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a b s t r a c t

Dispersion of heavy particles from a point source in high-Reynolds pipe flow was studied using large-
eddy simulation, LES. A stochastic Langevin type Lagrangian model developed by Berrouk et al. was used
to account for heavy particle transport by the sub-grid scale motion. In both the LES and in an experiment
by Arnason, the larger particles dispersed more than the small ones. The change in diffusivity with par-
ticle size is interpreted in terms of the effect of inertia and cross-trajectory effects and qualitatively com-
pared with the analysis of heavy particle dispersion in isotropic turbulence by Wang and Stock. Particle
inertia has a much larger influence on the dispersion than the crossing-trajectories effects.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The dispersion of heavy particles from a point source in turbu-
lent flows is of practical interest in a wide range of industrial and
environmental flows. The distribution of particles after they are in-
jected into combustion chambers or when they are travelling in
pipes plays a key role in the efficiency and stability of energy con-
version and transport processes. Also, the effectiveness of the
atmospheric boundary layer in dispersing particulate pollutants
and aerosols that originate from a point source to acceptable con-
centration levels is of interest to regulatory agencies.

Because dispersion of fluid particles in a turbulent flow is a ba-
sic element in turbulence, analysis of the phenomenon has
attracted considerable attention in the decades since the pioneer-
ing work of Taylor (1921). Taylor established the fundamental the-
ory for turbulent diffusion of fluid elements originating from a
point source. Taylor’s work has also been the starting point for the-
oretical studies of heavy particle dispersion over the last 60 years.
Analyses by Nir and Pismen (1979) and Reeks (1977) predicted the
possibility of solid particles dispersing faster than fluid particles in
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homogeneous and isotropic turbulence. Crowe et al. (1985) showed
that heavy particles with intermediate Stokes numbers can dis-
perse significantly faster than the flow due to the centrifugal
effects created by free shear flows. The work of Calabrese and
Middleman (1979), Jones (1966) and Arnason and Stock (1983)
show that, under certain conditions, large heavy particles can dis-
perse faster than small particles and faster than fluid particles.

Taylor’s theory (Taylor, 1921) provides a framework for under-
standing Arnasons experimental findings by accounting for both
gravity and cross-trajectory effects resulting from the presence of
a body force. In Taylor’s approach, particle dispersion in isotropic
and stationary turbulence is linked to the particle rms fluctuating
velocity v0p and the particle Lagrangian time scale TLp:

�p ¼ v02p � TLp: ð1Þ

Particle inertia causes heavy particles to respond sluggishly to
fluid turbulence (Tchen, 1947), and not follow the high-frequency
turbulent fluctuations. As the particle inertia increases, v0p de-
creases and TLp increases. The particle Lagrangian integral time
scale increases because the particle, once set in motion by a large
turbulent fluctuation, continues moving in that direction longer
due to its high inertia. Thus the dispersion coefficient �p can in-
crease or decrease with increasing inertia, depending on the rela-
tive change in v0p and TLp.

The motion of heavy particles is affected by body forces result-
ing from gravity, electric fields (if the particle is charged), and mag-
netic fields (if the particle is magnetic), which cause the particle to
have an average velocity not equal to the average fluid velocity.
The effect of this relative velocity on particle dispersion is known
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Table 1
Non-conforming embedded refinement in the polar part of the unstructured grid
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as the crossing-trajectory effects (CT) (Yudine, 1959; Csanady,
1963). The external force causes particle paths to deviate from
the paths of the surrounding fluid elements and causes the parti-
cles to diffuse less than fluid elements. The CT forces particles to
leave eddies prematurely and reduces TLp, which results in reduced
particle diffusivity. Thus CT always reduces particle diffusivity.

