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Abstract

We study dynamic flow-structuring and mean-flow properties of turbulent particle-laden riser-flow at significant particle volume frac-
tions of about 1.5%. We include particle–particle as well as particle–fluid interactions through inelastic collisions and drag forces, in a so-
called four-way coupled description. These interactions are the origin for the emergence of coherent particle swarms in a flow. The
dynamic cluster-formation and cluster-disintegration are associated with the competition between turbulent dispersion and inelastic par-
ticle collisions. We establish the basic scenario of this self-organization and investigate the dominant mean-flow aspects of the resulting
turbulence modulation for particles with high Stokes response-time. Large-eddy simulations of turbulent channel flow, using dynamic
subgrid models and particles at a significant volume fraction and realistic mass load are presented. These simulations indicate the devel-
opment of a thinner boundary layer, a flatter velocity profile, an higher effective Von Kármán constant and an accumulation of particles
near the walls. Moreover, it was found that neglecting particle–particle interactions, as done in so-called two-way coupling, leads to a
modulated flow which displays a strong ‘center-channel-jet’ that is not found in physical experiments.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Many flows of relevance to large-scale chemical process-
ing involve solid catalyst particles at significant concentra-
tions, embedded in a carrying gas-flow. Control over the
spatial distribution of the catalyst particles, especially its
homogeneity, is essential in order to provide a chemical
processing that is as complete and uniform as possible, that
is consistent with modern environmental requirements and
that does not constitute a strong safety hazard. This pro-
vides the main application context for this study which is
0142-727X/$ - see front matter � 2006 Elsevier Inc. All rights reserved.
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directed toward understanding the flow-structuring and
statistical aspects of turbulent gas-solids flow in a vertical
channel. Specifically, we concentrate on the development
of a large-eddy simulation strategy with which the central
up-scaling of laboratory-scale experiments to realistic
industrial settings can be supported.

The control of large-scale chemical processes is hindered
by the lack of precise prediction-tools which characterize
the dynamics in systems of realistic proportions. Since
full-scale experimental research is costly and often not pre-
cise or not feasible, the development of accurate simulation
tools is very important. A specific example is the cracking
of oil which is facilitated by adding large numbers of cata-
lyst particles to a carrying gas-flow. Basic to catalyst crack-
ing is an understanding of the granular dynamics of large
swarms of grains of sand. Specifically, it is important to
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investigate whether particle–particle collisions are dynami-
cally important and lead to large clusters, thus contributing
to spatial non-uniformities that may jeopardize safety and
product-consistency and increase pollution.

The particles interact among each other mainly through
inelastic collisions which by themselves lead to a granular
clustering. In Fig. 1 an illustration of the clustering in a
granular medium is provided (Lohse et al., 2004) which
may be loosely associated with the clustering behavior seen
in large ensembles of catalyst particles in a riser flow. The
dynamic occupation of part of the flow-domain by quite
dense regions of particles induces an important alteration
of the overall flow, compared to the clean channel flow.

The dynamical behavior of the embedded particle-
ensemble is quite complex and interacts nonlinearly with
the carrying gas-flow (Elghobashi and Truesdell, 1993).
The particles are dragged along by the gas-flow, exchang-
ing momentum with it through a friction force-density.
This arises since the particles cannot instantaneously
respond to the gas-flow. Instead, a so-called Stokes
response-time (Maxey and Riley, 1983; Bagchi and Bala-
chandar, 2003) is introduced to represent the degree of
‘sluggishness’ with which the particles follow changes in
the gas-flow. Moreover, the discrete particles interact
among each other, e.g., through inelastic particle–particle
collisions. In case only particle–fluid interactions are incor-
porated the description is referred to as ‘two-way coupled’
while a ‘four-way coupled’ formulation arises when also
the particle–particle interactions are included, e.g., (Elg-
hobashi and Truesdell, 1993; Hoomans et al., 1996). At suf-
ficiently low particle volume fraction the two-way coupling
will be adequate. However, with increasing particle volume
Fig. 1. A sand-jet arising after the impact of a heavy sphere in a loose sand-bed
is formed. As this column of sand starts to fall down, inelastic collisions amon
details: http://pof.tnw.utwente.nl/3_research/3_gallery.htm/.
fraction the collisions will become dynamically significant
and the more involved four-way coupling will be required.

