet and another is outside. In
this case, the inertial term, subject to the incompressibility condition, should dominate’
(Novikov 1992). These two asymptotic regimes correspond to the same mathematical
constraint. A similar study can be found in Pedrizzetti & Novikov (1994).

In stationary, homogeneous and incompressible flow, the continuity equation for
the Eulerian PDF, or the transport equation, has the form (Pope 1985; Novikov 1992;

Heppe 1998)
i ar; + ou; |:< Dt . r>pE] =0, (4.11)

where DU, /Dt represents the two-point Navier-Stokes equation and (:|u, r) the
conditional mean. Equation (4.11) can be compared with the evolution equation
obtained applying (1.3) to the Fokker—Planck equation for the Lagrangian PDF (1.2),
and this yields a; = (DU, /Dt|u, r) + Coed log pg/du;. In the case considered, from
(3.7) and (3.9) the transport equation (4.11) turns out to be

19, , 0 DU r Ui
S —(rrupe)+— (= -+ —lur)pe
r? or Dt r r

0 1 DU, DU r ULUH
(== -Uv=—-=)- , =0.
+ ou, |:< U, ( Dt I Dt I"> r ‘ll ") PE

Using (3.22), this becomes

d a DU r U?
ﬁafr(f’zuupE)‘FaTtH [<Dt.r+rl|u’r>pE] =0, (4.12)

where both (DU/Dr) - (r/r)+ (U3 /r)lu, r) and pg are functions of {u|, u,, r} and
from (3.24) it follows that

<DUur>=<DU'r—I—UJ2‘ur>
Dt ' Dt r ro
DU r u?

~ (B pur)+

Cos [0 19 o M,
:X(M,MJ_,}")—Og[pE—F (u / pEdu)} (413)

L —
PE BuH u, 8MJ_ 8141_ —0

It is important to remark that, although (4.12) is a partial differential equation in
(r, u), the Eulerian PDF pg and the term (DU /Dt)«(r/r)+U?/r|u, r) are functions
of (r, u), u ). This is consistent with the fact that in the isotropic case the statistics of
u, are related to those of u.

Since in the small-length-scale limit the process is in equilibrium, the velocity
is completely uncorrelated and the two-point Eulerian statistics turn out to be
independent of r, i.e. pr = pg(u). Indeed, in the large-fluctuation regime, the inertial
term dominates (Novikov 1992) and the spatial derivative is neglected even if
the two-point Eulerian statistics are still dependent on the particle separation, i.e.
pe = pe(ulr). Then, in both asymptotic regimes, studying (4.11) is equivalent to
analysing the constraint

ad

g(uiPE) =0, (4.14)
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but in the two previous strongly different physical conditions. In the spherical frame,
constraint (4.14) is given by
) 29 ujuy 9
u, 0 WL 0P i Ope
or r du| rooduy

=0. (4.15)

In the small-length-scale limit (dpg/dr = 0), condition (4.15) becomes

Lope _ 1 9pe
u 8MH - u, aul’

(4.16)

and the Eulerian PDF is Gaussian

u? 4+ u?
” l}, (4.17)

1
with (u7) = o* and (u}) = 2(uj) = 20> The stochastic process (1.1a,b) turns out

to be an Ornstein—Uhlenbeck process where a; = —u;/t;, and 7, is an inertial range
Lagrangian time scale defined by Tennekes (1982) as

2 2
. o . 20’1p
CQS C()S ’

where O’lzp is the one-point velocity variance.
In the large-fluctuation regime, using the K41 scaling, the Eulerian PDF which is
the solution to (4.15) is a function of the following type (Novikov 1992):

2 2
uH+uL

(eru )2

(4.18)

TL

(4.19)

ey, ursr) = Fu,uir) = (eru) = Fo

This is an unexpected form of the joint probability and it is strongly non-Gaussian.
The odd moments of u; vanish in this regime because pg is an even function of u
(4.19).

If condition (4.15) is derived for the approach proposed here, the following identity
is obtained:

10 u? 9 1 0
= —(uyr?p) + L LE T [(au; —ayu)pr] =0 (4.20)
r2 or rodup uyduy

It is possible to verify that (4.20) reduces to (4.15), when constraint (3.20) is applied.
The correct behaviour of the approach proposed here for these two asymptotic
limits is another interesting feature besides the non-factorizability of the Eulerian
PDF, as discussed in §4.1. In fact, while the small-length-scale limit is assured for
Gaussian models (Thomson 1990; Borgas & Sawford 1994), the large-fluctuation
regime is not, because the Eulerian PDF should be non-Gaussian. The quasi-one-
dimensional assumption is not compatible with the small-length-scale limit; in fact,
when a; = —u;/t,, formula (3.7) gives x, = —u /7. + ui/r. Moreover, the large-
fluctuation regime requires a non-factorizable Eulerian PDF and this cannot be
reproduced by the quasi-one-dimensional assumption.

5. Formulation of a Markov model
5.1. A quadratic model

To complete the previous study, a simple illustrative Markov model is developed in the
approach outlined above and the results are compared with the DNS data by Biferale
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R, Upms e v n L Tx T, T 8x N3 N,

284 1.7 081 000088 0.005 3.14 1.8 0033 44 0006 1024> 1.92-10°
TaBLE 1. DNS parameters: microscale Reynolds numbers R, velocity root mean square iy,
mean turbulent kinetic energy dissipation &, viscosity v, Kolmogorov space scale = (v3/g)!/*

integral space scale L, eddy turnover time Tg = L/uns, Kolmogorov time scale 7, = (v/e)/?,
total time 7', grid step 8x, resolution N3, number of particles N,,.

