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Inertial particles in turbulent flows are characterised by preferential concentration and
segregation and, at sufficient mass loading, dense particle clusters may spontaneously
arise due to momentum coupling between the phases. These clusters, in turn, can
generate and sustain turbulence in the fluid phase, which we refer to as cluster-induced
turbulence (CIT). In the present work, we tackle the problem of developing a
framework for the stochastic modelling of moderately dense particle-laden flows,
based on a Lagrangian probability-density-function formalism. This framework
includes the Eulerian approach, and hence can be useful also for the development of
two-fluid models. A rigorous formalism and a general model have been put forward
focusing, in particular, on the two ingredients that are key in moderately dense
flows, namely, two-way coupling in the carrier phase, and the decomposition of
the particle-phase velocity into its spatially correlated and uncorrelated components.
Specifically, this last contribution allows us to identify in the stochastic model the
contributions due to the correlated fluctuating energy and to the granular temperature
of the particle phase, which determine the time scale for particle—particle collisions.
The model is then validated and assessed against direct-numerical-simulation data
for homogeneous configurations of increasing difficulty: (i) homogeneous isotropic
turbulence, (ii) decaying and shear turbulence and (iii) CIT.
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1. Introduction

Particle-laden flows represent an important class of natural and industrial flows
(Crowe et al. 2011). In many applications, these flows are heavily loaded with
particles (Stickel & Powell 2005; Forterre & Pouliquen 2008; Guazzelli & Morris
2011) and are often turbulent (Balachandar & Eaton 2010). Given the complexity
of the physical phenomena involved in such flows, they remain relatively poorly
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understood and, notably, the formulation of physically sound reduced models is
mandatory for practical purposes. To guide this development it is very useful to
disentangle the different physical mechanisms at play, and in particular to understand
how to cope with the effect of increasing the particle mass loading and the consequent
growing importance of collisions and two-way coupling. Indeed, the back reaction
exerted by the particles on the fluid gives rise to an extra complexity in modelling
(Elghobashi 1994). The understanding of the mechanisms at play, even at a purely
qualitative level, is an important subject of research for developing efficient models
of relevance to applications (Post & Abraham 2002; Jenny, Roekaerts & Beishuizen
2012; Gualtieri, Battista & Casciola 2017). Unfortunately, it is hard to find clear-cut
frontiers between the different regimes (Elghobashi & Truesdell 1992), and thus some
heuristic considerations are always needed.

Generally speaking, two classes of probability-density-function (pdf) modelling
approaches can be chosen for turbulent flows, namely, Eulerian and Lagrangian (Pope
2000). When the flow is dilute or moderately dense, the Lagrangian pdf approach is
mature (Minier, Chibbaro & Pope 2014) and has the desirable features detailed below
(Peirano et al. 2006). On the other hand, when the volume occupied by the particles
is relatively large, collisions are completely dominant, the matter becomes granular,
turbulence is absent (or has no effect on the particles) and a hydrodynamic approach
is often natural (Puglisi 2014). We consider in this work the intermediate regime of
moderately dense turbulent flows, which is less clear.

From a historical perspective, turbulence models for dense flows have been
developed in an Eulerian pdf framework on a purely heuristic grounds in analogy with
single-phase models (Elghobashi & Abou-Arab 1983; Viollet & Simonin 1994). Only
recently, it has been shown that most of those models suffer from some drawbacks and
a more rigorous approach has been followed to formulate a complete Reynolds-stress
model (Fox 2014). From a modelling point of view, the key, but often overlooked,
point for the modelling of turbulent dense flows seems to be the separation between
the spatially correlated part, contributing to the turbulent kinetic energy, and the
uncorrelated part, responsible for the granular temperature (Dasgupta, Jackson &
Sundaresan 1994; Février, Simonin & Squires 2005). This decomposition is motivated
by several works in the literature (Capecelatro, Desjardins & Fox 2015, 2016b) which
pointed out that it leads to a clear distinction between the particle turbulent kinetic
energy, related to the spatially correlated part, and the granular temperature due to
the uncorrelated part. These two quantities are driven by different mechanisms and
therefore need to be modelled separately in moderately dense flows (Capecelatro
et al. 2015). In particular, owing to the fact that particle—particle collisions are driven
by the spatially uncorrelated velocity component, this decomposition is thought to be
crucial for collisional flows. Based upon this decomposition, we have developed in
the present work a Lagrangian pdf approach, which leads to a stochastic model for
the particle phase, that has to be coupled with a consistent Reynolds-stress model for
the fluid.

There were several motivations for choosing a Lagrangian pdf approach: (i) it
is more intuitive for particle-laden flows and therefore relevant; (ii) some specific
issues are particularly arduous to tackle in the Eulerian pdf approach, requiring
the Lagrangian one, namely, local but nonlinear phenomena like polydispersity and
chemical reactions (Pope 2000; Fox 2003); (iii) the Lagrangian pdf approach provides
more detailed information, in particular the velocity of the fluid seen by particles
is available whereas it is not in Eulerian pdf models; moreover, it is possible to
capture the crossing-trajectory effect due to the mean drift of particles due to the
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spatial variation of fluid velocity (Minier & Peirano 2001); (iv) the possibility of
testing different models will provide insights into the role of each term, notably the
granular energy, in the development of the particle and fluid turbulence; (v) it is quite
difficult to propose sound and realisable Eulerian moment equations for the particle
phase, wherein many terms appear unclosed. The development of the Lagrangian
pdf approach also helps to derive consistent Eulerian pdf models, which cannot be
derived in other ways.

More specifically, in this work, we test two Lagrangian pdf models describing
the particle phase, coupled with Reynolds-averaged Eulerian equations for the fluid
phase. The first model is based on the velocity partitioning between correlated and
uncorrelated components. The second one is a simplified version, where only the total
particle velocity, derived as the sum of the two components, is resolved, leading to
the lack of distinction between the particle turbulent kinetic energy and the granular
temperature. We focus here on statistically homogeneous turbulence. In particular,
the goal of the paper is to understand if the pdf models are able to deal with the
momentum and energy exchange between phases, and the particle concentration
fluctuations. These ingredients are essential in all moderately dense particle-laden
flows, and therefore it is important to use the homogeneous cases in order to isolate
their modelling from other complex features present in inhomogeneous configurations
(e.g. spatial fluxes). In particular, we are interested in cluster-induced turbulence (CIT),
which occurs in fluid-particle flows when (i) the mean mass loading ¢, defined by
the ratio of the specific masses of the particle and fluid phases, is of order one
or larger; and (ii) the difference between the mean phase velocities is non-zero.
Interestingly, in statistically stationary flows, fluctuations in particle concentration can
generate and sustain fluid-phase turbulence, which we refer to as fully developed
CIT. Given that the density ratio p,/p; is very large in gas—particle flows, CIT is
ubiquitous in practical engineering and environmental flows when body forces or
inlet conditions generate a mean velocity difference, such as the gravity-driven flows
studied herein. Some fundamental properties of such flows have been recently studied
via Eulerian—Lagrangian numerical simulations (Capecelatro, Desjardins & Fox 2014;
Capecelatro et al. 2015), which will be used for comparison. Notably, the use of
models can be relevant to emphasise the mechanisms underlying the volume-fraction
fluctuations.

From a physical point of view, we want to assess the pdf models with respect
to their ability to reproduce the statistical features of both the particle and fluid
phases at high mass loading. It is well known that turbulent particle-laden flows
in the dilute limit, where the fluid-phase turbulence interacts with inertial particles
without significant feedback from the particles, display a preferential concentration
of particles in certain regions (Balkovsky, Falkovich & Fouxon 2001; Balachandar
& Eaton 2010). In particular, it is well established that dilute suspensions of heavy
particles in isotropic turbulence will preferentially concentrate in regions of high strain
rate and low vorticity (Eaton & Fessler 1994). When two-way coupling between the
phases is non-negligible, additional effects may be responsible for enhancing the
settling rate and spatial segregation of the particles. Among the possible effects, it is
worth mentioning the enhancement of particle settling velocity with increasing volume
fraction (Bosse, Kleiser & Meiburg 2006), and the creation of strong anisotropy due
to the crossing-trajectory effect (Ferrante & FElghobashi 2003) causing also a drag
reduction. However, even more impressive is the situation at higher mass loading,
where the fluctuating segregation of particles, together with collisions, have been
found to create large clusters that induce turbulence in a fluid otherwise at rest
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(Glasser, Sundaresan & Kevrekidis 1998; Capecelatro et al. 2015), giving rise to CIT.
Notably, in gravity-driven CIT, particles accumulate in regions of low vorticity, as is
seen in classical preferential concentration of low-mass-loading suspensions. However,
in CIT the vorticity is generated in shear layers between clusters, unlike in classical
preferential concentration, where vorticity would exist even in the absence of the
disperse phase.

The goal of the present work is precisely to understand whether the proposed
pdf models are capable of reproducing quantitatively the phenomena observed in
homogeneous particle-laden flows, and also to determine which elements are necessary
to trigger the instability leading to CIT.

The paper is organised as follows. In §2 we derive the exact Lagrangian pdf
equations, which are the starting point to build the pdf model. In § 3 the Lagrangian
pdf model for the particle phase is presented, followed in §4 by the one for the fluid
velocity seen by particles, and in §5 the Eulerian Reynolds-averaged (RA) model
for the fluid phase. Then, in §6 RA equations corresponding to the Lagrangian pdf
model and in §7 the complete set of fluid- and particle-phase RA equations are
specified for the statistically homogeneous case. In § 8, the models are applied to
increasingly more complex particle-laden flows and the results compared to data from
the literature, and finally in § 9, conclusions are drawn concerning the relative merits
of the proposed pdf models, along with a discussion of future challenges to be faced
with applying them to spatially inhomogeneous flows.

2. Rationale for the model construction

When dealing with fluid—particle flows, several levels of description are possible,
depending on the amount of information we retain and on the accuracy we are
willing to accept. A direct-numerical simulation (DNS) of the Navier—Stokes (NS)
equations where the fluid phase is completely resolved around particles, along with
the application of no-slip boundary conditions on the particle surface, is what we
refer to as the microscopic description (Ten Cate et al. 2004; Chouippe & Uhlmann
2015; Picano, Breugem & Brandt 2015; Tanaka 2017). It implies a large amount of
information to be handled, since we need a sufficient number of points per particle
diameter to describe accurately particle geometry and fluid—particle interactions.
Therefore the number of resolved particles is generally limited because of the high
computational demand, and this level of description is often unnecessary since
particles are small enough to justify a point-wise approximation (Gatignol 1983;
Maxey & Riley 1983), even though finite-size effects are important for small systems
(Pedley & Kessler 1992), and larger particles (Picano et al. 2013; Mehrabadi et al.
2018).