The main purpose of this paper is to demonstrate in the
context of numerical simulation that for rather coarse
particles, at a realistic mass load around 20 and a modest
particle volume fraction of about 1.5%, the collisions con-
stitute a major dynamic effect that needs to be incorporated
in order to retain a physically reliable flow description.
This forms a separate confirmation of the commonly
accepted classification in which volume fractions larger
than 10�3 necessitate the inclusion of particle–particle col-
lisions (Elghobashi and Truesdell, 1993).

The present study is among the first to establish the rel-
evance of the particle–particle collisions, at moderately
high volume fractions, using detailed turbulence simula-
tions. Without the four-way coupling, the continual pro-
cess of dynamic self-organization of the embedded
particles in coherent swarms and the subsequent destruc-
tion of such ‘clusters’, is completely missed in the computa-
tional model. In fact, the computationally more appealing
two-way coupling model appears to give rise to predictions
that are qualitatively unreliable at sufficiently high volume
fractions. As an example, instead of the experimentally
observed flattening of the velocity profile in the gas-phase
(Tsuji et al., 1984) compared to the clean channel flow,
the two-way coupling model gives rise to an unexpected
rather strong ‘center-channel-jet’. These and other short-
comings of the two-way coupling model will be further
clarified in this paper.

The two-phase gas-solids flow is governed by an inter-
play between the nonlinearity of the convective fluxes and
the particle–fluid and particle–particle interactions. These
. A primary eruption follows from the initial impact after which a sand-jet
g the sand-particles give rise to the formation of granular clusters. Further
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effects may accumulate and significantly modify basic tur-
bulence properties. As an example, large-scale dynamic
flow-structuring may arise which affects the flow-statistics
compared to the case with no or only weak particle contri-
butions. These flow-alterations constitute the so-called
‘modulation of turbulence’ which, e.g., seriously compli-
cates the prediction of the up-scaling of flow-phenomena
from laboratory-scale experiments to industrial-scale set-
tings. The case of small bubbles embedded in a flow of
water was recently investigated experimentally in (Rensen
et al., 2005), a slight steepening of the kinetic energy spec-
trum was reported as a result of the bubbles. In this paper
we consider the gas-solids system and quantify the turbu-
lence-modulation via changes in the mean-flow properties.

In this paper, we adopt the large-eddy simulation
approach and extend some of our earlier work on this topic
as reported in (Vreman et al., 2004). In the present paper
we consider the formation of coherent particle structures
in more detail and compute mean-flow properties of the
gas and solids phase. Other computational studies found
in literature involve considerably lower particle volume
fractions, typically 10�4 or lower (Yamamoto et al., 2001;
Squires and Simonin, 2002; Marchioli et al., 2003). In these
studies particle collisions and even particle–fluid interac-
tions are often not taken into account. In contrast, in this
paper we study dynamic consequences of both particle–
particle as well as particle–fluid interactions at relatively
high volume fractions. We incorporate two dynamic sub-
grid models in order to assess the sensitivity of the predic-
tions. The standard eddy-viscosity model (Germano et al.,
1991) and a faster but approximate version based on Tay-
lor expansions (Vreman et al., 2004) are incorporated.

Before going into detail, the main findings may be sum-
marized as follows. Incorporating particle–fluid and parti-
cle–wall interactions induces a thinning of the boundary
layer, leading to an higher skin-friction coefficient. More-
over, the additional inelastic collisions considered in the
four-way description give rise to a flatter velocity profile,
corresponding to an higher Von Kármán constant, and
cause a striking dynamic self-organization. A clustering
tendency associated with the inelastic collisions competes
with the strong turbulent dispersion in the channel flow.
Starting from a dispersed particle distribution, in the
course of time larger clusters may be formed due to inelas-
tic collisions. These collisions represent a spatially distrib-
uted loss of energy which effectively contributes to the
viscous dissipation. As the clusters develop, the turbulence
intensities in the adjacent ‘clean’ regions grow, unhindered
by the mentioned extra dissipation associated with the col-
lisions. Subsequently, this may lead to a ‘bursting’ of the
clusters that formed, etc. The clusters display large varia-
tions in size and shape and represent the degree of spatial
non-uniformity that may be induced under suitable flow-
conditions in gas-solids flows. The clustering process
occurs only in the four-way coupled description.