Reference R;
Sawford et al. (2005) ~ 38
Borgas & Yeung (2004) ~ 90, 230
Kurbanmuradov et al. (2001) ~ 240
Sawford & Yeung (2000) ~ 148
Heppe (1998) ~ 90, 140
Borgas & Yeung (1998) ~ 38, 90, 140, 180, 240

TaBLE 2. The value of the Reynolds number R; in a number of recent comparisons between
Markov models and DNS.

et al. (2005) on a cubic lattice 1024 with Reynolds number R; ~ 284 (see table 1).
Following the well-mixed approach, a stochastic model can be formulated when an
Eulerian PDF (which includes the flow statistics) is given. Although in stochastic
models the intermittency and viscous range effects can be accounted for, here they
are neglected to avoid free parameters and parameterization effects. This choice
permits a completely parameter-free model for the inertial range. As a consequence,
when particle separation falls inside the viscous range, the failure of the model is
expected. Comparing DNS data of a moderate R; with a model that takes into
account the inertial range only, does not seem fully appropriate. However, the DNS
dataset used is among those with highest Reynolds numbers available in literature.
Recent comparisons between Markov models and DNS have lower value of R; than
the one considered here (see table 2).
In the K41 case, for dimensional reasons, the Eulerian PDF can be written as

(er)™' fo a L i r<2a
pe= flujui,rie)= (er)\3 (er)t37r )’ ’ (5.1)
(4.17), r> A,

where /4 is a length scale, and the Eulerian statistics are computed by

+o0 +o0
Men = (Wiu') = 21‘c/ du / duyuufu’, pp(uy, uystlr), (5.2)
—0 0
so that

(5.3)

Crnler)ktm/3, r<2,
My =

Gauss, r> A
In particular, it is moo = 1 for the normalization condition and in the inertial range
2/3 4
mio=0, myo=Ck(er)’’?, myo=—3er,

(5.4)

8 8
mi1 =0, miy=—3er, moy=3mp.
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The stochastic model is uniquely defined adopting the constraint (3.20) and
substituting (5.1) in (3.25)—(3.26). However, with (3.20), the drift term a; (3.6) becomes
ri uu;
a =g + 17 (5.5)
r r
To avoid mathematical difficulties, the choice of pg can be reduced to the choice of ¢.
Making this choice, particular attention has to be paid to the longitudinal component,
because it is strictly related to the particle separation r, ie. dr/dt = uj. Here, the
following simple choice of ¢ is studied

__M oy u L lud | w (5.6)
= 7(r) Yo Ty TP '
where {y, p} are the model parameters, which will be determined by imposing Eulerian
statistics. The relaxation time, denoted by t(r), depends on the particle separation
and is defined as
(uf)

Cos” (5.7)

t(r) =
In the limit » > /, (5.7) reduces to 7 = 1, = 2012p/(C0€), ie. the inertial-range
Lagrangian time scale (4.18). Factor 1 /2 in front of u% in (5.6) is the average of the
two perpendicular components being u? = u'? +u'?? and p turns out to be a coupling
parameter of the longitudinal and the orthogonal components. In this case,

2
u u 1 u? u LU
a = (——H/—Ful—i-,o ”l>r+ = (538)
(r) r 2r r r r
and from (3.7) it follows that
3 uu
X = +(y +1)—+7”—L+pﬁ. (59)
( ) 2 r r

5.2. Model parameter determination by incompressibility and Eulerian statistics
5.2.1. Determination of y

To ensure the incompressibility in stochastic model, the following condition must
hold (Novikov 1989, 1992; Pedrizzetti & Novikov 1994; Pedrizzetti 1999):

(@) =0, (5.10)

so using formula (Monin & Yaglom 1975, p. 102)
(wiuj) = [(u}) — $(u?)]
and the inertial range moments {m o, m2 0, mo2, my 1} in (5.4), it follows that

+ %<”i>3ij7 (5.11)

Wl

5.2.2. Determination of p

The parameter p is determined by imposing the consistency with some other
Eulerian statistical moments, as in the moments approximation approach. In this
case, Eulerian statistics have to be consistent with K41 theory. Multiplying (3.24)
by u’ﬁu’i, with k # 0, and integrating with respect to 2mu  du du,, see (5.2),
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yields
2 0
—Myy1n + —Mir1n + —Miy
r ar T
4k 3k k
+ g;mk-s-l,n - E;mk—l,n-‘rz - /O;mk,n-H
= Coelk(k — V)ymy_y, +n*my 2} (5.13)

Equation (5.13) gives a relationship among all the Eulerian statistics of the Markov
model (5.9). The moment exponent k& must be k #* 0, otherwise the equation for
moments (5.13) turns out to be independent of the drift term x;, as follows from
(3.24), and it becomes the same equation for moments of a pure diffusive model in
the longitudinal velocity space (x; = 0). In this case, when £ # 0, the process is
compressible because (a;) = —(u?)r;/r? # 0, when £ = 0 (the equilibrium regime),
unphysical results are obtained because a; = 0 (Pedrizzetti & Novikov 1994). The
consistency with the K41 Eulerian statistics can be imposed by selecting certain
values for k and n. In particular, with {k = 1, n = 0} condition (5.12) is recovered
and requires consistency with: my o, ma, mo2, my1. Moreover, with {k = 3, n = 0},
the consistency with Eulerian statistics is up to the fourth order: ms, mao, mz>,
ms,. It is worth noting that, in spite of this simple case study, model (5.9) is in
agreement with more Eulerian statistics than previous models found in literature (see
Pedrizzetti & Novikov 1994; Heppe 1998; Borgas & Yeung 2004). Moreover, from the
consistency with ms o and incompressibility, the consistency with m;, (4.2) follows.
Indeed, knowledge of m4 o and m,, does not imply consistency with mg 4 because the
incompressibility is not sufficient and knowledge of the pressure—gradient velocity—
velocity structure function is required (Hill & Boratav 2001). An approximate relation
between fourth-order statistics to estimate mg4 can be obtained by adopting the
random sweeping hypothesis (Tennekes 1975) because the pressure—gradient velocity—
velocity structure function can be disregarded. Since experiments do not support the
random sweeping hypothesis (Hill & Boratav 2001), the consistency of the model
with mg 4 can not be derived. Finally, imposing {k = 3, n = 0} to (5.13) gives

r aI’VL4,()

1
p=— 2M4’0 + = + C()SV@ — My . (514)
ms 1 3 ar myo 2

In the next section, the Eulerian statistics m, , needed to compute p and to determinate
the drift a; are determined by the analysis of the DNS data.