Adopting a Lagrangian point of view, small particles with a high particle—fluid
density ratio, p,/pf > 1, can be treated as point particles, where the equation of
motion for a particle (k) reduces to

davi¥  Usx,) — VY
d: _ f( p) ; —{—g—}—AE_k), (2.1

Tp
where U;(x,) is the fluid velocity at the particle position, g is gravitational
acceleration, A, is the acceleration term due to collisions and 71, is the particle
relaxation time )
Ppd,
T, = .
lgprf

2.2)
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Instead of building a pdf model directly on (2.1), we propose to do an intermediate
step where we apply a Lagrangian coarse-graining operator, f“(x® (1), V,, 1), to (2.1).
This function is the Lagrangian pdf counterpart of the kinetic approach developed
for rapid granular flows animated by elastic or inelastic collisions (Jenkins & Savage
1983; Brey et al. 1998; Brilliantov & Po6schel 2010), and used in the Eulerian pdf
description of turbulent flows (Capecelatro et al. 2015). Therefore, this procedure
allows us to find a Lagrangian pdf level of description. In particular, this operator is
a local average and yields a decomposition of the particle velocity into a spatially
correlated component and an uncorrelated one, as initially introduced by Février et al.
(2005) in the dilute case. Moreover the coarse-graining operator has the following
properties: (i) the residual part has zero mean; (ii) the residual part is uncorrelated
with the filtered part. With this definition, we have that the hydrodynamic or correlated
component is

V,x® ), 1 = / VL @R (), v, 1) dv,, (2.3)
and the complete velocity is given by
VO =V, ), 0+ 8V, (2.4)

where we have indicated the coarse-grained quantities with the tilde symbol . It is
interesting to remark that this coarse-graining shares some similarity with a recent
Lagrangian pdf large-eddy simulation filtering formalism applied to particle-laden
flows (Innocenti, Marchioli & Chibbaro 2016).

We can now apply the coarse-graining operator to (2.1), neglecting for the moment
the effect of collisions:

d/‘ii . 3%,:’ ‘7 3‘711,1‘ + 8‘3‘717,_1'\87@1 _ l~]fqi — vp-i

‘ . 25
dr ~ ar Mg, ox, ., 18 @)

The Lagrangian transport equation of fV,,,i can therefore be expressed as

dv,; 9V, v OV,

dt ot ""jTXJ
3‘71;' ~ V.. v,
= 2V, 48V,
8[ + P axj + p.J axj
Ui — Vy. BSm / Vi
- LN LA ) o

On the other hand, it is also possible to explicitly express the residual part, since
its material derivative is given by

dsv,;  d(V,; =V,

dt dt
_ Ui =V o Ui = Voi . 98V,i8V,; av,,,‘,.av'""
T[, Tp 8Xj 8xj
5V,. 98V, .8V, v,
= P4 2Py, P 2.7
'L',, 8xj ij
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Multiplying (2.7) by 8V,; and summing with its transpose term, the Lagrangian
transport equation for the uncorrelated energy tensor, i.e. the particle-phase pressure
tensor, can be obtained:

d©V, 8V, ) = 2 VoidVoi 4, sV, .8V Wy, dt — 8V, 8V, Wy dr
pi%Vpj) — 7, pi%Vpk 3x; pJjOVpk 3x;
A8V, 8V . A8V, 8V,
SV, Ik gy 2T TPk gy 2.8
+ . Bxk Py axk ( )

Following this decomposition, we can thus define two different Lagrangian stochastic
processes, one for the coarse-grained particle velocity and one for the residual
component:

S A 2 sV, 8V, v,
AV, =L 4r 4 g dr — — 22K g4 5V, =L,
K o _ 2.9)
8V, 38V,.8V, v,
dsV,; = ——20dr 4 — L2 Ph g sy, =P gy,
T Xk Xk

These equations are the Lagrangian pdf counterpart of the Eulerian equations of
Jenkins & Savage (1983) and Capecelatro et al. (2015) and we will refer to them as
Lagrangian pdf equations.

It is important to underline that this picture is valid for a given fluid realisation.
For laminar flows, which are not sensitive to initial and boundary conditions, the
flow is always the same, independent of the realisation, given the geometry and
the initial state. For turbulent flows, the situation is more complicated and, because
of the inevitable presence of small perturbations, the instantaneous field changes at
each realisation. Therefore if one performs averages of the relevant observables over
different realisations, the statistical quantities obtained are the Reynolds-averaged
(RA) ones. In particular, the RA transport equations obtained from (2.9) (reported in
appendix A), are not closed and cannot be used without a modelling step. Instead
of modelling directly the RA equations, as done for instance by Capecelatro et al.
(2016b), we model here the Lagrangian pdf equations through a stochastic approach
in order to retrieve the correct terms in an average sense.

3. Lagrangian pdf model for the particle phase

To clearly explain the derivation of the pdf model, we need to introduce some
concepts related to the averaging procedure. Keeping in mind the definition of a
phase average (PA) (Capecelatro et al. 2015), where a quantity is weighted with the
volume fraction when averaging, we recall that the RA of a Lagrangian quantity
is also a PA, since we are implicitly weighting with the phase volume fraction. In
particular, if we indicate the average with brackets (-), we will have for the fluid
phase ((+)); = (as(+))/{as) and for the particle phase ((-)), = (o, (+))/{c,), where (a))
and (o) =1 — (o) are respectively the particle-phase and the fluid-phase volume
fractions. To simplify the notation we will drop the subscript indicating the phase,
except when doing cross-averages, as for instance a fluid quantity weighted with the
particle volume fraction.

From the definition of the coarse-graining operator given in § 2, we have that

(V,y=(V,), (8V,)=0. (.1a.b)
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The total particle-phase fluctuating energy is defined by
Kp = %(vp . vp)a (3.2)

where v, =V, — (V,) is the total fluctuation in the particle velocity, which can also
be expressed as the sum of two contributions: the fluctuation of the coarse-grained,
correlated part, v, =V, — (V,), and the uncorrelated part, §V,. By means of this
decomposition, the total particle-phase fluctuating energy can, in turn, be split in two
contributions, the turbulent particle-phase kinetic energy and the granular temperature:

K, =k, +3(6,), (3.3)

where

—_—~—

ky=1(,-9,) (©),=1(V,-8V,). (3.4a.b)

The granular temperature can equally be found from the trace of the particle-phase
pressure tensor

(P)=(3V,®8V,). (3.5)

The distinction between k, and (®,), as already said, is crucial in turbulence
modelling of multiphase flows because, for example, they have different boundary
conditions and the particle—particle collision frequency depends on &, (Capecelatro
et al. 2016b).

3.1. Modelled equations

To distinguish modelled terms from exact ones, we will call U, the model for V,,
and év, the model for §V,. It is worth recalling that U, and dv, are two stochastic
processes modelling the particle total velocity, and therefore they are both advected
by it, i.e. by V,=U, + dv,.

Keeping in mind (2.9), the principle that drives the modelling is to retain the closed
terms (drag force), which can be expressed exactly, while the transport terms, which
involve spatial gradients (last two terms in (2.9)), are split into a mean part and
a fluctuation. The mean part, being available from Lagrangian averages, is plugged
into the model, while fluctuations are modelled through white noises and drift terms.
Those terms have been constructed in order to give the correct RA equations when
compared to the exact ones in appendix A. We recall that RA quantities can be found
as statistical moments of the underlying pdf.

The proposed stochastic model for the particle phase reads

dx,; =V, ;dr = (U,; + 8v,,) dt, (3.6)
Usi = Upi 0 P (U,
dUp’i = 7‘0’dl‘+gl dr — (ap>pp< j) +8vp,j < P ) ar
T[, <ap>'0[7 axj 8XJ
1
B i(UP,i - (Up.,i>) dr + @de’i, (37)
P
8 i 1 8 D P[' a U i
dédv,; = — o1 g 4 (@) 2p(Py) _ 8up, O dt + B; ; dW;,;
TI’ <ap>/0p a)Cj xj
(14+e)(3—e) |
_ 4—Tc8Up,idl‘—|- 21}(1 + e)Z(@P> dWc,i- (3.8)
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The first term on the right-hand side of (3.7) is the drag force related to the correlated
part of the particle velocity, in which U, stands for the model for Uy, the fluid velocity
seen by the particle (whose expression will be given in the following) and 7, the
particle relaxation time. The second term is the effect of gravity, g, while the third is a
pressure term, in which p, is the particle density, ), the particle-phase volume fraction
and (P;) = (8v,;0v,;) is the particle-phase pressure tensor. The fourth and fifth terms
are production and relaxation, respectively, in which T;, is the particle Lagrangian
time scale defined by

1 3 A\ k
T,=(=+>Cp+2) =2, 3.9
t <2+4 °”+2> £, (3-9)

where k, = (1/2)(u, - u,) is the particle-phase turbulent kinetic energy with u,=U, —
(U,), &, represents the particle-phase dissipation, to be specified shortly, and Cy, is a
free parameter equivalent to C, for the fluid Lagrangian time (Pope 2000). Finally, the
last contribution is a diffusion term, in which C, is a model constant to be a priori
assigned and dW,; is a Wiener stochastic process (Gardiner 1990). The constant C,
in the diffusion coefficient of (3.7) is related to the Lagrangian time scale to obtain
a redistribution tensor and a dissipation tensor, by the relation

C, = Cop + 3f;. (3.10)

The parameter f; is introduced to account for anisotropy in the particle-phase
dissipation tensor (Capecelatro et al. 2016b), which is needed to predict the anisotropy
of the particle-phase pressure tensor (P). The last two terms in (3.7) in particular,
are those used to model unclosed fluctuations in (2.9) and they give at the RA level
a redistribution and a dissipation term (g,) in the equation of the particle Reynolds
stresses.

The first four terms on the right-hand side of (3.8) are analogous to the ones in
(3.7). However, in order to obtain the correct averaged equations, we have had to
break the original symmetry of the two parts. In particular, while the averaged terms
are the same for the correlated and uncorrelated parts, the fluctuating ones cannot be.
In the model for the fluctuations, dW; is a Wiener process and Bs is a diffusion matrix,
whose expression is given in the following. The last two terms take into account
collisions; e is a restitution coefficient, to be a priori specified, dW, ; is another Wiener
process uncorrelated with dWj ;, since they represent different physics, and (®,) is the
granular temperature, defined as (®,) = (1/3)(év, - §v,). Finally, 7, is a characteristic
time for collisions, having the following expression:

L - (3.11)
6C:(e)(0))'?

d, being the particle diameter and C. a model parameter (Capecelatro et al. 2016D).
This Lagrangian model for collisions gives, at the RA level, the same model as in
Capecelatro et al. (2016b). This collision model is applicable to rapid granular flows
that can be modelled by the Boltzmann equation with inelastic hard-sphere collisions,
i.e. the collisional and frictional contributions are not accounted for in the particle-
phase pressure tensor.
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When the correlation (§v,;8v, ;) is evaluated, the diffusion matrix B; must give the
particle-phase Reynolds stress multiplied by the proper coefficient added to a diagonal
isotropic part. Using the Cholesky decomposition (see appendix B) we obtain

’ N\ 12
Bs i1 = <fs (upup 1) + (1 —fs)38p> ,
1

Bs.i1 = <fs Wm”p,l)) . I<i<3,
Bsi1 k,

[’

12
2 . 3.12
BB ii (f;‘ (up,iup,i> + (1 _fS)g‘c/‘ ZBB lj) ’ l<i < 3’ ( )

Bs,j= B, ( sy ity j) — ZBs,ikBs,jk> , I<j<i<3,
i

Bs;=0, i<j<3,

where repeated indices do not imply summation.