The effect of inertia and CT on heavy particle dispersion was
mathematically quantified by Wang and Stock (1993). They related
the particle dispersion statistics to measurable flow statistics and
particle parameters through algebraic equations for the normal-
ized particle diffusivity �p, rms fluctuating particle velocity v0p
and the particle Lagrangian time scale TLp. Their equations show
that for a very large drift parameter ðDr ¼ sp � q=u0f Þ

4 the heavy par-
ticle diffusivity is smaller than the fluid element diffusivity and
insensitive to the inertia parameter (St = sp/T).5 For small drift
parameters (less than 1 for dispersion in a direction perpendicular
to the drift and less than 2 for dispersion in a direction parallel to
the drift), particle dispersion increases with increasing inertia. Wang
and Stock concluded that solid heavy particles can disperse faster
than fluid elements if the inertia parameter controls the dispersion
and slower than fluid elements if the drift parameter controls the
dispersion. The core region of pipe flow is nearly homogeneous
and isotropic and the work on particle dispersion in isotropic turbu-
lence can be used to give a qualitative understanding of particle dis-
persion in this region.

Near the pipe walls there is considerable shear and turbulent
dispersion of solid particles becomes more complicated. In the
high-shear region particles experience a lift force due to the shear
and very near the wall the particle drag is affected by the presence
of the wall.

Some understanding of the seemingly contradictory experimen-
tal results of large particles dispersing more than small ones can be
gained from the theoretical analysis developed for particle disper-
sion in homogeneous and isotropic turbulence and also by some
physical shear-related considerations. However, developing a
mathematical or numerically based understanding of heavy parti-
cle dispersion in turbulent shear flows remains crucial. Numerical
simulations of particle dispersion in pipe flow can add additional
insight to the experimental studies. With the recent advances in
computing resources, large eddy simulation (LES) coupled with
Lagrangian particle tracking have become powerful tools for inves-
tigating particle-laden turbulent flows.

In the study described in this paper, the experiments of Arnason
(1982) were simulated using LES. Some of the cases simulated in-
volved tracking small particles through the turbulent flow. For
these cases, the small-scale turbulence, which is not directly com-
puted in LES, is important. To recover the high wave number part
of the energy spectrum, a stochastic model developed by Berrouk
et al. (2007) was used to model the sub-grid transport of the
particles.

2. Theoretical formulation

2.1. Continuous phase

LES was used to simulate Arnason’s (1982) experiments on par-
ticle dispersion in turbulent pipe flow. A Cartesian framework was
used with a length equal to 8 pipe diameters to ensure that the
largest scales in the flow were captured. Using an unstructured
grid of 740,000 cells avoided having too many grid points in the
core region of the pipe and allowed the near-wall region to be re-
4 sp, the particle response time, q is a body force per unit of mass and u0f is the fluid
rms fluctuating velocity.

5 St is the Stokes number and T is the integral time scale.

y+ = us �y/m Radial direction Circumferential direction

0 < y+ < 30 4 cells 256 cells
30 < y+ < 100 4 cells 192 cells
100 < y+ <� 360 (r = (2/3)R) 8 cells 128 cells
solved. A polar grid was used for the first three layers with non-
conforming embedded refinement as shown in Table 1. Then the
polar grid was matched to an octahedral region in the core region
of the pipe. The first grid point near the pipe wall was located at
y+ = 1.3, and two grid points were within the viscous sublayer. A
non-uniform grid was used in the normal-to-the-wall direction
within the circular part of the grid to locate more grid points in
the near-wall region where steep gradients and small energy-con-
taining eddies exist. The Reynolds number of the simulation based
on the pipe diameter and the centerline velocity was 50,000.

Periodic velocity boundary conditions were used. No-slip
boundary conditions were imposed at the pipe wall for all velocity
components and Neumann boundary conditions were used for the
pressure.