5.3. DNS data analysis and drift determination
5.3.1. Universal constants and drift determination

The universal constants {Cy, Cx} and the unknown fourth-order Eulerian statistics
{ma4o, mrr, m3,} computed from the corresponding Lagrangian or Eulerian dataset
of the same DNS (Biferale et al. 2005), see table 1 and figures 2-3, are:

Co=5, Cx=1, (5.15)

EIRT

mag = L(er)'?, may=2(er)*?, my; =—3(er)*’. (5.16)
The accepted values in literature are Cy = 5 (Anfossi et al. 2000) and Cx =
4.02 x 0.5 = 2.01 (Sreenivasan 1995). The longitudinal flatness value considered here
is myo/m3 o = 174/49 ~ 3.55, even if a non-constant value of the flatness with respect
to r is evident in figure 4. The flatness value increases when the Reynolds number
increases (Antonia, Satyaprakash & Chambers 1982; Pearson & Antonia 2001). In



374 G. Pagnini

102
101 L
10°F
107!
1072
1073
107 . . . .
10 107! 100 10! 102 10°
@) o
100F
SLX/(E [) -
SL},/(g [) ...........
SLZ/(E [) -----
5
10! . , . .
1072 107! 10° 10! 102 0

i,

FIGURE 2. The second-order Lagrangian structure function in Cartesian coordinates
S = Cpet computed from the DNS data at R, = 284 (Biferale et al. 2005): Cy = 5.

the literature, flatness values are found to be approximately 4 (see Antonia et al. 1982,
1997; Hill & Wilczak 1995, 2001).

Another important dimensionless fourth-order moment is the ratio H =
my2/(2my), because it is strongly related to the longitudinal pressure—gradient
velocity—velocity structure function (Hill & Boratav 2001). From (5.16), H =
208/435 ~ 0.48, which is in agreement with literature values. In fact, H is determined
as H = 5/9, with the random sweeping approximation (Hill & Boratav 2001), or as
H = 4/9, with the Ould-Rouis et al. (1996) approximation formula. Moreover, experi-
ments give H = 0.43 (Hill & Wilczak 1995) and H = 0.44r°% (Nelkin & Chen 1998).

Finally, from (5.14) and (5.16) the coupling constant is determined as p =
—3653/651 ~ —5.6 and the drift term a; becomes

2
. <_u_7u+1ui_3653m> oy (517)

tr)y 3r 2r 651 r r r

5.3.2. Evaluation of neglect of intermittency on the Markov model

It is well known that the high-order Eulerian statistics are affected by intermittency
and Reynolds-number dependence (Antonia et al. 1982; Frisch 1996; Pearson &
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FIGURE 3. The Eulerian structure functions my g, ma,9, mz 2, ms 1 computed from the DNS data
at R, = 284 (Biferale et al. 2005). (b) The horizontal lines correspond, from the top to the
bottom, to the values: 87, 52, 35/2, 31/20.

Antonia 2001), and this effect is evident from the fourth order. However, the current
model is non-intermittent so a measure of the departure from the K41 power law is
important. Following (Hill & Wilczak 1995), in the inertial range

mag = Caoe’rl, q=4/3—¢, (5.18)

where C,4¢ depends on the macrostructure of the flow and has the dimension of
length raised to the power ¢’. This intermittency correction ¢’ depends on the
value of the intermittency parameter w and the intermittency model adopted:
from literature measurements, © = 0.20 (Sreenivasan & Kailasnath 1993) or 0.25
(Praskovsky & Oncley 1994), and from theory, u = 2/9 (She & Leveque 1994).
Moreover, with the log-normal model ¢’ = 21/9 and then ¢’ is 0.044 and 0.055
for the two experimental values of w. With the B-model ¢’ is equal to 0.067
and 0.083; the log-Poisson model ¢’ = 0.054 (theoretical u = 2/9), the log-Lévy
model ¢’ = 0.06. For the definition of ¢’ in the intermittency models see table 1 in
Anselmet, Antonia & Danaila (2001), but note that there is a misprint. In fact, if
in the log-Lévy model (e7) ~ (L/r)X?) then m, o ~ r?/3(el3) ~ rP3=Kw/3) and so
&, =p/3—Cil(p/3)*—(p/3)]/(¢ —1). From formula = 2 —& and the experimental
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FIGURE 4. Eulerian longitudinal flatness F = mg,/(m2,0)* computed from the DNS data at
R, = 284 (Biferale et al. 2005). Line F = 3 corresponds to a Gaussian density value while
F = 174/49 is the flatness value obtained from (5.15)—(5.16) and considered in the present
model.

measures {¢ = 1.5, C; = 0.15}, the intermittency parameter is determined as p ~ 0.25.
With the misprinted formula &, = p/3—C;[p?*—p]/(¢—1), ¢’ becomes 1.2 and u ~ 2.6,
which is too high when compared to the previous values. In conclusion, after this
short review, disregarding the intermittency has little influence on the Markov model
because very small differences from the 4/3 power law occur.