The organization of this paper is as follows. In Section
2, we present the mathematical model and provide the
large-eddy formulation of the particle-laden flow. Subse-
quently, the dynamic flow-structuring is sketched in Sec-
tion 3. The corresponding turbulence modulation is
discussed quantitatively in Section 4. Finally, some con-
cluding remarks are collected in Section 5.
2. Large-eddy formulation of particle-laden flow

The computational model distinguishes a gas-phase and
a solids-phase which will be specified in this section. The
embedded solids particles are considered to be small com-
pared to convective turbulent length-scales. This allows
to effectively approximate the equations for the gas-phase
in terms of flow through a (time- and position-dependent)
porous medium (Whitaker, 1996). The treatment of the sol-
ids phase follows a deterministic model as specified in
(Hoomans et al., 1996). Finally, we will describe the
large-eddy treatment of the gas-phase.

Gas-phase. We first turn to the particle-laden gas-phase.
We consider small spherical particles with radius a and vol-
ume Vp = 4pa3/3. The porosity eV(x, t) associated with a
small volume V� Vp around the point x at time t can be
defined as:

eV ðx; tÞ ¼ 1� nV ðx; tÞV p

V
ð1Þ

where nV(x, t) is the number of particles in V at time t. In
terms of eV we observe that eV! 1 in case V does not con-
tain any particles while eV! 0 if the volume V contains no
gas. In the continuum-limit, the porosity is denoted by e.
The Navier–Stokes equations that govern the flow in a por-
ous medium specified by e read:

otðqeÞ þ ojðqeujÞ ¼ 0

otðqeuiÞ þ ojðqeuiujÞ ¼ �oiðepÞ þ ojðerijÞ
þ ðqeg � oiðeP mÞÞdi3 þ fi

otðeeÞ þ ojððeþ pÞeujÞ ¼ ojðerijuiÞ þ ðqeg � o3ðeP mÞÞu3

þ fiui � ojðeqjÞ ð2Þ

where the symbols ot and oj denote the partial differential
operators o/ot and o/oxj respectively. Furthermore, q is
the density, u the velocity, p the pressure and e =
p/(c � 1) + q ukuk/2 the total energy per unit volume. The
constant c denotes the fraction of specific heats c =
CP/CV = 1.4. The flow is driven by a pressure gradient in
the vertical direction, involving the imposed mean pressure
Pm which is assumed a function of time and x3 only, such
that the total fluid mass flow is kept constant.

In the system of Eq. (2) we selected the conservative for-
mulation following, e.g., Whitaker (1996) and Lakehal
et al. (2002). This facilitates the use of the conservative
finite volume method in the simulations. The conservative
formulation gives rise to pressure gradient contributions
that incorporate the porosity e inside the spatial deriva-
tive operators. Alternative formulations may be found in
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literature in which, e.g., eoip arises instead (Zhang and
Prosperetti, 1997). The latter formulation is formally
equivalent to the one selected here, provided a correspond-
ing adaptation in the interpretation of the force terms fi is
included. The distinction between these formulations can
be traced back to differences in the interpretation of the
(volume averaged) gas-velocity as explained in (Whitaker,
1996) and adopted by (Breugem and Boersma, 2005; Breu-
gem and Rees, 2006). In the formulation of Zhang and
Prosperetti (1997), the force-terms fi include the drag force
arising from the relative motion of the particles and the
fluid. In the conservative formulation as adopted in this
paper, the terms (p + Pm)oie are incorporated in fi as well,
to restore the formal equivalence with (Zhang and Prosper-
etti, 1997). This extended definition of fi for the conserva-
tive formulation is also required in order to keep the
equations physically consistent for the special case of
non-uniform porosity e and neutrally buoyant particles.
In fact, if there is no fluid motion and the embedded parti-
cles have the same density as the fluid then no large-scale
motion should spontaneously develop from gradients in
the porosity e. However, the pressure-related contributions
in the conservative formulation would imply a non-zero
contribution (p + Pm)oie which needs to be compensated
by the corresponding extension of the forces fi. In strongly
turbulent flow and at the modest particle concentrations
considered in this paper, the additional contributions
(p + Pm)oie were found to be of little dynamical impor-
tance. In particular, the statistical properties of the fluid
– and particle-phase as predicted by the conservative for-
mulation using the complete definition of fi or with the
drag force alone, were observed to be quite identical.