The filtered spatial and temporal evolution of an incompressible
Newtonian fluid flow is governed by the following equations:

o�ui

oxi
¼ 0; ð2Þ

o�ui

ot
þ o�ui�uj

oxj
¼ � o�p

oxi
þ 1

Re
o2�ui

oxjoxj
� osij

oxj
; ð3Þ

where

sij ¼ uiuj � �ui�uj: ð4Þ

sij is the sub-grid scale (SGS) stress tensor and is modelled using the
algebraic eddy-viscosity model proposed by Smagorinsky (1963):

sij �
1
3

dijskk ¼ �2mSGSSij; ð5Þ

where mSGS is the sub-grid scale viscosity:

mSGS ¼ ðCsDÞ2jSj: ð6Þ

Cs is a constant, and jSj ¼ j2SijSijj1=2, where Sij ¼ 1
2 ðoj�ui þ oi�ujÞ is the

resolved rate-of-strain tensor. The length scale D is equal to 2h,
where h is the grid spacing, and the value of the constant Cs is 0.065.

The flow is driven by a mean axial pressure gradient�rP that is
balanced by the net viscous friction at the pipe wall. A time step,
Dt, of 0.03t*, where t* is a time scale defined as the ratio of pipe
diameter D and velocity at the centre of the pipe uc was used.
The size of the time step was dictated by numerical stability and
the time step used to calculate the particle trajectories.

The LES were initiated with a randomly generated velocity field
with mean velocity and turbulent kinetic energy profiles fitted to
analytical formulas (Laurence, 2006). Computations were ad-
vanced in time until t = 900t* to achieve a flow field independent
of the random initial conditions. At t = 900t*, the total shear stress
profile for the pipe radius showed an near linear distribution, indi-
cating that the computations had reached a nearly statistically
steady state. The calculations were continued until t = 1100t* be-
fore the final statistical data were accumulated by spatial averag-
ing in the streamwise and circumferential directions.

In LES numerical dissipation always is part of the overall dissi-
pation and it must be accounted for in any assessment of the qual-
ity of the results. This assessment is not as straightforward as it is
for a RANS computation, because of the difficulty of discriminating
between the modeling errors and the numerical discretisation er-
rors which are both functions of the grid resolution. Speziale



Fig. 2. LES predictions of Kolmogorov time scale tk and length scale gk against the
non-dimensionalised pipe radius (r/R).

Fig. 3. LES predictions of Lagrangian time scale of turbulence TL against the non-
dimensionalised pipe radius (r/R) computed using Eq. (7).

Table 2
Physical characteristics of inertial particles used in the simulations
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(1998) stated that a reliable LES is the one that becomes a DNS
when the grid resolution is as small as the Kolmogorov scales. Con-
sequently, one cannot seek a grid independent LES solution as we
usually do for RANS computations. Celik (2003) developed a meth-
od to assess the quality of LES results. They define an index of qual-
ity as the percentage of the unresolved turbulent kinetic energy to
the total. If the index of quality is less than 25% the LES can be con-
sidered adequate. The index of quality for our LES is shown in Fig. 1
as function of the pipe radius. More energy is filtered out near the
wall, in particular in the buffer layer (�12%), compared to the core
region of the pipe (�8%) but, in all locations the ratio of SGS kinetic
energy to total kinetic energy is less than 25%.

The single-phase LES results are in close agreement with the
mean flow properties and turbulence intensities of Laufer’s exper-
iment (Laufer, 1954) and the LES of Uijttewaal and Oliemans
(1996) (using same number of cells and the dynamic procedure
for the SGS model).

Fig. 2 shows the Kolmogorov time and length scales and Fig. 3
shows the integral Lagrangian time scale. The integral Lagrangian
time scale was approximated by Sommerfeld (1992):

TL ¼ CT �
k
e
: ð7Þ

The coefficient CT is set to 0.3 as suggested by Milojevic et al.
(1986). The Eulerian integral time scale TE can be approximated
from the Lagrangian time scale using TE = TL/b with b = 0.356 (Wang
and Stock, 1993).

2.2. Dispersed phase

Solid particles were released and tracked from a point source lo-
cated at the center of the pipe. The physical properties of these so-
lid particles are given in Table 2.