As in Lagrangian pdf methods for single-phase flows (Pope 2000), it should be
borne in mind that such a model is intended to represent the pdf, or the statistical
moments, associated with the particle phase, and not the instantaneous particle
dynamics, which is ‘fictitious’.

4. Lagrangian pdf model for the fluid seen by particles

The equation for the particle velocity (3.7) contains the velocity of the fluid
at the position of the particle, or the fluid seen by particles. Since in Reynolds
averaged Navier—Stokes (RANS) simulations we have no access to this quantity, nor
to its average, a model for it has to be specified. Furthermore, given that we are
considering flow with two-way coupling, this effect has to be included also in the
fluid-phase equation. We develop in this section a new stochastic model for U, which
will be a Langevin equation of the type

de,i = [As,i + Ap—>s,i] dr + BS,ij dWY,j’ (41)

where A,_,; represents explicitly the effect of the particles on the fluid, and dW;; is
a different Wiener process from those present in (3.7) and (3.8). The drift term, A;,
is modelled following the path pointed out for dilute flows (Minier & Peirano 2001;
Minier, Peirano & Chibbaro 2004; Peirano et al. 2006):

(o) 9(py) 3 (Uy.i)
+ (Up) = (Upi) o,

pr 9%

+ Gy (Uyj — (Uyy)) + gi- 4.2)

N Bt

The first term on the right-hand side is the pressure-gradient term, where o, is the
fluid density and p; the fluid pressure, which models the fluid pressure gradient seen
by particles. In general, the subscript f denotes a flow variable in the fluid phase. This
pressure term has been weighted by the local averaged fluid volume fraction in order
to model the possible presence of a drift velocity even in homogeneous flows. The
second term models the crossing-trajectory effect (CTE), while the third term is a
relaxation term, where .

Gij == TL

8+ Gy 4.3)
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is the matrix defining the corresponding Reynolds-stress model. The first part
is the simplified Langevin model (SLM) adapted to the inertial particles, while
G is a traceless matrix to be added to generalise the model. For instance, the
Launder—Reece-Rodi model (Launder, Reece & Rodi 1975) (LRR-IP) model reads

9(Uy,:)
an

G = sz

p 4.4
and Cy is the isotropisation-of-production (IP) constant, usually taken C, = (3/5)
consistent with rapid-distortion theory.

T7; is a modified time scale that take into account particle inertia according to

Csanady’s analysis:
TLf

T/, = = 4.5)
' 3U,)|
\/1 +¢:p? %
f
where | .
2
Typ=——rt (4.6)
T (3+iCy) &

is the Lagrangian time scale, Cys being linked to the Rotta constant by the relation
Cor =3(Cr— 1), 4.7
and the relative velocity is defined by
U.=U,-U, (4.8)

Moreover, ¢; =1 in the mean drift direction and ¢, ;3 =4 in the cross-directions, g =
Tys/Tg is the ratio of the Lagrangian and Eulerian time scales (Wang & Stock 1993).

The modelling of the two-way coupling term instead is as follows. The exact
expression for the two-way coupling term, A,_,,, which is induced by the presence of
the discrete particles, is not a priori known. The underlying force corresponds to the
exchange of momentum between the fluid and particles, but should not be confused
with the total force acting on particles since the latter includes external forces such as
gravity. The effect of particles on fluid properties is expressed directly in the model
for U, through a simple stochastic equation. The force exerted by one particle on the
fluid corresponds to the drag force written here as

U,—U
Foy=—m, P (4.9)

Tp

where m, is the mass of a particle. The total force acting on the fluid element
surrounding a discrete particle is then obtained as the sum of all elementary forces,
F,_;, and the resulting acceleration is modelled here as (Peirano & Minier 2002)

Uv.i -U, N
Ap%s,i = _¢T7p7 (410)
P

where ¢ is the mean mass loading, ¢ = ({a,)0,/{ctr) o).
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4.1. Closure of the diffusion coefficient

The drift terms are given by (4.2) and (4.10), but the diffusion coefficient needs to
be specified in order to obtain a complete closure. Analogously to dilute flows, we
look for a diffusion matrix in a diagonal, but anisotropic form. To close this term,
we consider the decay of the turbulent kinetic energy in the homogeneous case, in
absence of mean shear, and we make the following assumption:

& dep (4.11)
dr dr
where k= (1/2)(u; - uy) is the turbulent kinetic energy of the fluid phase, with u, =
U; — (Uy) the fluid fluctuation, and kre, = (1/2)(us - uy), is the turbulent kinetic energy
of the fluid phase seen by the particles. It is worth recalling that fluid-phase RA
terms such as k; and (Uy;) are known from the RA transport equation, which will be
presented in §5. A possible alternative could be to impose an analogous relation, but
for all the Reynolds-stress components, which would lead to a much more complex
model.
Recalling the phase averaging introduced in §3, we can obtain the following
equality for the fluid velocity fluctuations:

(wr)p = Uy = (Uyly)p = (Us) — (Uy). (4.12)

Thus, (4.11) can be rewritten as

dk 1d
ditf 2dtz[ o) T UL = 20U ) (Ur)),s (4.13)

where time variations of the fluid velocity and the fluid velocity seen by particles in
the homogeneous case are expressed by

d<Ufl> :ﬁ +g, + §0<UPJ - Ux,i) ’ (414)
dr T,
1 Up.i_ Us,i
dU;,; = (af)f; dt — T = (Ui —(Up;)) dt + g df"‘@fj dr + B, ; dW,;, (4.15)
L,i 4
d<U§">—2 U 2U2 2 U + 28U
dr - (O[f>ft< s,i>_ TLl< >+TLl< sz)< fl>+ gl< s,i)
. N 2
+2(p<Up,1Us,l> <U“>+Bf,,, .16)
Tp
d{Uy.)° d(Uy.i Upi — Uy,
SOL 20,0 N <o + 20010 + 20100 L @)
t dr T,
d(U, MUy ; 1
( ’(;< il ——— (U Uy ) = (Up)®) + i) (Ur) + (Us.))
t TLJ-
U,i—Us; U,i—U,;
+gi((Uri) +(Us ) + (p(Uf,i>M + (P(UX,JM,
Tp Tp
(4.18)
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with f; = —(1/p7)9{ps)/0x;. Now, if we substitute (4.16)—(4.18) into (4.13), the
following relation is obtained:

dky [ (U,U ) — (U2) (U, — Uy)

L — ¢, o S (U ) 2

P &+ ;:l [90 - ©(Us.i) -

’ 1 2 B?,’,’ (up,ius,i> - <u§[>
= AUsi = (Upi))") = {op)fi((Us i) = (Upi)) + —F— +p———

i Ty, 2 T,

i=1

(4.19)

The terms (1/77 ){(Us; — (Uf,i))z) and & can be rearranged together, whereas the
other terms are redistributed on each corresponding component shown above. The
result is

(Up.i — Uss)
Bl = 20=——({Usi) = (Up) + 2(0)i({Usi) = (Up)
P
e e+ 2 (b (4.20)
8 17 - 17 - 9 .
T T3 Tl
with bi = TL/TZ,i and
X > bl (Ui = (Ur))?)
ke = = =1 ; : (4.21)
A 2 Z}:l b;

Therefore the final form of the Lagrangian pdf equation for the fluid velocity seen by
particles, to be coupled with (3.6)—(3.8) for the particle position and velocity, is

9(Uy.i)
ij

dU, () = _ {og) 3py)

pr o 0x;
Us.i_Up,i
+Gy(Usy = (U )) dt = (== ) di gt
P

k 2 k (U,; — U,
Sf (Cob,k: + 5 (b,k; - 1)) +2§DPT7(<UM) - (Uf,i>)
' P

dt

dr+ ((U,;) — (Up;))

_.l_

1/2

) dlpy)

oy 0x;

(Usi) =(Ur)) | dW,,. (4.22)

1

should also be considered in the derivation of the diffusion coefficient, which will give
rise to an additional term in (4.20) in analogy with single-phase flows (Pope 1994):

It is worth remarking that in the presence of a mean shear, the anisotropic term G

2Co Py, (4.23)
where Pg; is one half of the trace of the tensor

Py = —(U, — (Up) @ (U, = (U))) - V(Uy))', (4.24)
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where the symbol (-)" implies the summation of a second-order tensor with its
transpose. The set of equations for the particle and fluid velocities can be recast in
vector form as follows:

dX =Adt+ [B]dW, (4.25)
where A is the drift term, and
U, clIr] o 0 0 gwp
X=|6v,|, [Bl=| 0 [Bs] K[/l O |, dW= dWa , (4.26)
U, 0 0 0 [B;] dWC

C = ,/C,¢, is the diagonal diffusion coefficient in the equation of the correlated

velocity and K = \/ 1/(27.)(1 4+ €*)(®,) is the diagonal diffusion coefficient for the
collisions in the uncorrelated velocity equation.

5. Eulerian pdf model for the fluid phase

The RA fluid-phase equations (A 4)-(A7) could easily be replaced by a suitable
RANS model (k—¢, Reynolds-stress models, see Pope (2000)); however, single-phase
turbulence models typically do not take into account two-way coupling between the
phases. Thus, both in the momentum and in the Reynolds-stress equations, we need to
formulate the terms that mimic this effect. We follow here the approach first proposed
by Peirano & Minier (2002). We consider the direct effect of the particles on the fluid
through a random acceleration. Since a fluid and a discrete particle will not be present
at the same spatial position in the same instant with probability one, we define this
random acceleration as

Ay=220_28 (5.1)

with a probability (o,)(t, x;), where A, is a random variable which is formed from
the discrete particles at the location x, =x.

In other words, from the stochastic models for the discrete particles, or from
the one-point particle pdf value at location x = x;, we form the random variables
A,; with the same distribution. This random term mimics the reverse forces due to
the discrete particles and is only non-zero where the fluid particle is in the close
neighbourhood of a discrete particle. At the location x considered, A, is defined as
a random acceleration term in the equation for U,, correlated with U;, so that we

have
P, UJ - Ux 1Y U; -U
) =2 (B 2 (BB (520)
Py Tp P Tp »
U,-U,)U, ) U,-U;) QU
P Tp O Tp »

Thus, the resulting RA equations for the fluid phase will be

d
&((a_fhof) + V- (o) pr(Uy)) =0, (5.3)
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3 (o) (U; .
W LV () (U) @ (U) + (uy @ uy)) = —<Z{>V<pf>
+{ap) vV, + w‘;jf’ 4 <U” t_ US> + (a))g. (5.4)
4

The resulting Reynolds-stress transport equation is closed here by the LRR-IP
model (Pope 2000), and the two-way coupling term of (5.2b):

0 (Olf) <Uf ® llf)
at

2
+ L + (o) Pr + (o) Ry — g(q;’)‘c{fl"‘ (@) (T, ® Uy) — (Uy) @ (IT,)]". (5.5)

+ V) ((Uy) @ (uy Quy)) =V - ({f)vV (uy @uy))

The turbulent mean-gradient-production term is defined by
Pr=—(ur @uy) - V(Uy))' (5.6)

and the pressure-redistribution term is modelled by
€ 2 2
f

The transport term £ may be modelled with the different standard models present in
the literature (Pope 2000). Here we leave it in an unclosed form, since it does not
play a role in the homogeneous flows presented hereinafter.