The viscous stress tensor rij is defined as the product of
viscosity l = 3.47 · 10�5 kg/(m s) and strain-rate tensor
Sij ¼ oiuj þ ojui � 2

3
dijokuk. The heat-flux qj is defined as

�jojT where T is the temperature and j = 0.035 W/(mK)
the heat-conductivity coefficient. Pressure, density and tem-
perature are related to each other by the equation of state
for an ideal gas qRT = Mgasp where R = 8.314 J/(mol K) is
the universal gas constant and Mgas = 0.0288 kg/mol is the
mass of the gas per mole. The gravitational acceleration in
the momentum equation equals g = �9.81 m/s2 and fi

denotes the force of the particles on the flow per volume
unit. These are induced by an effective relative motion of
the particles with respect to the gas which gives rise to drag
forces on the fluid (Hoomans et al., 1996). To obtain fi the
drag force due to each particle is distributed over the eight
nearest neighboring grid-points of the computational cell in
which the particle is found. For the distribution of these
forces a weighted average is used which takes the distances
between these grid points and the actual particle location
into account (Hoomans et al., 1996).

The coordinate x3 denotes the streamwise, x2 the normal
and x1 the spanwise direction. The domain is rectangular
and the channel width, height and depth equal L2 =
0.05 m, L3 = 0.30 m and L1 = 0.075 m, respectively. No-
slip boundary conditions are imposed in the x2-direction
and periodic boundary conditions are assumed for the
stream- and spanwise directions.

The equations formulated in (2) are equivalent to the
equations governing a compressible ideal gas with velocity
u, temperature T, density q̂ ¼ eq, pressure p̂ ¼ ep, viscosity
l̂ ¼ el and heat-conductivity ĵ ¼ ej. Therefore, to solve
this flow it is convenient to use a compressible flow solver
with additional forcing terms representing gravity and the
forces from the particles on the fluid. For a channel flow
without particles the pressure gradient corresponds to wall
shear-stress sw = 0.0625 N/m2, shear velocity us = 0.25 m/s
and corresponding Reynolds number Res = 180. We will
simulate a section of a riser flow with a vertical velocity
of about 4 m/s. The parameters of the gas in the riser are
close to those for air. The initial gas density equals q1 =
1.0 kg/m3 and we use a Mach number of �0.2 for which
the turbulence is effectively incompressible.

The inclusion of compressibility effects as shown in (2),
appears not strictly necessary for the volume fractions con-
sidered here. The primary flow-physics associated with an
average volume fraction of 1.5% as studied in this paper,
can probably also be captured using an incompressible flow
model. However, the fluctuations in the particle density
were found to occassionally give rise to higher local volume
fractions of up to 10% for which compressible corrections
are sensible. So, although the fluid-particle and particle–
particle energy interactions are considered dynamically
not important in the modeling adopted here, the compress-
ible flow model is used as it is more complete, without dis-
tracting from our main focus nor adding to the
computational costs.

Solids-phase. The discrete particle model calculates the
motion of particles in the fluid and includes inelastic parti-
cle collisions. The mean velocity of the riser is low enough
to neglect the heat transfer during particle collisions. The
particle diameter equals dp = 0.4 mm and the particle

density is qp = 1500 kg/m3. The number of particles
equals Np = 419,904. With these parameters the average
volume fraction is 0.013 and the Stokes response-time is
sp ¼ ðqpd2

pÞ=ð18lÞ ¼ 0:4 s.
The motion of every individual particle i in the system is

calculated from Newton’s second law:

mi
dvi

dt
¼ V ib

1� e
ðu� viÞ þ migez þ fpp

i þ fpw
i ; ð3Þ

where mi denotes the mass, vi the velocity, Vi the volume of
the ith particle and ez denotes the vertical z-direction. The
gravitational acceleration acts in the negative z-direction.
The forces on the right hand side of the equation represent
standard drag, gravity, particle–particle interaction (fpp

i )
and particle–wall interaction (fpw

i ), respectively. The gen-
eral equation of motion for a single particle derived in
(Maxey and Riley, 1983) contains additional forces, such
as added mass and history terms. However, the recent com-
parison with DNS results reported in Bagchi and Bala-
chandar (2003) did not show improvements when these
forces were included.
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The symbol b in the drag term is the inter-phase momen-
tum transfer coefficient. For dense regimes it is frequently
modeled through the Ergun equation (e < 0.8):

bd2
p

l
¼ 150

ð1� eÞ2

e
þ 1:75ð1� eÞRe ð4Þ

whereas in the more dilute regime (e > 0.8)

bd2
p

l
¼ 3

4
CDReð1� eÞe�2:65;

CD ¼
24ð1þ 0:15Re0:687Þ=Re; Re < 103

0:44 Re > 103

( ð5Þ

Here Re = eqju � vja/l is the particle Reynolds number,
which is evaluated at the particle position.