5.4. Numerical results
5.4.1. Numerical simulation set-up

The numerical simulations of the model are performed with the initial conditions
{ri=r=r;=ro/3} and {u; = \/F,u = u3 = \/G}, where {r;, u;;i = 1,3} are the
particle separation and the velocity difference in Cartesian coordinates, respectively,
F is the longitudinal second-order structure function F = Cg(erg)?”? and G the
perpendicular one, which is determined as G = 4F/3 from the following formula
(Monin & Yaglom 1975, p. 106):

2 ” 2 rdu)
(wh) = () = (uh) + 55

Since the form of pp is unknown, the initial velocity distribution does not meet
the initial condition of (1.3). From this choice r;r; = r5, uj = (u;ri/r)> = F and
ut = uu; — u‘z‘ = 2G. The initial separation is oy = 2.4n, and the time step d¢ is fixed
at a value of dr = 107>, The statistical moments are computed with 2000 particle
pairs and the probability density functions by averaging 10 independent runs.
Moreover, Lagrangian stochastic model formulation requires the knowledge of
some turbulent flow parameters, i.e &, Cy, Cg. In particular, ¢ = 0.81 (see table 1) and

Co =5 and Cx = 7/4 (5.15).

(5.19)

o=

5.4.2. Particle separation density function

Particle separation is described well in the inertial range by Richardson’s (1926)
suggestion. Later on, Richardson’s ideas were formalized by Obukhov (1941) and
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t 34.851, 55.77t, 69.707,
(r) 0.69 1.38 1.93
(r)pNs 0.50 1.14 1.66
(r?) 0.56 2.25 4.40
(r¥) pNs 0.42 1.94 4.00
S 0.80 0.84 0.84
SpN's 1.47 1.24 1.13
K 3.65 378 3.82
KpNs 5.92 4.94 4.49

TaBLE 3. Mean, variance, skewness S = ((r —{r))*)/{(r — (r))?)3/? and kurtosis K = ((r—(r))*)/
{(r — {r))*)? of r computed by the PDF data of the model and DNS with R; = 284 at times:
34.85t,, 55.77t,, 69.707,. For the Gaussian PDF {Ss = 0.5; K = 3.1} and for the Richardson
PDF {Sg = 1.7 Kz = 7.8).

Batchelor (1950). In particular, the Richardson scheme is based on the idea of a
spatial power law of the diffusion coefficient, i.e. K(r) = ar*® (Richardson 4/3 law).
Inserting K(r) into the diffusion equation the PDF of the particle separation gives

30 /3\° 9r2/3
pr(r;t) = 4Tcr2W <2) (at) " exp {— o } , (5.20)

which is called the Richardson density function. This probability density pr is
confirmed by experiments (Ott & Mann 2000) and DNS (Boffetta & Sokolov 2002;
Yeung & Borgas 2004).

The comparison of the probability density of r among model (5.17), DNS, Gaussian
and Richardson PDFs (5.20) is shown in figures 5 and 6 at three different time values,
ie. t = 34.851,, t = 55.77t, and ¢t = 69.707,. In these plots, the PDFs are multiplied
by ({(r?) — (r)*)/? and plotted against (r — (r))/({r?) — {r)*)'/* to reduce the difference
related to the specific numerical value of the moments as well as to highlight the
scaling laws. This causes negative values in the abscissa. Since the viscous range is not
modelled, the PDF of the model is quasi-Gaussian for low r, whereas a good scaling,
close to that of the PDF of DNS, is observed for inertial range separation. However,
in general, the particle separation density function generated by model (5.17) is not
Gaussian (see table 3). The difference in the particle separation density functions
at low r (figures 5-6) is generated by the different duration of the ballistic regime
between the model and DNS (see also figures 7-9). In fact, strongly different physical
conditions occur for low r. In the model, the viscous effects are completely neglected
(the velocity initial condition is F = Ck(ery)*?) whereas in DNS they are dominant
because of the low Reynolds number (F ~ r?).

This means that in DNS, when two particles are so close that they are in the
viscous range, they require more time to return to an inertial range separation than
particle pairs in the model. This causes a higher probability of finding a particle pair
with small r in DNS than in the stochastic model. Furthermore, by increasing time
towards the inertial range, the difference between the model and DNS decreases in
all statistics, as can be seen in figures 5 and 6.

With a more complex model the viscous effects can be considered and therefore the
small time and small separation behaviour can be correctly described, as highlighted
in (Borgas & Yeung 2004) with a quasi-one dimensional approach and in (Heppe
1998) with a non-Markovian model.
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FiGure 5. Comparison of the PDF of r among the model (MOD), DNS, Richardson PDF
(RICH) and Gaussian PDF (GAUSS) at times ¢t = 34.85t,, 55.76t,, 69.707,. The Reynolds
number of DNS data is R; = 284 (Biferale et al. 2005).
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FIGURE 6. Comparison, on linear-log scales, of the PDF of r among the model (MOD), DNS,
Richardson PDF (RICH) and Gaussian PDF (GAUSS) at times ¢ = 34.85t,, 55.76t,, 69.707,.

The Reynolds number of DNS data is R, = 284 (Biferale et al. 2005).
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5.4.3. Particle separation statistics

When the variance of the particle separation (r?) is computed using pr (5.20), the
so-called Richardson ¢ law is obtained

(r?)y = get®, (5.21)

where g = ¢71(143/3)(20/3)? is a universal constant. The value of the Richardson
constant g ranges between 0.06 and 6 (Ott & Mann 2000). Experimental measurements
by Ott & Mann (2000) and DNS (Boffetta & Sokolov 2002) give ¢ = 0.5, and Berg
et al. (2006) experimentally found g = 0.55 + 0.05. Moreover, with extrapolation to
the large-Reynolds-number limit, Sawford, Yeung & Hackl (2008) obtained by the
analysis of several DNS datasets, g = 0.55 — 0.57. In the inertial range, neglecting
intermittency, from the dimensional analysis, (") = g,&"/*t>/?, where g, are universal
constants and g, = g is the Richardson constant. An important feature of Lagrangian
models is their ability to reproduce the ¢* law (5.21) with a value of g in agreement
with the experimental and DNS literature value.