Some remarks are in order concerning the fluid-phase Reynolds-stress model.
Following Capecelatro et al. (2016b), we have chosen the LRR-IP model, which is
widely used and gives reasonably good results, but any other realisable Reynolds-
stress model could be chosen, if needed. The important point is that it has been
demonstrated that a realisable Reynolds-stress model exists for every Lagrangian
pdf model for the fluid (Pope 1994). Furthermore, consistency between Eulerian
and Lagrangian models of the fluid should be always assured (Muradoglu, Pope &
Caughey 2001; Chibbaro & Minier 2011; Minier et al. 2014). Notably, the Rotta
model is consistent with the standard Langevin model (SLM) for the fluid (Pope
2000), and for this reason it is usually chosen as the standard model to be used in
the hybrid Eulerian/Lagrangian pdf approach (Minier et al. 2014).

6. RA equations

The Fokker—Planck (FP) equation corresponding, from the pdf point of view, to the
Lagrangian system of stochastic differential equations (3.6)—(3.8), (4.22), is defined
in appendix C. It can be used to derive the PA equations for the particle phase by
integration of the Eulerian mass density function (mdf), Ff (t,x; U,, d8v,, Uy), over the
phase space:

(o) (2, X) pp(O), (8, x) 1= / ow,, év,, Us)Ff(t, x; U, év,, Uy)dU,ddév,dU,, (6.1)

where O is a generic observable attached to a discrete particle.
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Closed RA transport equations can now be derived from the FP equation. The so-
obtained RA continuity equation is the following:

a
a((ap>/0p) + V- () pp(U,)) =0. (6.2)

The momentum equation reads

D

~-U
s, p> + (e,)g,  (6.3)

U,
(Up) ==V () pp((w, @ up) + (P)) + (etp) pp < .

14

()

where D/Dt = 9/9dt + (U,) - V. Second-order moments, on the other hand, give the
following equations for the particle-phase Reynolds stress:

D .
(ap>ppa<up ® up) =-V. ((ap):op<up ® u, 029 up)) - <ap>pp(<up ® uP> : V(Ul’))'
+ O (4 ) — @) + ()0, R, — ()0 (©4)

where the redistribution is expressed by
&p 2
R,=—Cry— | (W, ®u,) — zk,I |, (6.5)
k, 3
with

CRp =1+ %C()p, (66)

and the dissipation tensor is closed using the Rotta model (Pope 2000),

(u, u,)

2
&, =¢, |:f_‘§k + (1 —fs)3l] . 6.7)
»

The transport equation for the particle-phase pressure tensor is

D N
<O‘p)PpE(P) = =V [{)p,((w, ® P) + (O))] — () 0, ({P) - V(U,))" + () pp&)
2 1
— () pp(P) + =—[(1 + &)* (@) — (1 + &)(3 — e)(P)]. (6.8)
T, 21,

Comparing (6.4), (6.8)-(A2), (A3), we can see that the closed terms have been
reproduced correctly in the Lagrangian pdf model, while the previously unclosed
terms such as dissipation are now modelled.

Particular attention should be given to the closure of the term &, = (P-Vv,), which
plays the role of a sink in the equation of the particle-phase turbulent kinetic energy
and of a source in the equation of the particle-phase pressure tensor. In analogy
to single-phase flow, where dissipation of turbulent kinetic energy leads to viscous
heating, it is modelled as a particle-phase anisotropic dissipation tensor &,, whose
trace divided by two gives the scalar particle-phase dissipation ¢,. As shown in
Capecelatro et al. (2015) and Capecelatro, Desjardins & Fox (2016a), when the mean
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mass loading is significant, the particle-phase pressure tensor is highly anisotropic
due to the source term €, (i.e. f;~0.93 in (6.7)).

The transport equation of the scalar particle-phase dissipation is modelled as
follows:

8(0;p>gp + V- ({o,)(Up)e,) =V - [(0‘/’> (Vp " vp[) Vg”]
t o
2 C k
— (0(p>celp<up ®up> H V(Up>8l — ( p)CeZpgl + (0517)i ( . KA ﬁpsp) ’ (6‘9)
kp k[’ Tp kf@p

where C.,, Ceyp, C3, and B, are model parameters. Equation (6.9) differs slightly from
the model in Fox (2014) because kj, is known in the Lagrangian pdf model proposed
here. Now that we have modelled the particle-phase dissipation, we can define a time
scale for the particle phase 7, =k,/e, to be used in the model equation for the fluid-
phase dissipation.

For the fluid-phase dissipation, we propose the following model, built with the
standard single-phase fluid dissipation model equation (Pope 2000) and an additional
contribution due to particle—fluid interactions:

% LV () (Up)e) =V - [«xf) <v + ”’) ng]
‘ o
& &
— (o) Cerp(uy @ uy) V<Uf'>; - (Qf'>C62f'?
% s
Pplap) Cyp ([ kpp pplap) Cs ((Up) — (Uy)) « (ua) &
" ot <kf@p i ﬂfgf) " T 2 ky’ ©10

where C.iy, Ceor, Csr, By and C, are model constants, and (u,) = (U,) — (Uy). Here,
we have split the total energy rate dissipation into two contributions, arising from the
energy exchange between phases (fourth term on the right-hand side), and from the
drag production (last term).

The Lagrangian pdf approach is tantamount to computing the entire pdf of the
variables considered in the state vector. Compared with an Eulerian moment approach,
it means that more information is available. Notably, we wish to derive here the RA
equations for the mean fluid velocity seen by the particles (Uy), and for all the second-
order velocity moments, (u; ® u,), (#; ® u,), which cannot be accessed in present
two-fluid models. We can obtain the RA equations starting from the transport equation
of the Eulerian mdf Ff (C1):

D
(Us> =-V. ((ap)p]J(us ® up))

(ap>10pa
+ () 0p [—«Z)V(pf) + (V(Up) - (U,) — (Uy)) + G- (Uy) — (Uy)) + g
U,-U
— (atp) ppp <<t”>> , 6.11)
14

where D/Dt=9/dt+ (U,) - V.
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For the second-order moments we obtain
D

ppﬁ(”s ® up) =-V. [(ap>/0p(<us ® u, ® up) + (us ® (Svp ® 8”1)))]

— () pp (1 @) « V(U)T) — (o) pp[((w, ® w,) + (8, @ 8v,)) - V(U,)']

(up ® up) - <us ® up)

(o)

+ <ap>10pG ° (us ® up>T + (Olp>l0p§0

T
1 K s/ s
(o) 0p (1, ® 1) + (1), s ®us) = (W O ) 6.12)
Lp Tp
and
D .
(ap>ppa<us ®us> =-V. ((ap)pp<us Q u ®u5>) - (ap>pp((us ® us) ° V<Us>)‘

<u.v & up)+ B 2<us &® us>
Tp

+ (@) p,(B,BY).

(6.13)

+ (ap>lop(G * (us ® u.f)f + <‘Xp>pp(p

Eulerian transport equations for the cross-correlations (u, ® év,) and (u; ® dv,)
could also be written to demonstrate that §v, is uncorrelated with the other variables.
Also, it is important to note that these moment equations are, in general, not closed
(e.g. the turbulent fluxes involve the third-order moments). However, for statistically
homogeneous flows such as particle-laden isotropic turbulence (Elghobashi 1994;
Sundaram & Collins 1999; Février et al. 2005) and CIT (Capecelatro et al. 2015),
the spatial gradients (except for fluid pressure, whose gradient is constant) are zero,
and a closed set of moment equations results.

7. Statistically homogeneous equations

7.1. Particle phase
For statistically homogeneous flow, the Eulerian equations corresponding to the
stochastic equation system (3.6)—(3.8) and (4.22) are the following:

U, 1

pm . U,-U,)+g. (7.1)
(8v,) =0, (7.2)
d(U;
<d ) _@VU?f) +G-(U,) — (Up) + £<Up - U, +g. (7.3)
t O Tp
The particle-phase pressure tensor, (P) = (§v, ® 6v,), is found from
d(P 2 1
% —Prte,— —(P)+ (1 +NOM—(1+0G—e)(P)],  (14)
t T, 27,

where (®),) = (1/3)Trace({P)) and the production term due to mean velocity gradients
is

Pr=—P)-V({U,))". (7.5)
For the particle-phase Reynolds-stress tensor, we obtain
d{u, @u
% —P,+R, ¢, (7.6)
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The redistribution term is expressed as
& 2
R, = —CRpk— (w, @u,) — =k,I | . (7.7)
» 3

The production term in (7.6) is defined by P, ="Pg, + Pp, where Py, is the mean-
shear-production term, given by

Psp=—u, ®uy,) - V(U,))", (7.8)
and Pp, is the drag-production term, given by

1
Pop= ?((us ®u,)’ —2{u, @uy)). (7.9)

P

The fluid-seen Reynolds-stress tensor is found from
d(u, ® uy)
dr

where B, is the diffusion matrix in (4.22) and ke, = (1/2)((U,; — (Uy)) « (U; — (Uy))).
The production term in (7.10) is defined by P, =Ps, + Pp, where Pg, is the mean-
shear-production term, given by

Pse=—((u, @uy) - V{U,)', (7.11)

=P+ (G- (u;®u,))" + (BB), (7.10)

and Pp, is the drag-production term, given by

Py = tf«us@aup)T —2(u, ®u,)). (7.12)

p

The fluid—particle covariance Reynolds-stress tensor is found from

d(u, @u 1
diw, @ u,) =P, +G-u,Qu,) — —(u,@u,), (7.13)
dr T,

where kj, = (1/2)(u; - u,). The production term in (7.13) is defined by P,, = Ps,, +
Pps, where P, is the mean-shear-production term, given by

Psyp = —(u, @u,) - V{U,)" — (W, ®u,) + (P)) - V(U)", (7.14)

and Pp,, is the drag-production term, given by

1
PDSp = ?((us X us) - (up 02y u.v)) + ?((up X up> - <u.v X up))- (715)

P P

The particle-phase dissipation equation becomes

de, & Gy [k
= (C.,,Ps, — C. Py TP P o . 7.16
dr (Ce1pPsp 2Ep) k, + T, ( krep & — Bpép ( )

Finally, all the fluid-phase quantities are obtained through the RA equations presented
in §7.3.
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7.2. Simplified model for particle phase

We propose here a simplified model for the particle phase, where collisions between
particles are neglected and only the total particle velocity is modelled, thus losing
information about its decomposition into the correlated and uncorrelated parts. In
particular, this corresponds to assuming that the particle velocity coincides with the
correlated part, i.e. V, = U,. The resulting set of stochastic differential equations
(SDEs) for the simplified model is

dxp,,-(t) - Vp,l’dt,
Ui — V.
dv, () = ——"2"dt + g; dt,
T
Y 0 1 Uy, =V,
v, =209 g Ly -y (T> di + g dt