The collisions between the particles and between the
particles and the solid channel walls are inelastic. These
are described by a hard-sphere model in which it is
assumed that the interaction forces are impulsive and
therefore all other finite forces are negligible during colli-
sion. As a result of collisions, some of the kinetic energy
is lost. This is described in terms of so-called ‘restitution
coefficients’ which we take identical to (Hoomans et al.,
1996).

Numerical method. The numerical method applies a sec-
ond-order finite volume method for the spatial discretiza-
tion. Moreover, a second order explicit Runge–Kutta
time-stepping method with time-step 2 · 10�5 s for the fluid
phase and Euler forward time-stepping with time step
10�4 s for the solids phase are adopted. Most of the compu-
tational effort is associated with the particle phase. The
computational grid contains 32 · 64 · 64 cells. The grid is
non-uniform in the wall-normal direction with the first grid
point at y+ � 1.5. The porosity e is determined on a uni-
form ‘auxiliary’ grid which is coarser than the particle
diameter. Linear interpolation is used to communicate
information between grid-nodes and particle positions.

The simulations run until at least t = 5 s, while statistics
are accumulated between t = 3 s and t = 5 s. With a Stokes
response-time of sp = 0.4 s, the particles are evolved for
12.5sp and the accumulation of the statistics is over 5sp.
The particles considered in our simulation are highly iner-
tial and in order to obtain quantitatively precise statistics,
the averaging should preferably be over a more extended
period. Averaging over shorter time-intervals will give rise
to some statistical errors which may express themselves,
e.g., as asymmetries in the average profiles of gas and solids
properties such as velocity and turbulence intensities. Con-
versely, these asymmetries provide a first indication of the
statistical averaging error. In the case studied in this paper
we observed quite low levels of asymmetry already after
averaging over only 5sp (this may be inferred from the pro-
files presented in Section 4). Correspondingly, the main
features of the average profiles and the influence of the sol-
ids-phase on these properties can be clearly discerned,
despite the remaining statistical error. As the averaging
process is known to converge quite slowly as function of
the length of the averaging interval, it would be quite
impractical to simulate for long enough for the statistical
error to become virtually negligible. However, for the pur-
pose of assessing and discerning the effects of two- and
four-way coupled discrete particles, the adopted averaging
interval appears well justified.

Large-eddy formulation. In order to make large-scale
turbulent flow simulations at high particle volume fractions
feasible, the gas-phase is described using large-eddy simula-
tion (LES) (Geurts, 2003). The LES formulation is
obtained by applying spatial filtering to the flow equations
in order to reduce their dynamical complexity. In particu-
lar, we may consider convolution filtering in which

u ¼ LðuÞ ¼
Z

Gðx� nÞuðnÞdn ¼ G � u ð6Þ

where u denotes the filtered solution and G the filter-kernel.
The filter is assumed to be normalized, i.e., L(1) = 1. If the
spatial filtering is applied to the governing equations the re-
sult may be expressed in terms of the LES-template:
NSðUÞ ¼ RðU ;UÞ where the original and filtered state-vec-
tor are defined by U = [eq,uj, ep]; U ¼ ½eq; euj; ep� with
Favre-filtered velocity eui ¼ qeuj=qe. The spatial filtering
yields a ‘closure-residual’ RðU ;UÞ which contains, e.g.,
the filtered forcing term f i and the divergence of the turbu-
lent stress tensor

sij ¼ qeuiuj � qeuiqeuj=qe ¼ qefguiuj � euieujg ð7Þ
We restrict attention to explicit modeling of the turbulent
stress tensor and evaluate other closure terms by calculat-
ing the original formulation in terms of the filtered vari-
ables. For the representation of the sub-filter scales we
will next introduce two subgrid modeling approaches.

We incorporate dynamic subgrid modeling and begin
with the standard eddy-viscosity assumption in the basic
model, expressed by

mij ¼ � CdqeD2SðeuÞ� �
SijðeuÞ; D ¼ ðD1D2D3Þ

1
3 ð8Þ

where Di denotes the filter-width in the xi-direction. The dy-
namic procedure (Germano et al., 1991) is based on the
well-known Germano-identity and provides the possibility
to calculate a ‘Germano-optimal’ coefficient Cd which
adapts itself to the evolving flow. In fact, after some calcu-
lation and the usual approximations the dynamic coeffi-
cient Cd may be obtained from