Figures 7, 8 and 9 show the plots of the mean separation (r), the root mean square
separation (r?)!/?> and the mean square separation (r?), respectively. The model and
DNS are compared with respect to the ballistic and inertial scalings and the fits shown
in the plots are those with the corresponding universal constants. In these figures,
the inertial range dimensional behaviour of the model statistics is evident, whereas
that of DNS is affected by low-Reynolds-number and viscous effects. In particular,
in figure 7, constant g is fitted as g = 0.6 and, in figure 9, the Richardson constant
of the Lagrangian model and that of DNS are very close and the value g = 0.43
has been taken. This value is in better agreement with experimental (Ott & Mann
2000; Berg et al. 2006) and DNS (Boffetta & Sokolov 2002; Ishihara & Kaneda 2002)
literature values than other stochastic models, see §5.5.1 and table 4.

A difference between the model and DNS after the ballistic regime is evident in
figures 7, 8 and 9. However, comparing this discrepancy for (r?)!/> and (r), which
from the above non-intermittent dimensional analysis have the same power law, it is
clearly less for (r?)!/? (figure 8) than for (r) (figure 7). This suggests different scalings
and may be the result of intermittency effects. In fact, as Novikov (1989) pointed out,
(r?) is the only statistic not affected by intermittency corrections. This can also be the
explanation for the good performance of the Markov model to capturing (r?), even
if the DNS data are intermittent.

An important test for the model is to verify its ability to reproduce the ¢* law, with
a Richardson constant g in agreement with the literature value, even in standard case
studies which are not related to the particular DNS dataset by Biferale et al. (2005).
Details of this analysis are presented in Appendix C. It follows that for Cx = 2.1,
as suggested by Sreenivasan (1995), and Cy = 5, 6 and 7, the values of g obtained
are 0.45, 0.55 and 0.65, respectively. Moreover, setting Cx = 2 and Cy = 6, in both
case studies 012[, =¢ =1 and 7, = A = 1, the Richardson constant turns out to be
0.55. These results show a very good agreement of the model with the experimentally
measured Richardson constant g = 0.55 + 0.05 by Berg et al. (2006) and with the
extrapolation to the large-Reynolds-number limit g = 0.55—0.57 derived by Sawford
et al. (2008).

5.5. Performance comparison with other models
5.5.1. The value of the Richardson constant

After the comparisons with other well-mixed models, with respect to the theoretical
formulation, now the model performances are compared with respect to the value of
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FiGURE 7. Comparison between the model (MOD) and DNS of the ballistic and inertial
scalings of (r). The dotted straight line is the fit in the inertial range of the universal constant
that emerges from dimensional analysis. The Reynolds number of DNS data is R, = 284

(Biferale et al. 2005).

the Richardson constant g. For this purpose, moments approximated models are also
included (Pedrizzetti & Novikov 1994; Heppe 1998). In the present study, a good fit
of the DNS data and the model is found for g = 0.43. The reference literature value
is g ~ 0.5 (Ott & Mann 2000; Boffetta & Sokolov 2002; Ishihara & Kaneda 2002;
Berg et al. 2006).

Since Lagrangian stochastic models in the well-mixed class depend on a
dimensionless parameter 8, which is the Lagrangian-to-Eulerian scale ratio (Maurizi,
Pagnini & Tampieri 2004, 2006), the comparison of performances is done with the
same value of 8 for all models. This parameter 8 can be related to the universal
constants Cy and Ck in the following way. Let S; and Sg be the second-order structure
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FIGURE 8. As figure 7, but for scalings of (r?)!1/2.

functions in the Lagrangian and in the Eulerian frame, respectively, given by
S = 2012p t/tp = Cost, Sg = 2(712p (1"//1)2/3 = CK(er)2/3,

where 7, denotes the Tennekes Lagrangian time scale defined by (4.18). A similar
definition for Eulerian length scale (Maurizi et al. 2004, 2006)

s et [ 200 " 5.0
l=¢ e (5.22)

follows. From (5.15), table 1 and o7, = u?, ., the length scale 4 is determined to be

rms>

A = 7.41. Combining (4.18) and (5.221)0 the dimensionless parameter 8 can be expressed
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To perform numerical simulations of model (5.17) the value of 8 must be determined.
This requires S to be computed with Eulerian and Lagrangian quantities measured
in the same experiment or DNS. From the DNS data analysed, the parameter 8 is
determined as B = (7/4)* 2/(S\E) ~ 0.33. Eulerian and Lagrangian quantities from
the same experiment or DNS seems to be unavailable in literature as yet. Moreover,
Eulerian and Lagrangian parameters measured by the same DNS are not used to
construct models in the intercomparisons between stochastic models and DNS (Heppe
1998; Borgas & Yeung 2004). It is important to remark that here, differently from

(5.23)
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Models g Ck Co B
Present model (DNS comparison) 0.43 7/4 5 0.33
Present model (standard case study, Appendix C) 0.55 2 6 0.33

Well-mixed models with Gaussian PDF
Borgas & Sawford (1994):

Model (4.2a) 0.6 2 6 0.33

Model (4.3) 1.16 2 6 0.33

Model (7.6) with ¢ = —0.4 0.9 2 6 0.33

Thomson (1990) 1.1 2 6 0.33
Quasi-one-dimensional well-mixed models

Borgas & Yeung (1998) 1.7 2 6 0.33

Kurbanmuradov et al. (2001):

Bi-Gaussian PDF (o7 = o2) 1.67 2 6 0.33

Bi-Gaussian PDF (u; /01 = —pa/07) 2.27 2 6 0.33

Gaussian PDF 2.8 2 6 0.33

Sawford et al. (2005):

Tri-Gaussian PDF (1, 0.929) 1.14 2 7 0.29
Moments approximated models

Pedrizzetti & Novikov (1994) (¢ =9.5, y =3) 0.122 2 7.1 0.28

Heppe (1998) 0.44 2 16/3 0.37

TaBLE 4. The g values of Borgas & Sawford (1994) are taken from the data file of figure 2 in
Maurizi et al. (2006), the other values from Kurbanmuradov et al. (2001) except those from
Pedrizzetti & Novikov (1994) and Sawford et al. (2005), which are taken from the original
papers. For the meaning of the model parameters please refer to the original papers.

previous model-DNS intercomparisons (Heppe 1998; Borgas & Yeung 2004), the
Eulerian statistics used are those measured from the same DNS as the Lagrangian
statistics and not literature values. The comparison of the values of the Richardson
constant obtained with the present and other models for 8 ~ 0.33 are shown in table 4.