P 0x; T, P

+ (& (Cofb‘kf 3 (b b >> +2¢M(<U5,i> —(Ur.))
P

ke 3 ikf
(ap) 0(py) }”2

-2 sil i dws,,
@ o ((Usi) — (Ur.i)) Wi,

(7.17)

where all of the parameters were defined in the complete model above.
The corresponding Eulerian RA equations for statistically homogeneous flow are

AW _ 1
T TP<US V,) +g, (7.18)
o) = _M — i o — @ _
o =, V) T oW = U+ oV, U te (19)

where the o symbol denotes an element-by-element product. For the second-order
moments, we obtain

d{v, ®v,) 1
# =’Pvp+;((us<2<>vp>T —2(v, @ V), (7.20)
P
d{u;, @ v,) 1 1
Tp = PVX[) - Fz o (us 29 vp) + ?p((us 02 us) - (vp 02y us))
%
+;((vp®vp> — (u; @ vy)), (7.21)
P
d(u, @ ug 2
B8] _p 2 owou)+ BB+ L (@0 — 2w @u). (122
dt T; T,
The mean-shear-production terms are
Py =—((8,®0,) - V(V,) (7.23)
and
PVX[) = _<u.v ® vp) ¢ V<VP>T - (vp ® vp> ° V(UY>T (724)

This model is similar to the model previously proposed by Minier et al. (2004) and
Peirano et al. (2006) for the fluid velocity seen by the particles, but with a modified
diffusion term, as discussed in detail in §4.1. Furthermore, both models have the same
dilute limit ({ay) = 1).
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7.3. Fluid phase

The Eulerian RA equation describing the fluid-phase mass balance for a statistically

homogeneous flow reduces to
d(ay)

=0, 7.25
” (7.25)
i.e. (o) is constant. The fluid-phase velocity and Reynolds stresses are found from
d(Uy) 1 @
T L= ——V(p)+ (U, — Uy +g, (7.26)
t Pr Tp
and
d(uf [ uf)

& 2 2 2
= — Cpr—= — =k ) —C — =Pl | — =g, (7.27
” Pr— Crr k <<”f Q uy) ehd > of (PSf 3 Psr > 3 (7.27)

where kr = (1/2)(u; - us). The production term is Py =Py + Pps where Py is the
mean-shear-production term, given by

Py =—((ur @ug) - VU, (7.28)
and Py is the drag-production term, given by
Poy = 2L, ® (@, —u)) + (U, = Up) ® (U, ~ V)T (7.29)
P

In (7.27), Cgs is the Rotta constant for the redistribution (Pope 2000), and Py =
(1/2)trace(Py).

The fluid-phase dissipation equation becomes

dey & @ [k €
T (CelfPSf — Cergf) kj« + C3f?p (kf;gp — Brer | + C4éPD, (7.30)
with
U,—-U;)-(U,—U
pp= L0 2l (31)

14

If the RA equations for the fluid phase are coupled with the simplified model
described in §7.2, U, must be replaced with V,. Moreover, the particle-phase
Lagrangian time scale k,/¢, is not specified, and it is thus replaced by a fluid
time scale through a proportionality constraint:
Ep — &

k krep

(7.32)

Now, substituting (7.32) in (7.30) and incorporating « in the model constants, gives
the following equation for dissipation:

de £ © k € €
—L = (Coy Py — Corgey) L+ Cy— <”kf,, - ﬂfkf@,,> P, (7.33)
dr kg 7, \ krep kr@p krap

The values of Cs and C, in (7.33) may need to be adjusted as compared to (7.30) to
account for the alternative time scale.
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8. Numerical results

We present three spatially homogeneous examples of increasing complexity:
(i) isotropic turbulence with one-way coupling, (Février et al. 2005), (ii) isotropic
decaying (Sundaram & Collins 1999) and sheared turbulence (Ahmed & Elghobashi
2000) with two-way coupling, and (iii) gravity-driven CIT (Capecelatro et al. 2015).
The first example is aimed at appraising the partitioning of the particle kinetic energy,
the second at testing the dynamics in the absence/presence of shear production (i.e.
Psr) without a mean velocity difference, and the third, and most important one, at
validating the model for production due to a mean velocity difference (i.e. (7.31)).

8.1. Homogeneous isotropic turbulence

In order to illustrate the effectiveness of the decomposition of the particle velocity,
we apply the models developed for the particle phase to the homogeneous isotropic
turbulence simulations of Février et al. (2005) for non-collisional particles. For this
example, the mean velocities U,, Uy, U are null, and ¢ = 0. At a first glance it
may appear odd to compare the results of a model developed for collisional flows to
DNS data for non-collisional particles. However, the crucial point for the modelling
is the correlation between the fluid and particle velocities as captured by k; and k,,
respectively. The applicability of the proposed models to non-collisional flows depends
on the model used for turbulent dissipation, since the relative balance between k, and
®, is determined by ¢,, for both dilute and dense flows. The scope of this section
is thus to verify if in the dilute case, where collisions do not play any role, energy
budgets are well predicted. The point-particle DNS simulations of Février et al. (2005)
use one-way coupling with stationary fluid turbulence, and a particle-Reynolds-number-
dependent drag coefficient f, (instead of a constant 7,). Therefore, the drag time scale
is Stokes-number-dependent, and only qualitative comparisons can be made.

When a cloud of particles is put into a box filled with a homogeneous, isotropic
turbulent flow and thus is agitated by the fluid turbulence, after a transient period, the
statistics of particle velocities will reach equilibrium values. These limit values are of
course functions of the (constant) statistics of the fluid (its mean kinetic energy, the
Lagrangian time scale, among others). The relations giving the equilibrium values in
terms of the fluid statistics are called the Tchen’s relations. They were first obtained
by Tchen (1947) and later reformulated by Hinze (1975). In Tchen or Hinze’s works,
the determination of the equilibrium values was obtained through spectral analysis
and manipulation of the fluid and particle energy spectra, where the fluid spectrum
is assumed to have an exponential form. This derivation can be cumbersome and the
physical meaning of the exponential form is not obvious. On the other hand, the same
relations are derived from the Lagrangian pdf model in a straightforward way.

In forced, homogeneous, isotropic turbulence without body forces, all mean
velocities are zero and the Reynolds-stress and particle-phase pressure tensors are
isotropic. Moreover, k;e, = k;. With one-way coupling and fixed k; and &, the
relevant moment equations from the complete model for the particle phase reduce to

dk, 2
d—t” = ?p(kfp —k,) — &, (8.1a)
3d(O,) 3(B,)
h - _ i 8.1b
2 dr L (8.15)
dk;, 1 1 1
[ — 4+ — ) ky + —(kr — kp), 8.1
dr (TLf + TL,;) T+ 1’,,( r— kpp) (8.1¢)
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dEP 82 C3 kf
it o S A N (e P . , 8.1d
dr v T T P (8.14)
where T, is given by (4.6) and T;, by (3.9). After a transient period, all the statistics
reach their steady-state values. This yields

ks, — k
2P e, =0, (8.2a)
T
P
3(®
3O L o, (8.2b)
Tp
Y <1+1+1>k 0 (8.2¢)
A — J— R =0, zC
T n Ty Ty ”
C kg
s — (”’Srf - ﬁpSzp) =0, (8.2d)
Cep \ k,
where St, =1,¢,/k, and St; = t,6¢/k;. Summing (8.2a) and (8.2b) then yields
kg, =K, (8.3)
which can be used together with (8.2¢) to obtain a Tchen-like relation:

1

-k, 8.4
SR 84)

with Cy = C()p = C()f and

1 1 1 <1 3C><£f 8p> 8.5

Ty TLf+TLp 2+40 k.f+kp . (8
Here, 7,/T; is an effective integral-scale Stokes number for the particles. Furthermore,
St, is constant, and can be related to St; using (8.2a) and (8.2d). With B, =1, this
relation depends only on the parameter ratio Cs,/Cep, and thus St, = St; when Cs, =
2C.y,. Note that the value of St, controls the ratio k,/«, =2/(2+ St,) and, as expected,
all of the particle-phase kinetic energy is spatially correlated when St, = 0.

Février et al. (2005) presented time-dependent DNS results of particle-laden
homogeneous and isotropic turbulence for St = 0.81 and ¢ = 0, for three sets of
initial conditions: (i) x, =kp =1, k, =1, (i) k, =k =0, k, =0, and (iii) «, = 0.83,
k, = ks, = 0. We reproduced the same cases by solving the dimensionless forms of
system (8.1) with the following values of the model constants: Cy =1, Cey, = 1.92,
Cs, =3.5 and B, =1. For consistency with k,, ¢, is initially set to zero when k, =0
and for case (i) the initial value of dissipation is ¢, =2. Figure 1(a) shows the time
evolution of «,, k, and ®, obtained with the full model for the three different sets of
considered initial conditions, while the evolution of «, obtained with the simplified
model for the same cases is reported in figure 1(b). Moreover, figure 1(c) shows the
same quantities as in figure 1(a) obtained with the model proposed in Fox (2014)
and figure 1(d) the results of the DNS of Février et al. (2005). In all cases, after a
transient a steady state is reached, as expected. It can be seen how in DNS the total
particle kinetic energy is distributed in the correlated part and in the uncorrelated
granular temperature. This energy partition is satisfactorily captured by our complete
model as well as by the model proposed in Fox (2014). Clearly, the simplified model
can only give the total energy «,, which is however in good agreement with that of
DNS and of more complete models. The transient behaviour is also in very good
qualitative agreement with that obtained in DNS.
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FIGURE 1. (Colour online) Time evolution of the dimensionless particle-phase energy
components for St; = 0.81. The curves correspond to the three considered sets of initial
conditions: case (i) solid lines, (ii) dashed lines and (iii) + line. «, is plotted in blue,
k, in green and (3/2)®, in red. (a) Simulations with the complete particle model (8.1).
(b) Simulations carried out with the simplified particle model (7.17) with Cy=2.1. Only
total kinetic energy «, is computed. (c) Results from Fox (2014) with the same initial
conditions as in (a). (d) Results of point-particle DNS from figure 8 of Février et al
(2005), where the results are in dimensional form. The notation in Février et al. (2005)
is ¢, =xp, ¢, =k, 8¢, =(3/2)0, and 7 o 1p.