Cd ¼ hMijLiji=hMijMiji ð9Þ
with appropriately defined tensors Lij for the resolved tur-
bulent stress tensor and a tensor Mij which collects subgrid
model contributions on the filter-level ð�Þ and the so-called
test-filter level ðb�Þ. Here, h Æ i represents an averaging over
homogeneous directions and ‘clipping’ is applied in case
the right-hand side of (9) would return negative values.
We distinguish two implementations of the dynamic proce-
dure, referred to as the ‘standard’ and the ‘approximated
fast’ procedure. These may be defined as follows:
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• Standard dynamic procedure: This requires explicit test-
filtering and involves

Lij¼ ½qeeuieuj�b�dqeui
dqeuj=cqe ð10Þ

Mij¼�cqeð
ffiffiffi
5
p

DÞ2Sðdqeu=cqeÞSijðdqeu=cqeÞþ ½qeD2SðeuÞSijðeuÞ�b
ð11Þ

where ½. . .�bdenotes explicit application of the test-filter
to the term between brackets.

• Approximated fast procedure (see Vreman, 2004, and its
references): For common second order filters as adopted
here we have bw ¼ wþOðD2Þ. Hence

Lij �
1

3
qeD2

kokeuiokeuj; Mij � �4qeD2SðeuÞSijðeuÞ ð12Þ

This procedure is based on Taylor expansions and does
not require explicit test-filtering which makes it compu-
tationally much cheaper.

In the next section, we will consider the dynamic self-
organization that arises due to the ‘competition’ between
the structuring associated with the inelastic particle colli-
sions and the bursting of particle-clusters due to the under-
Fig. 2. Snapshots of the particle volume fraction showing iso-surfaces
lying tendency of the clean flow to develop strong
turbulence.

3. Dynamic particle-laden flow structuring at high

concentration

In this section, we will show that the four-way coupling
model gives rise to large-scale coherent particle swarms
which are completely absent when the two-way coupling
model is used.

In order to characterize the flow-structuring we concen-
trate on visualizing the particle volume fraction. For this
purpose we introduce a uniform rectangular grid which
contains n1 · n2 · n3 cells respectively. The volume of each
cell is denoted by Vcell. At time t we may count n particles
in cell (i, j,k) and the corresponding volume fraction is
w = 1 � �cell = nVp/Vcell where Vcell� Vp.

As point of reference, the basic riser flow was simulated
using LES with the standard dynamic model and four-way
coupling. The grid on which w is evaluated contains
32 · 25 · 64 cells. We show the particle volume fraction
at different times in Fig. 2. From these snapshots one
may infer qualitatively the continual formation and
at w = 0.03 at t = 3.1 s (a) with steps of 0.05 until t = 3.45 s (h).
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destruction of large-scale coherent structures in a self-con-
tained manner which will be described next.

We start to describe the particle clustering and disper-
sion at an instant where w displays a rather fragmented dis-
tribution. In this state, the inelastic particle–particle
collisions induce a spatially distributed loss of energy from
the flow. After collision particles will generally separate
more slowly than they moved toward each other before col-
lision. At sufficiently high volume fraction such collisions
occur at a rather high frequency and two nearby particles
that just collided, may be hit by a third, only a short time
later. After a few such inelastic collisions a small group of
particles may form. This group can be hit by new particles
and as a result these new particles will adapt their velocity
toward the instantaneous average of the group. Hence,
such ‘fuzzy’ groups can form the nucleation-core of a larger
‘cluster’, i.e., a region of higher particle density compared
to the average density in the bulk. In Fig. 2 a more ‘orga-
nized’ state may be seen in Fig. 2(d–f) for example. Interac-
tion with the turbulent gas-phase flow may subsequently
disperse such clusters which leads to a new fragmented
state from which a new sequence of clustering events may
emerge. Clusters which happen to have grown quite large
may also encounter larger, more energetic eddies in the
flow which can split and disperse them in turn. In total a
complex dynamical process arises with strong variability
in the flow-structures that emerge. The self-organization
seen in Fig. 2 also arises when the approximated fast imple-
mentation is used. As such, the dynamic self-organization
of the particles is a robust phenomenon.

At the particle volume fractions considered here, the use
of the full four-way coupling is essential for capturing
large-scale dynamic clustering. This is illustrated in Fig. 3
in which we compare a structured particle field associated
with four-way coupling, with a structure-less field arising
Fig. 3. Granular clustering in coherent particle-swarms is strongly
associated with the four-way coupling description. Snapshot of the
particle volume fraction at t = 4 s comparing the four-way coupling (a)
with the two-way coupling (b). The iso-surfaces shown correspond to
w = 0.03.
in the two-way coupling model. These first impressions
indicate that four-way coupling yields qualitatively differ-
ent flow predictions compared to the computationally
much less expensive two-way coupled description.