The comparison with Pedrizzetti (1999) and Borgas & Yeung (2004) models is not
included. In particular, the comparison with the Pedrizzetti (1999) model is not shown
in table 4, because the B value in the original paper is not comparable; however,
for the same model in Kurbanmuradov et al. (2001) it is shown that g = 0.35 when
B =02 (Cx =2, Cy = 10.25). Also, the comparison with Borgas & Yeung (2004)
is not possible because they have 8 = 0.23 (Cx = 2.1, Cy = 9) and, furthermore,
because their results are the consequence of the collective choice of a number of
free parameters tuned for optimal agreement with their DNS data. Here, the good
agreement with the DNS g value follows from no free tunable parameter.

From the analysis of table 4, it follows that, even if qualitatively in agreement with
the DNS data, the quasi-one-dimensional model, predicts higher value of g. The same
conclusion is reported in Kurbanmuradov et al. (2001). Moreover, for what concerns
the tri-Gaussian quasi-one-dimensional model (Kurbanmuradov 1997), besides the
value of g given in Sawford et al. (2005) and reported in table 4, we can estimate
from figure 2(a) in Sawford et al. (2005) that g ~ 2 when 8 = 0.33 (Cx =2, Cy = 6)
for both couples of parameters (0.2, 0.827) and (1, 0.929).

A comparison similar to the present is made by Reynolds (1999b) using a one-
dimensional and a quasi-one-dimensional model with Gaussian and maximum missing
information (MMI) density functions. Unfortunately, this study uses 8 = 1 (Cx =
Co = 2). However, he observes an overestimation of g by the quasi-one-dimensional
model. In fact, for the one-dimensional model, g = 1.26 (Gaussian PDF) and g = 0.56
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FIGURE 10. The model agreement with the Franzese—Cassiani formula (5.24) for three
different values of Cy (2, 5, 15) and the predicted values of g (0.18, 0.45, 1.36).

(MMI PDF); for the quasi-one-dimensional model, g = 13.6 (Gaussian PDF) and
g = 1.0 (MMI PDF).

Finally, with regard to the Richardson constant, it can be said that, generally, the
present model is in better agreement with the literature value than other models.
The same good agreement occurs with the Gaussian well-mixed model by Borgas &
Sawford (1994) called ‘model (4.2a)’ and the moments approximated model by Heppe
(1998).

5.5.2. The consistency with the Franzese—Cassiani formula

An important and surprising result of the present model is the excellent agreement
with the recent statistical theory of turbulent relative dispersion by Franzese &
Cassiani (2007). They theoretically derived the following formula (formula (8.1) in
their paper):

g = (186 — 44)C,. (5.24)

To compare the model with the Franzese—Cassiani formula (5.24), parameter p

(5.14) has to be computed for different values of Cy and Cg. Formula (5.23) yields

Cx = (\/Ecolg)zﬂ,
where B can be considered a ‘universal constant’ when expressed in terms of the
universal constants Cy and Cg (5.23). In this case, 8 must be fixed for every {Cy, Cx}
pair and, in particular, from the DNS data analysed, g is equal to (7/4)%> /(5\/5) ~
0.33. Subsequently, taking this ‘universal’ value of 8, for every simulation, the values
of Cx and p are given by

7 (c0>2/3 4613 — 960(C,/5)"/?
3 ,0 = -

=317 651 :

with Cx = 7/4 and p = —3653/651 when Cy = 5. The agreement with (5.24) is
shown in figure 10 where (r?) is plotted for three different values of Cy (2, 5, 15) and
compared with the three predictions of g (0.18,0.45, 1.36).
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6. Discussion and conclusions

It is well known that there is important non-uniqueness in two-particle Markovian
stochastic models of dispersion (Borgas & Sawford 1994). Despite this, a valid
application of the stochastic-model approach for describing Lagrangian statistics in
turbulent flow can be found in Borgas & Yeung (2004). They show that stochastic
models, when properly formulated, are efficient representations of the turbulent
dispersion process. Moreover, the non-Markovian aspect related to the viscous range
can be modelled well (see Heppe 1998).

The present paper is focused on the non-uniqueness problem. Starting from
turbulent flows being rotational, the physical picture of a fluid particle pair as a
couple of material points rotating around their centre of mass is proposed to model
turbulent relative dispersion in the inertial range. Coupling this physical picture with
the well-mixed condition, a way to kinematically construct the acceleration field is
obtained, leading to a constraint for the non-uniqueness problem.

The formulation proposed is based on the particle pair rotation that is represented
with an explicit angular velocity derived from two-particle mechanics. This angular
velocity is an important element for the consistency of the derived stochastic process
with some turbulent-flow characteristics, especially in comparison with previous
formulations. In particular, it is consistent with the following characteristics: (i)
the statistical dependence between the longitudinal and orthogonal components of
the velocity difference vector; (ii) the non-null vorticity field; and (iii) the small-
length-scale limit and the large-fluctuation regime. The first characteristic is a
fundamental aspect of the Navier—Stokes equations that, instead, is not satisfied
by the Kurbanmuradov quasi-one-dimensional assumption closure scheme and by the
non-unique Gaussian models. In the formulation proposed, the above property is due
to the non-null angular velocity, but, notwithstanding this, its effects on the mean
rotation are null and the isotropy is preserved. Furthermore, the consistency with the
Navier—Stokes equations is observed also in respect of a non-null vorticity field. In
fact, it is shown that the non-zero angular velocity of the particle pair preserves a
non-null vorticity field. This also means that every model with a zero angular velocity
is not consistent with a non-null vorticity field. Finally, the small-length-scale limit
and the large-fluctuation regime are analysed and the formulation proposed is better
than the previous ones. In particular, the quasi-one-dimensional-approach models
cannot be reduced to the small-length-scale limit and, moreover, when based on the
quasi-one-dimensional assumption, they cannot be formulated in the large-fluctuation
regime because of the non-factorizable Eulerian density. The non-unique Gaussian
models do not satisfy the large-fluctuation regime.