8.2. Decaying and homogeneous-shear flow

In this section we focus on the particle—turbulence interactions in homogeneous flows,
and, in particular, on the cases simulated by DNS in Sundaram & Collins (1999) for
decaying turbulence and in Ahmed & Elghobashi (2000) for homogeneous-shear flows.
For these examples, the mean velocities U, Uy, U, are null. In both cases the particle-
phase volume fraction is such that two-way interactions need to be considered: flow
modification by non-collisional point particles reveals a non-trivial dependence on the
particle Stokes number and mass loading ¢. It is thus interesting to verify if our model
is able to reproduce such physics and if the same dependences on the particle Stokes
number are found.
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The FEulerian RA equations describing the fluid and particle phases for the
considered cases have been shown in §7. In particular, in the shear flow case a
constant shear is present &y = 9(Uy;)/0x,, while §; = 0 in decaying turbulence.
Gravity and collisions are not considered in these test cases. Note that when S;
is null (i.e. decaying turbulence), all second-order tensors will be isotropic so that
only their traces are needed. Otherwise the non-zero components of the second-order
moments are (i,j) = (1, 1), (1, 2), (2, 1), (2, 2), (3, 3).

The mean gradients for the particle phase and the fluid seen by particles obey

ds, 1
= (5= S), 8.6
TR (S —=3Sp) (8.6a)
ds, 1

= (S-S 6b
T (& =8y (8.6D)

In the following, the particle-phase velocity is initially the same as the fluid-phase
velocity such that S,(f) = S,(f) = S; and thus system (8.6) is not needed.

It is worth noting that, even in these simple flow conditions, the model still
retains some of its features, as, for instance, the distinction between the fluid
kinetic energy and the fluid—particle velocity correlation, which can be computed
from Lagrangian quantities by averaging, i.e. ks, = (1/2)(u, s, ), while in Eulerian
models that do not account for the fluid seen by the particles (see Fox (2014)), it
is modelled as kj, = (ksk,)'/?. Moreover, it should be remarked that only a part of
the crossing-trajectory effect is taken into account, that is, when there is a mean
drift, and thus a mean relative velocity between fluid and particles. This means that
in the case that we are testing, the modified Lagrangian time scale equals the fluid
Lagrangian time scale, 7; = T,, for all Stokes numbers. Conversely, particle inertia
should affect the Lagrangian time scale of the fluid velocity seen by the particles.
In particular, if we consider the limit cases, we have two situations: particles with
very low inertia, i.e. 7,/T; < 1, follow almost exactly the fluid, yielding 7} = T,
for the fluid velocity seen. Particles with high inertia, i.e. 7,/7T; > 1, are nearly at
a standstill with respect to the fluid and therefore, the fluid velocity seen time scale
is approximately the Eulerian time scale, 7; = Tr. This inconsistency has already
been pointed out by Pozorski & Minier (1998), and, even if it can be neglected
in flows where a mean drift drives the particles, becoming secondary, here it is of
crucial importance, especially if we are interested in finding the trends of the decay
rate with respect to particle inertia. For this reason we propose to add a Stokes
dependence in C,, of the kind C,, = C(1 — ¢Sr) with C =1.92, in order to retrieve
the good trend with St. Note that this simple model, which was also used in Fox
(2014) for the same test case, is just qualitative and valid for the range of conditions
considered herein. A more refined analysis may be necessary for general situations.

8.2.1. Decaying turbulence

Concerning the values of other model constants, they are the same as in the
stationary case, i.e. Cez = C€2p = Ceoys ﬂ = ,Bf = ,BP = 1, C3 = C3f = C3p =3.5 and
Co=Cy=Cp,=1. As & =0, the isotropic model equations for k¢, kra,, k, and kg,
are solved directly:

Ak 29
P 7p(k.fp — krep) — &, (8.7a)
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FIGURE 2. (Colour online) Fluid turbulent kinetic energy as a function of the
non-dimensional time, ¢/7,, in decaying fluid—particle turbulence: (a) complete particle
model, (b) simplified particle model, (¢) Fox (2014) Eulerian model and (d) DNS
of Sundaram & Collins (1999). The curves correspond to four different Stokes numbers:
St =0, solid line; St =0.17, dashed lines; St = 0.35, dotted lines; St = 0.69, dash-dotted
lines. In panel (d) Ty o k.

dk 2¢
% = ?(kfp — kf@p) — 8f, (87b)
P
dk 2
o= b=k = (870
P
dkj, 1 1 3 & &
— =—1k k, — (1 kil — | =+ =C =+ = ) kg, 8.7d
dr rp[f@p+§01 ( +§0)fp] <2+4 0> (kf+kp fp ( )
de &2 k
de =—Cal+ o (kf"g,, - ef> : (8.7¢)
f T \Krep
de e G [k
dilf) = —Cezkl + ?3 (kﬁ”gf - 8P> : 8.77)
P P f@p

In the decaying turbulence test, initial conditions for the simulation are k/(0) =
kt@p(0) =k, (0) = k4, (0) = 1.314, in accordance with the DNS by Sundaram & Collins
(1999), and &¢(0) = ¢,(0) = 1.0112. Moreover, the mass loading is set to ¢ = 0.162.
Note that because kf(0) = kr@,(0), the first two equations in system (8.7) will yield
ke () = kyep(?) so that only k is required to model decaying turbulence for this case.

Figure 2(a) shows the time evolution of the fluid turbulent kinetic energy obtained
with the particle models, for particle sets characterised by four different Stokes
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FIGURE 3. (Colour online) Particle-phase fluctuating energy as a function of the
non-dimensional time, #/7,, in decaying fluid—particle turbulence: (a) complete particle
model, (b) simplified particle model, (¢) Eulerian model of Fox (2014) and (d) DNS
of Sundaram & Collins (1999). The curves correspond to the following Stokes numbers:
St =0.17, dashed lines; St =0.35, dotted lines; St =0.69, dash-dotted lines. In panel (d)
Tj ocky.

numbers, namely St = t,/7, =0 (fluid tracers), St = 0.17, St = 0.35 and St = 0.69
(where T, =1.7328 is the initial eddy turnover time in DNS of Sundaram & Collins
(1999)). Note that the case at St = 0 was obtained from the particle equations as
the limit case for 7,/7; < 1, as described in appendix A. Figure 2(b—d) shows the
same quantities as in figure 2(a), obtained by the simplified version of the present
model, the Eulerian model by Fox (2014) and the DNS by Sundaram & Collins
(1999) respectively. The same comparisons for the particle-phase turbulent kinetic
energy are reported in figure 3. It can be seen that the effect of the Stokes number
on the decay of the turbulent kinetic energy of both the fluid and the particle phases
is qualitatively well captured by the present stochastic model, in its complete version
as well as in the simplified one, although the initial stages of the time evolution are
quite different from the DNS results.

8.2.2. Homogeneous-shear flow

We consider now the case of a homogeneous-shear flow with Sy =0.6 as in Fox
(2014), and solve the anisotropic model equations given in § 7. The mass loading is
¢ =0.162 and the initial conditions &;(0) =¢,(0) =0.25. As in the previous decaying
case, simulations have been carried out for the following four Stokes numbers: St =
0, 0.17, 0.35, 0.69. The values of the constants in our model are the same as in the
previous case of homogeneous decaying turbulence with C.i; = C,;, = 1.44, which are


https://doi.org/10.1017/jfm.2018.895

https://doi.org/10.1017/jfm.2018.895 Published online by Cambridge University Press

A Lagrangian pdf model for collisional turbulent fluid-particle flows 475

(a) 20 (b) 2.0
1571
1.0
0.5f
0 1 2 3 45 6 7 8 910 0 1 2 3 4 5 6 7 8 910
t/T, t/T.

(c) 13

0O 1 2 3 4 5 6 7 8 9 10
t/T,

FIGURE 4. (Colour online) Homogeneous-shear flow. Fluid turbulent kinetic energy as
a function of the non-dimensional time, #/7, with (a) the complete stochastic model,
(b) the simplified stochastic model and (c) the Eulerian model by Fox (2014). The curves
correspond to four different Stokes numbers: St = 0, solid line; St = 0.17, dashed lines;
St =0.35, dotted lines; St =0.69, dash-dotted lines.

standard values for single-phase turbulence models (Pope 2000). For the simplified
model C.; = 1.2. Figure 4 shows the time evolution of the fluid turbulent kinetic
energy obtained with the particle model, both in its complete and simplified versions,
with the same quantity obtained from the Eulerian model in Fox (2014). Comparison
should also be made with the DNS data of Ahmed & Elghobashi (2000). For all
the models, the time behaviour is qualitatively similar to that observed in DNS, with
an initial decrease of the fluid turbulent kinetic energy followed by an increase. The
value of the minima of k; given by the complete model are closer to those obtained
in DNS. Moreover, the effect of particle inertia on the time evolution of ks is also
correctly captured, i.e. the rate of increase of the fluid turbulent kinetic energy after
the minimum is reduced as the inertia of the particles increases. The same effect is
found also for the particle-phase fluctuating energy, «,, in agreement with Fox (2014),
as can be seen in figure 5. No DNS data are available for this quantity.

8.3. Cluster-induced turbulence

To isolate the effect of turbulence generated by particles through two-way coupling,
we consider a flow initially at rest laden with a random distribution of finite-size
particles of diameter d, subject to gravity oriented in the downward x, direction.
The physical parameters are chosen to correspond to the FEuler-Lagrange (EL)
point-particle simulation of Capecelatro et al. (2015) as summarised in table 1.
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FIGURE 5. (Colour online) Homogeneous-shear flow. Particle-phase fluctuating energy as a
function of the non-dimensional time, #/7, with (a) complete particle model, (b) simplified
particle model and (c) Eulerian model in Fox (2014). The curves correspond to the Stokes
numbers: St=0.17, dashed lines; St=0.35, dotted lines; St =0.69, dash-dotted lines.

The dimensionless two-phase parameters that characterise the flow include the
particle-to-fluid density ratio p,/p; = 1000, the average particle-phase volume
fraction (a,) = 0.01 and the particle Reynolds numbers Re, = 1,8d,/v; = 1 where
T, = p,,dlf/(l8pfvf) is the particle relaxation time, vy is the fluid-phase kinematic
viscosity and g is the magnitude of the gravity vector. Combination of these
non-dimensional numbers yields the mass loading ¢ = p,(«,)/(ps{cts)) = 10.1, where
(o) =1 — (a,) is the average fluid-phase volume fraction. Finally, V = g7, is the
settling velocity for a single particle.

The CIT case is statistically homogeneous in all directions with periodic boundary
conditions; therefore, in the context of the present formalism, it reduces to a zero-
dimensional description, with only the time dependence. Moreover, as in the previous
considered cases, since the RA equations obtained from the stochastic ones are in
closed form for a homogeneous configuration, we can limit ourselves to solving a
system of coupled ordinary differential equations (ODEs), instead of carrying out a
Lagrangian Monte Carlo simulation. The simulation is performed starting from an
initial condition where both the particle and fluid phases are at rest and it is evolved in
time up to the steady state. The fluid-phase pressure gradient is dynamically adjusted
in order to keep the mean fluid velocity (U,) equal to zero. The model constants have
been set in order to obtain a good prediction of the steady-state values for first-order
moments. The values, so obtained, are reported in tables 2—3. A comment is in order
concerning the values of Cy and Cs,. These values are taken different from those used
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Physical parameters

d, Particle diameter 0.09 mm

Op Particle density 1000 kg m~3

pr  Fluid density 1 kg m™®

vy Fluid kinematic viscosity 1.8 x 107° m? s~

g Gravity magnitude 8 m s72
Non-dimensional parameters

e Restitution coefficient 0.90

(o)  Mean particle volume fraction 0.01

© Mean mass loading 10.1

Re,  Particle Reynolds number 1

Dimensional parameters
T, Drag time 0.025 s
1% Settling velocity 0.20 m s~!