In the next section, we will quantify the effects of the
gas-solids interactions by focusing on the mean gas and
particle flow.

4. Turbulence modulation arising in two- and four-way

coupled dynamics

In this section we will compare results obtained in
‘clean’ riser-flow with the particle-laden case. We will sep-
arately consider the two- and four-way coupling models.
The comparison between the clean and the two-way cou-
pling case quantifies effects due to particle–fluid and parti-
cle–wall interactions. A comparison between the two- and
four-way coupled cases quantifies additional effects due
to particle collisions. First, we sketch results of clean
riser-flow and turn to the particle-laden case afterwards.

Clean channel. The reference ‘clean’ riser-flow corre-
sponds to Res = 180 which coincides with the case origi-
nally reported in Moin and Kim (1982). The results for
the mean streamwise fluid velocity huzi display only a lim-
ited variation with the adopted subgrid model as shown in
Fig. 4. A close agreement with the corresponding DNS
results is observed. A more sensitive assessment of the
quality of LES predictions is obtained by considering
rms-fluctuation levels. These also showed limited depen-
dence on the adopted subgrid model. Compared to the
unfiltered DNS data the large-eddy results yield a slight
over-prediction of the fluctuation levels. This was also
observed in Kuerten and Vreman (2005). In addition, the
observed over-prediction of the fluctuations contains some
effects of discretization errors that remain in these simula-
tions (Geurts and Fröhlich, 2002; Meyers et al., 2003;
Meyers et al., 2005).

Although the large-eddy simulations are not fully grid-
independent, the grid is sufficiently fine to have a well-
resolved LES of channel flow at Res = 180, according to
the proposed criteria in Piomelli and Balaras (2002). The
remaining uncertainties are small enough to allow a clear
separate identification of the effects of the solids-phase on
the flow-dynamics. Hence, for the purpose of assessing
the dynamic effects of two- and four-way coupled discrete
particles in a turbulent channel flow the adopted spatial
resolution is sufficient.

Mean gas-velocity in particulate flow. We next turn to
predictions of mean fluid properties for the full particle-
laden flow. In Fig. 4 we collected the mean streamwise fluid
velocity for the two- and four-way coupled models which
display a clear turbulence modulation arising from the dis-
crete particles. Relative to the clean channel we observe
that both particle-descriptions give rise to a strongly
reduced boundary layer thickness which is associated with
a larger skin-friction coefficient. Consequently, Res

increases from 180 to 300. This puts a stronger emphasis
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on the accuracy of the subgrid modeling in particle-laden
flow. Variations in the LES-predictions due to changes in
the subgrid model hence become more pronounced in the
particle-laden case.

The prediction of the bulk flow away from the boundary
layers is quite different when the two-way and four-way
approaches are compared. The two-way description is seen
to give rise to a somewhat localized ‘center-channel-jet’ in
which the fluid velocity is up to about 60% larger than
the velocity at the edge of the boundary layer. Such a
region of significantly higher velocity was not observed in
the physical experiments reported in (Tsuji et al., 1984).
In fact, if coarse particles at considerable volume fraction
and mass load are included, the velocity profile was found
experimentally to develop a flatter pattern. The results
obtained using the four-way coupled description are quite
in line with these earlier experimental findings.

The effects of the embedded particles on the developing
flow are also reflected by the slope of the profile in the log-
arithmic region. Compared to the clean case an approxi-
mately logarithmic velocity profile develops for 10�3 <
x2 < 10�2, i.e., corresponding to 20 < y+ < 200, but at an
increased Von Kármán ‘constant’. The different LES pre-
dictions are seen to agree very well among each other;
the dynamic effect of including the particles clearly domi-
nates over variations due to changes in the subgrid model.

Mean particle properties. The consequences of particle–
particle interactions for mean particle-properties are shown
in Fig. 5. The strong center-jet in huzi observed in the two-
way coupling model, is also clearly expressed in hvzi. The
sensitivity of the results with respect to the adopted LES
model is quite modest. The particle volume fraction distri-
bution is shown in Fig. 5(b). A characteristic turbophoresis
effect is visible in terms of an approximately 15% higher
concentration near the solid walls. This effect is well estab-
lished experimentally.