A simple Markov model is also developed as a merely illustrative application of
the formulation proposed. The viscous range is not modelled to avoid introducing
complexity, physical approximations and free parameters, and to highlight the inertial
range behaviour. Despite its simplicity, in the inertial range, the model is consistent
with more Eulerian statistical moments than previous models in literature and a
good agreement is observed with DNS data both for statistics and probability
density function of particle separation. Moreover, the comparison on the value of the
Richardson constant g with several models clearly shows that the model proposed
performs better than the others and it is at the same level as the Gaussian well-
mixed model by Borgas & Sawford (1994) called ‘model (4.2a) and the moments
approximated model by Heppe (1998). In particular, the value of the Richardson
constant g is equal to 0.43, in agreement with the literature value. Finally, the present
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model turns out to be in agreement with the formula to relate g and C, derived by
Franzese & Cassiani (2007).

Recall that all the good performances of the model are obtained without any
free tunable parameters. This remarkable fact supports the formulation proposed.
However, it must be remarked also that the model parameter p (5.14) is determined
using values of the constant factors of some Eulerian statistics (5.15) and (5.16)
computed by the same DNS dataset considered for the comparison. This means that,
in principle, in order to have a consistent comparison with another DNS dataset, the
parameter p must be re-computed. In fact, different values of the constant factors of
the Eulerian statistics can occur, expecially for DNS datasets with distinct Reynolds
numbers, and then a different value of the parameter p follows. With respect to this
issue, also some standard case studies are analysed to test the model performances
in situations independent of the DNS dataset by Biferale et al. (2005). In these cases,
the Richardson constant of the model ranges from 0.45 to 0.65. In particular, setting
Cx = 2.1 and Cy = 6, or in both case studies alzp =¢=1and r;y = 1 =1 with
Cx = 2 and Cy = 6, the Richardson constant turns out to be 0.55, which is in very
good agreement with the experimental measure g = 0.55+0.05 (Berg et al. 2006) and
the estimation g = 0.55 — 0.57 by Sawford et al. (2008). The model performs very
well also in standard situations and not only when compared with the DNS data by
Biferale et al. (2005). This last result is an independent positive confirmation of the
model and the formulation proposed.
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Appendix A. Kinematics in the rotational case
A.1. Angular momentum and angular velocity

In mechanics, the rotation around a point is the consequence of a non-zero angular
momentum M, which is defined for a particle with unitary mass as (Landau & Lifshitz
1960, p. 19)

M=dxd, (A1)

where d is the separation between the particle and the point and d = dd/dr. The
angular velocity @ is defined as (Landau & Lifshitz 1960, p. 106)

Mi = Iik@ka (AZ)

where I,y = d*8;; — d;dy is the inertial momentum tensor (Landau & Lifshitz 1960,
p- 99). Generally, when the particle moves, the modulus and the direction of ® change.
Moreover, M and @ usually have different directions, except in the special cases when
the rotation occurs around one of the symmetry axes (Landau & Lifshitz 1960, p. 106).
One of these special cases is that of a solid line. Such a system is called a rotator. The
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characteristic property which distinguishes a rotator from other bodies is that it has
only two, not three, rotational degrees of freedom, corresponding to rotations about
the two axes perpendicular to the solid line: it is clearly meaningless to speak of the
rotation of a straight line about itself (Landau & Lifshitz 1960, p. 101). In this special
case, the inertial momentum tensor I;; becomes a diagonal matrix with I;; = d> and
I; =0 for i # k, then from (A 2)

=d’e. (A3)
The combination of (A1) and (A 3) gives

@——Mxm (A 4)

However, formulae (A 3) and (A4) hold also in the case of a particle whose
translational motion occur only radially with respect to a point. In fact, it is similar
to the following situations: (a) a sequence of particles along a solid body line rotating
around one of its two extremes and at any instant ¢ only the particle located in d(¢)
is considered, or (b) a particle forced to move along a solid line track rotating around
one of its two extremes and at time ¢ the particle is located at distance d(¢) from the
fixed extreme. In other words, the positional vector of a particle that can move only
radially along a line in two different instants defines a plane, a rotational angle 0, a
rotational axis perpendicular to the plane, and an angular velocity @ = df/dr aligned
with the rotational axis. This rotational axis is then perpendicular to the positional
vector, 1.e. @ L d.

A.2. The Lagrangian relative velocity

In the case of relative dispersion of two fluid particles, the centre of mass of the
system can be considered as the origin of a non-inertial reference frame, where
reM = (rV + r?)/2 and uM = (u') + u?)/2 are its position and its velocity,
respectively. The three-dimensional separation r = r'') —r? is an axis of this reference
frame. By definition, the centre of mass falls on the line joining the two particles for
all times. Since each particle can move only radially in this frame, it is possible to
apply the previous arguments. The velocity vector of the particles is

u =y M4y,

where V) is the i-particle velocity in the non-inertial system. The particles considered
are fluid particles and not material points of a solid body, therefore their translational
motion in the non-inertial frame is non-zero.} As a consequence, their motion is the
sum of a translational V' and a rotational V'’ component, i.e. V) = V) 4+- V) If the
origin of the non- 1nert1al frame is the centre of mass of the two partlcles the partlcles
can move only radially along r and the translation velocity is V (uH CMyp/r.
The rotational part is V(’ = 29 x (r®» — rM) where 27 is the angular ve1001ty
Finally,

W = u o+ () ) E 4 @0 (70 — M), (AS)
From (A 5), the velocity of each particle is
uV = 4 4 ( Hl) — uﬁM): + 2 x (rV —r

— uM 4 ( (Hl) B uﬁM) + o0 «

—

CM)

(A6)

l\)\‘:
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u? = uM (uf) — uﬁM); + 2% x (r(z) — rCM)

r r
=uM 4 (u(Hz) — uﬁM); — 29 x

5
Since r') — r™ = r/2 and r® — r™ = —r/2 are used, different signs in front of the
rotational component of (A 6) and (A 7) result.