TABLE 1. Fluid—particle parameters used in CIT simulations (Capecelatro et al. 2015).

Cy Cyp Co Cyx Gy Cy fs B C.
35 018 192 35 7.0 681 04 1 1

TABLE 2. Values of the model constants used in CIT simulations for the complete model.

Cy Co Cy Ci B
0.8 6 0.02 0.1 0.75

TABLE 3. Values of the model constants used in CIT simulations for the simplified model.

in the isotropic cases previously analysed. The results obtained in the CIT case with
the previous values are in reasonable agreement with the full numerical simulation,
but show some discrepancy which has been eliminated using the values proposed
in table 2. In fact, C5, has an insignificant effect on the asymptotic results, but the
present higher value smooths the transient dynamics. In contrast, the value of Cy turns
out to be key to get the correct level of turbulent kinetic energy.

The steady-state solution of first-order moments equations yields (U, ; — U, 1) =V,
which agrees with the EL simulations of Capecelatro et al. (2015), and

_ i
(Us.a) = — (o) (1 + w)?V, (8.8)
p

where, using the definition in §4.1,

1 3 : 32V2
- +=C 1
<2+4 °f> ( Y >

and St; = (tper/ks); B = Tir/Ter is set equal to 0.8. In fully developed CIT, the
turbulence is generated by the clusters and the resulting Stokes number is nearly
constant (Capecelatro et al. 2016b). The complete model therefore predicts that the
steady-state value of (U,;)/) depends on the particle volume fraction, the mass

-12
7,

1
— 8.9
5 (8.9)

T
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FIGURE 6. (Colour online) Time evolution of the vertical mean fluid velocity seen by the
particles (a) and of the vertical mean particle velocity (b) from the complete (red line) and
from the simplified (blue dot-dashed line) stochastic model. The horizontal black dashed
line represents the steady-state mean velocity from the DNS of Capecelatro et al. (2015).

loading and the dimensionless fluid-phase turbulent kinetic energy 2k;/V?. The
prediction of (Uy) is perhaps the most important contribution of the Lagrangian pdf
model for CIT because information on the fluid seen by the particles is not available
in most multiphase turbulence models for fluid—particle flows (see e.g. Fox 2014, for
details).

The second-order moments have two independent, non-zero components, i.e.
the vertical (1, 1) and horizontal (2, 2). For the fluid phase, these are found by
solving (7.27). In CIT, the fluid-phase Reynolds stresses are anisotropic because
of the mean velocities appearing in P ;. In general, redistribution is weak so that
(u_?’z) < (”_%ﬂ- In CIT, the anisotropy of the particle-phase pressure tensor arises due to
the source terms &, 1, &, 22, whose anisotropy is controlled by f;. For example, if f; =1
and collisions are negligible, the particle-phase pressure tensor and Reynolds stresses
will have the same anisotropy. The value of the free parameter C. in the collision
term, on the other hand, will control the anisotropy of the particle-phase pressure
tensor. For the particle phase, the Reynolds stresses are found by solving (7.6). The
anisotropy of the particle-phase Reynolds stresses arises due to the production terms,
i.e. due to the anisotropy of (u,u, ;). The latter are found by solving (6.12). Likewise,
the Reynolds stresses for the fluid seen by the particles are found from (7.10). As
seen for the fluid phase, the anisotropy of fluid seen is mainly due to the production
terms, but is also due to the directional dependence of 77 ;. The dissipation rates ¢,
and &, are found by solving (7.16) and (7.30) with the mean-shear-production terms
set to zero.

Figures 6-8 show the time evolution of some mean velocities and second-order
moments of both the fluid and particle phases, obtained with the complete and
simplified models. It can be seen that all the quantities, after a transient of about
80-1007, due to the non-trivial coupling between particles and fluid, tend to a
steady value. The dashed horizontal line in the figures is the steady-state value
obtained in the EL simulation by Capecelatro et al. (2015). It can be seen that the
mean velocities (figure 6) are well captured by both the complete and simplified
models. As anticipated, an important feature of the Lagrangian pdf models is to
provide a prediction of the fluid velocity seen by the particles, as compared to
Eulerian pdf models in which it must be a priori specified. As for the second-order
moments (figures 7 and 8), the complete model still gives a good agreement with
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FIGURE 7. (Colour online) Time evolution of second-order moments of the vertical mean
fluid velocity seen by the particles (a) and of the vertical mean particle velocity () from
the complete (red line) and from the simplified (blue dot-dashed line) stochastic model.
The horizontal black dashed line represents the steady-state mean velocity from the DNS
of Capecelatro et al. (2015).
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FIGURE 8. (Colour online) Time evolution of (u, u, ) (a) and of k¢ (b) from the complete
(red line) and from the simplified (blue dot-dashed line) stochastic model. The horizontal
black dashed line represents the steady-state mean velocity from the DNS of Capecelatro
et al. (2015).

2/ V) 2h) () /(2K

EL simulation 8.04 0.82 0.09
Complete model 8.74 0.93 0.04
Simplified model  16.60 0.98 0.01

TABLE 4. Steady-state values of fluid-phase velocity statistics. EL simulation data are
taken from Capecelatro et al. (2015).

EL simulations for both the fluid and particle phases, while the simplified version
significantly overestimates the steady-state values.

Tables 4-6, in which the steady-state values of particle and fluid statistics are
reported, confirm the previous observations. Table 5 also shows the repartition of
the particle turbulent kinetic energy, «,, into the coherent part, k,, and granular
temperature, ©,. For the simplified model, by definition, &, = 0 and «, = k,.
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(Up1)/V
EL simulation —2.28
Complete model —2.28
Simplified model —2.22
2,V )2 (025,
EL simulation 541 0.78 0.11
Complete model 5.13 0.81 0.09
Simplified model 12.71 0.96 0.02
kK W)k (,)/(2k,)
EL simulation 0.89 0.81 0.09
Complete model 0.99 0.81 0.09
3(0,)/ (k) (P)/B(O,)  (Pn)/(B(6),))
EL simulation 0.11 0.51 0.25
Complete model 0.01 0.49 0.25

TABLE 5. CIT: steady-state values of particle-phase velocity statistics. EL simulation
data are taken from Capecelatro ef al. (2015).

(U\',l )/V
EL simulation —1.25
Complete model —1.28
Simplified model —1.22

2kf@p/V2 (Mi[>/(2kf@p) (Mfg)/(zkf@p)
EL simulation 8.32 0.85 0.07
Complete model 8.06 0.88 0.06
Simplified model 15.36 0.96 0.02

2kp/ V2 us ity 1)/ (k) (ot 2) / (2ky)
EL simulation 5.45 0.82 0.09
Complete model 5.13 0.82 0.09
Simplified model 12.71 0.96 0.02

TABLE 6. CIT: steady-state values of fluid-phase turbulence statistics seen by particles.
EL simulation data are taken from Capecelatro et al. (2015).

The complete model also underestimates the granular temperature, most likely due
to underestimating the value of g, through the choice of Cj,. Nonetheless, the
decomposition of the particle turbulent kinetic energy appears to be essential to
well predict second-order statistics, as done by the complete model in contrast to
the simplified one. The complete model also well reproduces the fact that for all
the quantities, except for the uncorrelated part of the particle velocity, turbulence
fluctuations in the vertical direction are much higher than those in the horizontal
directions. The complete model is able to correctly reproduce the anisotropy of the
second-order tensors while the simplified model only gives a qualitative agreement.


https://doi.org/10.1017/jfm.2018.895

https://doi.org/10.1017/jfm.2018.895 Published online by Cambridge University Press

A Lagrangian pdf model for collisional turbulent fluid-particle flows 481

1.0

0.8

P

0.4

0.2

0 100 200 300 400
t/t,

FIGURE 9. (Colour online) Time evolution of pj; = k;,/(krepk,)'/* from the complete
stochastic model. The horizontal black dashed line represents the steady-state mean value
from the DNS of Capecelatro et al. (2015).

Finally, figure 9 shows the time evolution of the correlation coefficient

pp = ki
' V kf @pkp

which proves the importance of having a stochastic model that predicts kg, leading to
a correlation coefficient p;, that can vary in time, instead of setting it to a constant
value. Moreover, we can then use pj, in the dissipation—exchange terms in (6.9) and
(6.10). For example, similar to the model proposed by Fox (2014), kser/kfep, and
kipep/krep in (6.9) and (6.10), respectively, could be replaced with py,,/€,€r, which
may help to increase the value of ¢, when applied to CIT.

(8.10)

9. Discussion and conclusions

The main objective of this work was to develop a novel pdf modelling approach
for particle-laden turbulent flows including in a statistical sense particle—particle
collisions. The approach is based on the development of a modelled equation for the
one-particle Lagrangian pdf. As for the single-phase turbulent pdf approach (Pope
2000; Fox 2003), the corresponding Reynolds-averaged moment equations are taken
as a useful guideline for the construction of a sound model. In the present case,
the recent Reynolds-averaged framework developed by Fox (2014) and validated in
Capecelatro et al. (2016b) has been taken as reference. One of the most original
points of the present approach consists in developing a Lagrangian pdf model based
upon the decomposition of the velocity into two separate particle-phase velocity
variables (U, and év,), which are statistically uncorrelated. This decomposition has
been found to be key in the correct reproduction of moderately dense particle flows
and has been never used before in the framework of Lagrangian pdf modelling, where
only the total particle velocity is available.

The new framework put forward is very general, but a precise model has to
be proposed to make actual simulations. From a technical point of view, we
have proposed a new stochastic model, which represents the joint state variables
(x,, V,, 8v,, Uy) as a diffusion process, or informally a Langevin equation, that
is, the corresponding joint pdf is given by a Fokker—Planck equation. The model
has been built phenomenologically, and the unclosed terms in the exact Lagrangian
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equations have been replaced by return-to-equilibrium and fluctuating terms, following
fluctuation—dissipation arguments (Marconi et al. 2008). To highlight the role of the
decomposition of the velocity, we have also developed a simplified model that takes
into account the two-way coupling between the phases but does not consider the
presence of an uncorrelated part of the velocity. This model bears some similarity to
a previous proposition (Minier & Peirano 2001; Peirano et al. 2006), but in fact even
this model is new since it differs in the closure of the drift and diffusion coefficients.
In particular, it has been built to describe the presence of a drift velocity even in
homogeneous cases. The Reynolds-averaged equations derived from the complete pdf
model are shown to be consistent with the ones obtained in the Eulerian framework
(Fox 2014). On the other hand, and this is one of the significant advantages of
Lagrangian pdf approaches (Pope 2000; Minier & Peirano 2001), the level of content
of the present model is more detailed, notably the fluid velocity seen by the particles
U, is included and therefore all the related one-point moments can be computed.
When the mean mass loading is non-negligible, the dynamics of the fluid velocity
seen by the particles is strongly affected by coupling with the particle phase. The
Lagrangian pdf model thus provides a closure for the moments of U,, which need a
closure in the Eulerian framework. It is expected that the present model has the same
range of validity as the corresponding Eulerian one, namely it should be valid for
moderate mean mass loadings where volume fraction is only a few per cent «, <0.05.
For higher mass loading, new terms should be added taking into account rheological
effects. This is a challenging and interesting perspective.