The factor by which the particle concentration near the
wall is increased, relative to the average bulk-value,
depends strongly on the precise flow-regime that is consid-
ered. Although a direct comparison with physical experi-
ments faces important difficulties in view of differences in
flow-conditions, volume fractions and particle properties,
an interesting analogy with the simulation findings may
be appreciated, to which we turn next.

A strong turbophoresis effect was reported by Kulick
et al. (1994) for small particles at low volume fraction.
Moreover, it appeared that this effect is mitigated in case
particle–particle interactions can contribute more signifi-
cantly to the dynamics, e.g., if the same number but larger
particles was used. A similar trend was found in the simu-
lations. In fact, the four-way coupled case studied in this
manuscript displays only a modest turbophoresis effect.
This limitation of the turbophoresis effect can be attributed
to the fact that the particles are coarse and slowly respon-
sive to changes in the flow. To verify this, we performed a
four-way coupled simulation with particles with a much
smaller diameter (dp = 0.04 mm) and, consequently, a
lower particle concentration (w = 1.3 · 10�5). In that case
a much stronger turbophoresis was obtained in the simula-
tion; the particle concentration near the walls increased
with a factor of 30 relative to the mean bulk-concentration.
This is generally consistent with the experimental work of
Kulick et al. (1994) mentioned above. When two-way cou-
pling is used in combination with coarse, slowly responsive
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particles, no appreciable turbophoresis remains as is seen in
Fig. 5(b). This may also be attributed to the fact that par-
ticles with much larger Stokes response-time and much lar-
ger diameter were studied, compared to (Kulick et al.,
1994).

The striking differences between the resulting dynamics
in the two-way and the four-way coupled descriptions of
the solids-phase are directly related to the inelastic colli-
sions which are unique to the four-way coupling. These col-
lisions induce a spatially distributed loss of kinetic energy
associated with the various particle encounters. This
becomes dynamically important at sufficiently high volume
fraction. As may be inferred from the results shown in Figs.
4 and 5, this additional ‘dissipation’ has the effect of flat-
tening the mean streamwise velocity profiles of both the
gas- and solids phase. No separate ‘center-channel-jet’ is
observed in the four-way coupled model, in contrast to
the two-way coupled description. The inelastic collisions
induce the general tendency to lead to ‘clustering’ in the
solids phase. This clustering is counteracted by the disper-
sive nature of the turbulent channel flow and, combined,
gives rise to a complex dynamical behavior in the gas-solids
flow.

5. Concluding remarks

In this paper, we presented large-eddy simulation results
of particle-laden turbulent flow in a vertical riser. This flow
is relevant, e.g., to chemical processing and an understand-
ing of the fundamental dynamics of this flow is essential in
order to properly predict up-scaling of processes from a
laboratory scale to settings which are of industrial
importance.
We showed that already at a modest particle volume
fraction of about 1.5% the inelastic particle–particle inter-
actions play an important role in the development of the
flow. This is consistent with the generally accepted classifi-
cation in which volume fractions larger than 10�3 necessi-
tate the inclusion of particle–particle collisions (Elghobashi
and Truesdell, 1993). The computationally more accessible
two-way coupling model proved to give rise to qualitatively
unphysical predictions, among others the occurrence of a
fairly strong ‘center-channel-jet’ which was not recorded
in experimental studies (Tsuji et al., 1984).

The presence of a large number of interacting particles
leads to a strong modulation of the turbulence in the chan-
nel. Relative to a clean channel the coupling between par-
ticles and fluid is mainly responsible for the reduction in
the thickness of the boundary layer and the corresponding
strong increase in the skin-friction. Moreover, the log-layer
that is characteristic of wall-bounded flows was seen to be
retained in the particle-laden case but with an increased
Von Kármán ‘constant’. In addition, the particle–particle
interactions in the form of inelastic collisions are mainly
responsible for the flattening of the mean particle and fluid
velocity distributions. These interactions also gave rise to
the occurrence of dynamic self-organization of the embed-
ded particles in coherent swarms.

Instantaneous snapshots are certainly not sufficient to
describe fully the dynamic self-organization of the solids-
phase. Instead, quantitative statistics need to be collected,
e.g., to reveal possible characteristic time-scales associated
with the clustering and dispersion. Moreover, turbulence
kinetic energy budgets can provide quantitative insight into
the flow physics associated with two- and four-way cou-
pling. This will be considered in the future in combination
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with a parameter-study in which central solids-phase
parameters such as Stokes response-time, volume fraction
and mass-load will be varied.
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