In the centre-of-mass frame, the translational movement of the particles is always
radial along line r, therefore the previous arguments (A 1)—(A 4) can be applied with
d" = r) — pM 5o that dV) = —d® = r/2 and d* = r?/4. From (A 4), the angular
velocity of each particle is

(A7)

Q= = (P —rew) x (1) —ucw)]. (A8)
Substituting u') — ucy = u/2 and u'® —ucy = —u/2 in (AR) gives
4 (r u
o _on_4(r u
2\27°2

1
= S(rxu). (A9)

Finally, from (A 5)-(A9), the Lagrangian relative velocity can be written as

u=uh_ 4@

r
= ()’ =)~ + (29 + 27) x 3

r 1
—uH;—i-r—z(rxu)xr
—u @ xr, (A 10)
where
2= rlz(r X u). (A11)

Appendix B. Proof of (3.23)
Taking the time derivative of (3.1) gives

2 u? .
A:d":<A+"l>r+52xu+”u—r+szxr, (B1)
dt r)r r ror
where, if (3.2) holds,
N dﬂ . 1 MH
2= =5 [(rxA) 27(r><u)}. (B2)

It is possible to show for substitution that, when (3.1) and (3.2) hold, a solution of
(34) is

ul\ r
A:<A+>+52xu. (B3)
r r
This means that the following formula must be proved
2
. u
@xr+y Ty (B4)
r rr
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Before starting the proof of (B4), the following formulae are reminded

PXq=—qxp, px(g@xp)=q(p-p)—pq-p),

where p and ¢ are two generic vectors, u> = u -+ u = uﬁ + ui and
1 1
R xu=S(rxu)Xu=—=ux(rxu)
r r

=l w) — ()]

2

__wr. un
orr o
Hence, from (B 2)
: LT u
R xr=—=|(rxA)xXr=2—(rxu)xr
r2| r
LT u
= rx(Axr)—2 rx(uxr)}
LT
== Arz—r(A'r)—2Mur2+2ur(u'r)}
r?| r r

rooy ”ﬁr
=A—A- -2 ut2—

rr
2
=A— Aui—2ﬂu—|—2u d 27L£
r rr
uL u uzr uir
—A— (A +22) I _ Ay nr
r r r r r
r uy U Mﬁr
=A—<A+>—.Q><u—u+
r r r r r r
2
u
= Uy LT (B5)
r rr

Appendix C. Model performances in standard case studies

In order to analyse the model performances in situations independent of the DNS
dataset by Biferale et al. (2005), the Richardson constant is computed for three
standard case studies: (i) the case when the universal constant Cx assumes the
literature value 2.1 (Sreenivasan 1995); (ii) when the values of the parameter pair
(alzp, ¢), which are the one-point velocity variance and the turbulent kinetic energy
dissipation, are taken equal to 1; and (iii) when the values of the pair (t;, 1), which
are the Tennekes Lagrangian time scale (4.18) and the Eulerian length scale (5.22),
are taken equal to 1.

The model is dependent on the parameter p (5.14), which is a function of Ckg, Co,
Mg, My, and m3 1 (5.15) and (5.16). This suggests that different values of the constant
factors of the Eulerian statistics m; ; give a different determination of p. However, for
the purpose of highlighting the dependence of the parameter p on Cx and Cy, the
values of my 0, my, and m;; given in (5.16) are preserved, then from (5.14) follows:

659 16 Cy

P =—357

16 Co 1
93 " 31Cx 1)
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FIGURE 11. Plots of the variance of the particle separation (r?) with Cx = 2.1 and Cy = 5
(continuos line), Cy = 6 (dotted line) and Cy = 7 (dash-dotted line). The dotted straight lines
are the fits with the corresponding Richardson constant: g = 0.45, 0.55 and 0.65.

The numerical simulations in the first case study are performed with 2000 particle
pairs and the same conditions as in § 5.4.1. Moreover, they can be performed in two
ways: first, with p determined as in (C 1) and second, with p = —3653/651 as in the
rest of this paper. The plots of (r?) for p determined as in (C 1), which are very similar
to the case p = —3653/651, are shown in figure 11 for Cy = 5, 6 and 7, respectively.
The estimations of the Richardson constant turn out to be g = 0.45, 0.55 and 0.65,
for the three values of Co = 5, 6 and 7, respectively.

For the other two case studies, the simulations are performed with 2000 particle
pairs setting time step dr = 107>, the initial separation ry = 10734, Cx =2, Co = 6
and p = —3653/651. When 012[, = ¢ = 1, the Tennekes Lagrangian time scale (4.18)
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FIGURE 12. Plots of the variance of the particle separation (r2) in the case studies 012[, =e=1

(continuos line) and 7, = A = 1 (dotted line) with Cx = 2 and Cy = 6. The dotted straight
line is the fit with the Richardson constant: g = 0.55.

and the Eulerian length scale 4 (5.22) are determined as

3/2
J_ 20, o, 129
L7 coe 3 77 e\ ck ’

and when 7, = A = 1 the parameters crlzp and ¢ are determined as

21 .1
%p =9 €=

The results of these second and third case studies are shown in figure 12 and in both
cases the Richardson constant turns out to be g = 0.55. These results are in very good
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agreement with the experimental value of the Richardson constant g = 0.55 + 0.05
(Berg et al. 2006) and the large-Reynolds-number limit estimation g = 0.55—0.57 by
Sawford et al. (2008).
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