Particle trajectories were found by integrating the equations of
motion developed by Maxey and Riley (1983). Because of the large
difference in density between the gas and the particles only drag
and body forces are important and the equations of motion reduce
to

dxp;i ¼ up;idt; ð8Þ

dup;i ¼
us;i � up;i

sp
dt þ g dt: ð9Þ
Fig. 1. Ratio of the SGS kinetic energy kSGS to the total turbulent kinetic energy kT

against the non-dimensionalised pipe radius (r/R). The total turbulent kinetic en-
ergy is the sum of the SGS kinetic energy and the LES-resolved kinetic energy
kT = kSGS + k.

Mean diameter dl
p (lm) 5 37 57

Standard deviation rp (lm) 1 8 11
Clipping (lm) 2 < dl

p < 10 18 < dl
p < 75 32 < dl

p < 101
Density (kg/m3) 2475 2450 2420
Response time (m s) 0.2 10 25
Settling velocity (mm/s) 1.96 98 245
Here xp and up are the particle position and velocity, us is the
fluid velocity along the particle trajectory, g is the gravity force
per unit mass and sp is the particle response time.6

In some of the particle trajectory calculations the particle Rey-
nolds number (Rep = dpjus � upj/m) exceeds one, therefore a non-lin-
ear drag coefficient given by Eq. (11), must be used. When the
particle Reynolds number exceeds one the drag decreases and
the particle response time is given by

sp ¼
qp

qf

4dp

3CDjus � upj
; ð10Þ

CD ¼
24
Rep
ð1þ 0:15Re0:687

p Þ if Rep < 1000;

0:44 if Rep > 1000:

(
ð11Þ
6 sp ¼
qp d2

p
18l , qp, dp and l are particle density and diameter and fluid viscosity

respectively.



Fig. 4. Long-time particle dispersion coefficient �p for 5 lm particles versus the
non-dimensionalised pipe radius. Predictions of LES using only the filtered velocity
and LES using the stochastic model are compared to the experimental observations.
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The equations of motion for a particle are only valid if the par-
ticle diameter is smaller than the Kolmogorov length scale. As
shown in Fig. 2, the Kolmogorov length scale varies from 250 lm
near the pipe centre to 100 lm near the wall. The largest particle
diameter considered in this work is 57 lm, well within the size
limit for the equations of motion.

The velocity of the fluid along the particle trajectory, us, de-
pends on both the resolved, large scale turbulence and on the small
scale, subgrid scale turbulence. The large scale turbulence is pro-
vided directly by the LES and the sub-grid scale turbulence which
is nearly isotropic and homogeneous can be modeled by a stochas-
tic diffusion process of Langevin type (Eq. (12)). The theoretical
and numerical formulations of this model are described by Minier
and Peirano (2001, 2004) in the RANS framework and its extension
to model particle transport by sub-filter motion for LES is given by
Berrouk et al. (2007)

dus;i ¼ � 1
qf

o�p
oxi
þ 1

Re
o2�ui

oxjoxj

 !
dt � us;i � �ui

T�i

� �
dt

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Cd < �r >

q
dWi: ð12Þ

Here �r is the dissipation rate of the residual or sub-filter turbu-
lent kinetic energy kr, Cd is the diffusion constant and dW is a
Wiener process (white noise). The fluid Lagrangian time scale
along the particle trajectory T�i is equal to the fluid Eulerian
SGS time scale TE,SGS in the limit of a large Stokes number. On
the other hand, T* = TL,SGS as the size of the particle decreases.
The evaluation of the different terms of Eq. (12) taking into ac-
count inertia and cross-trajectory effects is explained in Berrouk
et al. (2007) and Berrouk and Laurence (in press). Numerical is-
sues involved in the solution of Eqs. (8)–(12) are discussed in
Minier et al. (2003).