Once the pdf formalism and the Lagrangian pdf model were defined, we validated
it using the same test cases employed to validate a recently developed Eulerian model
(Fox 2014; Capecelatro et al. 2015). In particular, the Lagrangian pdf model is applied
to statistically homogeneous flows of increasing difficulty, namely, (i) particle-laden
homogeneous isotropic turbulence (Février et al. 2005; Sundaram & Collins 1999),
(i) homogeneous sheared turbulence (Elghobashi 1994) and (iii) CIT (Capecelatro
et al. 2015). In the first two cases, the mean fluid- and particle-phase velocities are
null, and hence the production of fluid-phase turbulence by fluid drag is absent. These
cases are useful for validating the coupling terms in the Lagrangian pdf model for the
exchange of turbulent kinetic energy between the two phases, and their dependence
on the mass loading. In contrast, case (iii) provides a difficult and physically more
interesting validation test of the model for (U,). Indeed it determines the mean
slip velocity between the two phases (see (6.3)), and of the exchange/dissipation
models, which determine the relative contributions of correlated k, and uncorrelated
®, turbulent kinetic energy. Interestingly, the steady-state model for (U,) given in
(8.8) is relatively simple (compare, for example, the correlation used in Capecelatro
et al. 2016b), with the Lagrangian time scale 77, playing a prominent role. The
complete and simplified models are both qualitatively in agreement with DNS and
experiments in the homogeneous isotropic and shear cases, although the simplified
model cannot predict the quantities related to the uncorrelated part of the velocity.
Instead, important differences are encountered for the CIT case. While the complete
pdf model gives satisfactory results for all observables, the simplified model is able to
provide good predictions for the first moments but strongly overestimates the energy.
This result is important, since it demonstrates that the decomposition of the particle
velocity into correlated and uncorrelated parts is necessary to correctly represent the
dynamics of moderately dense flows. From a physical point of view, it is interesting
to note, however, that even though the agreement is only qualitative, the simple
two-way coupling, without collisions, is able to induce CIT.
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To conclude, in this work we have developed a general approach, in which we
have proposed a specific model validated in some relevant test cases. To assess and
improve the model, it would be interesting, in future work, to investigate CIT over a
wide range of («,) and ¢ values to determine whether the parameters in the model
for 77, should depend on these quantities. In fact, it would be useful to develop
a model for the fluid pressure gradient seen by particles directly from DNS. More
generally, the complete pdf model should be tested for inhomogeneous particle-laden
flows wherein the spatial transport terms play an important role. For example, the
particle-laden channel flows of Capecelatro et al. (2016a), Capecelatro, Desjardins
& Fox (2018) would be challenging test cases. In particular, for channel flows the
correlated and uncorrelated particle velocity components generate separate spatial
fluxes for all statistics. From the RA model developed in Capecelatro et al. (2016b),
it is known that, depending on the Stokes number, one or the other of these fluxes
may be dominant. As a result, the wall-normal distribution of {c,), as well as other
statistics, is very sensitive to how the spatial fluxes are modelled. In any case, as
shown in this work, it can be expected that by including a stochastic model for
U; the resulting models for the spatial fluxes will provide more robust closures for
inhomogeneous turbulent particle-laden flows.
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Appendix A. Exact Reynolds-averaged equations
A.1. Farticle phase
We show here the RA form of the Lagrangian pdf transport equations (2.9). It is

worth noting that they correspond exactly to the RA transport equations obtained
in Capecelatro et al. (2015) from the corresponding hydrodynamics ones. From the

equation for V, (2.9), applying an RA (ensemble-averaging over a large number of
fluid realisations), the exact RA equations can be retrieved for the particle mean

velocity (V,) =(V,):

A (V S U -V
W +V - (@) (V) @ (V) + (P) = () <<fr> +g> - @Ab

where (P) = (P) + (v, ® v,). The Reynolds stresses of the correlated part (v, ® v,)
can be obtained analogously, and it gives the following Eulerian transport equation:

3 (a,) (v, ® V)
ot
= —(,) (1, ® D)) - V(V,))| = (@,) (¥, @V - 8V, ® V)

T

((ﬁf ® ’6[7) - (fi)/p ® i]?))

T

+V - (@)(V,) ® (3, ®3,) + V- () (3, ® 7, ® T,)

(A2)

+ (o)

Finally, applying first the coarse-graining operator and then the RA one to (2.8), we
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get the equation for the particle-phase pressure tensor:

% + V. (a,) ((f/ﬁ ®(P)+ (8V,®38V,®8V,) + ((Svjé'gvp ®5p))
P v T ~
= —2(“[!)(7:7) — () ((P) « V(V, )" — (a,)(P - V,)T. A3
P

A.2. Fluid phase

Taking the RA of the hydrodynamic fluid-phase equations (see Capecelatro et al.
2015) yields the RA fluid-phase transport equation. It gives for the volume fraction:

9 (o)

9t +V . (O(f)(Uf)f=0. (A4)

For the fluid velocity:

W + V. (O[f)((Uf)f ® (Uf)f + (uf & Uf)f)
. U —-U
=D+ v o) — (e <f> tlag (AS)
O P Tp »
where
0= pp(“p) (A6)
prloy)

is the mean mass loading, (o) is the viscous stress tensor and (u; @ u;), is the fluid-
phase Reynolds-stress tensor.
And for the Reynolds-stress tensor we find

W + V- ap) (Uy)r @ (ur @ uy)p + (ur @ uy @ uy)y)
(o)

= — () ((uy @ uy)y - V(U + z—;w <oy @ us) — V {pruy))’
_ 59 (o V) — (V)

(o)

T

+ [ @u,), — 1y @ us), + (uy), ® (Uy), — (U (AT)

The fluid-phase variables that are averaged with respect to the particle phase, i.e. (u;),,
appear due to fluid—particle coupling (e.g. due to clusters).

Appendix B. Simulation of a Gaussian vector: the Cholesky decomposition

Let X=(Xi,...,X,;) be a Gaussian vector defined by a zero mean and a covariance
matrix C; = (X;X;). For all positive symmetric matrices (such as Cj), there exists a
(lower or upper) triangular matrix P; which satisfies

d
C=PP = Cj=) PuPy. B1)

k=1
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P is given by the Cholesky algorithm (here for the lower triangular matrix):
Ci
% Cll ,

i-1 172
Pii=<Cii_ZPij> ,  1<i<d,
(B2)
PU ”<U szk )9 1<.]<l<d’
Pj

P—O i<j<d.

Py = <i<d,

Let G= (G, ..., G,) be a vector composed of independent N (0, 1) Gaussian random
variables, then it can be shown that the vector ¥ = PG is a Gaussian vector of zero
mean and whose covariance matrix is € = PP'. Therefore, X and Y are identical, that
is,
d
X=PG=X;=) PyG. (B 3)
k=1

Appendix C. Fokker-Planck equation

The state vector of the Lagrangian description, given by Z = (x,, U,, év,, U,), is
associated with a single particle, while (Z) stands for (Z)[x*]. The particle system
is thus represented by this set of Lagrangian pdf equations, where the particle state
variables are modelled through a Langevin equation, or to be more rigorous, as a
diffusion process. This set of Lagrangian pdf equations for the trajectories of the
sample particles corresponds, from the pdf point of view, to the following Fokker—
Planck (FP) equation for the Eulerian mass density function (mdf) (Pope 1985; Minier
& Peirano 2001; Fox 2003):

OFE IFf IF} 3 Usi = Up)
+ Up i + 8 p i = — - :
81‘ ' 8)C 8)C,‘ aUp,[ T
1 8<ap>pp<Pij> 8<Upz> 1 E
- +0v,, —— U, —(Upi)) +&i| F,
() 0p 0x; P B Ty, " r P
1 dFY 3 8V,
+-Coedy /2
2 8Up18Up] 00V, ; T,
+ <ap>pp< j) _8Vp,j ( p,) _ (1+e)( e) 8Vp,i:| FE>
(ctp) pp 0x; ox; 4z, P
+1 (BsBY); + ! (1+e)*(6,)s O,
2 |0 g, PP 98V, :08v,,
(o) 3(py) 3(Uy.:) oF,
- J° _ U . > —oO.
+ [ o (Up, ) — (Uy,)) ox, 20,
8 ( 5,0 z) 1 82FE
- Gj(Us; — (Us ) — Wi = Upd) \ e -B.—r _ (Cl
aU,, [( i(Usy = Uph) == ) }Jrz vigunan, Y
where B, ; is the diffusion matrix given by (4.20), and it is not given here explicitly
for the sake of clarity. FE (t,x; Uy, 8v,, Uy) is the probable mass of discrete particles

in an element in the phase space of Volume dU,dév,dU, at a position x.
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Appendix D. Fluid-particle limit

The limit behaviour of the equations is only shown in homogeneous isotropic
conditions for the sake of simplicity. In the limit case of tracer particles, i.e. 7, — 0,
we know from the equations for the stochastic model that U, — U, and U; — Uy,
but we do not know if the model equation for U, is exactly the same as U,. At
the same time we have that the particle-phase uncorrelated velocity goes to zero,
which is consistent. When the particle inertia becomes very small where 8, =8 — 1
and kg = kre, — ks, the particle-phase dissipation tends to &, — &7, as we can see
from (D 1) and (D?2):

dEf kf

=(CaP — Ce28f) L C3* g, — Brer | (D1)
dr krap
de k
L2 =(C,P - cde,,) +C3— (a, Bre ) . (D2)
dr p kf@p

Now we can check what happens to the stochastic equation for U;. From the
spatially homogeneous Lagrangian model, we can obtain

1
AU, + ¢dU, =~ Uy dr - TﬂU,, dt + \/Cot; AW, + ¢+/Cope, AW, (D3)
Lp

L

Now, when 7, — 0, we can use one of the two equations to prove dU; =dU,, while
the other two will give év, — 0 and

1 1
dU; = ——U,dt + ———/ Cog/ (AW, 4 pdW,,). D4
K TL (1+(p) 0 f( @ p) ( )

To obtain exactly the same equation as for one-way coupling, the white noise of
the particle equation dW, should be replaced, in this limit, by the one employed
in the fluid velocity equation dW,. (In terms of the distribution function (i.e. weak
convergence), the sum of two Wiener processes multiplied by constants is equivalent
to a third Wiener process multiplied by the sum of the constants (Kloeden & Platen
1992).) If this is not done, when the transport equation of the second-order moments
is evaluated, i.e. d(U?), there will be a spurious term —2¢/(¢ + 1)*Coé; due to the
fact that the two noises are uncorrelated. In any case, this term goes consistently to
zero when the mass fraction ¢ vanishes.
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