In Arnason’s experiment the velocity of the fluid injecting the
particles into the center of the pipe work was set equal to the
velocity of the gas at the center of the pipe. In the simulation the
solid particle velocity was set equal to the instantaneous velocity
of the fluid at the position of the particle. The initial particle posi-
tion was chosen randomly on a cross-section of 3 mm in diameter
that corresponded to the injection tube diameter.

The collision of the solid particles with the wall was considered
perfectly elastic. According to the Sommerfeld criterion (Sommer-
feld, 1992), the turbulence level and the size of the particles used in
Arnasons experiment and in the numerical simulations do not give
rise to a wall-collision dominated flow. The minimum particle
diameter needed for the flow to be dominated by wall collision is
dp = 108 lm. For the particle loading used in the experiment (vol-
ume fraction ap < 10�6), neither two-way coupling nor particle–
particle collision were important.

The particles were injected at time t = 1100t* and calculations
are advanced in time using the same time step Dt = 0.03t* used
for the single-phase computations. The size of the time step was
set to an order of magnitude smaller than the relaxation time of
the smallest particles to avoid numerical stiffness when solving
the SDE systems (Minier et al., 2003). After t = 100t*,the number
of particles in the flow domain became stationary and collection
of particle statistics was started. For the heaviest particles used
in the simulation this is equal to 40 relaxation times. Data collec-
tion lasted for t = 100t*. In this interval, the statistical data were
accumulated by spatial averaging in circumferential direction for
each axial location. The time interval of t = 100t* was long enough
to allow solid particles to adjust to the surrounding fluid before
their statistics are collected.

The Code_Saturne was used to integrate the Lagrangian particle
equations of motion. The continuous fluid phase was computed on
a grid in an Eulerian framework and the dispersed phase was
tracked in Lagrangian coordinates. The Lagrangian computations
use the grid flexibility inherent in Code_Saturne. It uses a trajectog-
raphy engine that allows tracking of particles in a fully unstruc-
tured grid. The strategy followed in Code_Saturne is called
Straight Walk. This strategy is simple but it is not the most efficient
compared to the Orthogonal Walk or Visibility and Stochastic Walk
strategies (Devillers et al., 2002, 2004).

The original simulation of particle-laden flows in Code_Saturne
was built around a RANS solution for the gas flow field. The carrier
phase was simulated using one of the RANS closure schemes and
then the mean flow field and turbulence scales are used in the
Lagrangian module to construct the Lagrangian particle trajectories
using a stochastic diffusion process of Langevin type (Minier and
Peirano, 2001, 2003). For this study the Lagrangian module was ex-
tended to allow the continuous phase to be computed using LES as
described in Berrouk et al. (2007) and Code_Saturne is used to pro-
vide the sub-grid scale velocity of the fluid at the location of a
particle.

3. Results and discussion

Particle concentration and radial fluid velocity data for three
different particle diameters, 5, 37 and 57 lm, were collected dur-
ing the simulations. Using a method developed by Arnason and
Stock (1984), an estimate of the local particle diffusivity can be ob-
tained at a radial location if the flux of particles is caused only by
gradient diffusion (Fick’s law). The particle dispersion coefficient
at every radial location can be computed using Eq. (13).

�p ¼ ��vp � C
oC
or

� ��1

: ð13Þ

The concentration in every cell, C, was computed as the volume
loading of every cell, i.e., the volume of all the particles present in
one cell at the end of the time step divide by the volume of the cell.
Then this concentration was spatial averaged over all the cells lo-
cated at the same radial position for each section of the pipe (spatial
averaging in circumferential direction). A third-order accurate dif-
ference scheme is used to compute the radial concentration
gradients.

Figs. 4–6 show the LES predictions of the particle dispersion
coefficient along with the experimental observations for the three
different particle sizes. Numerical simulations that used the sto-
chastic model for the sub-grid scale velocity agree with the exper-
imental results for all three particle sizes. In all cases, the
diffusivity computed from particle trajectories that did not include
the stochastic sub-grid model were less than the experimental val-



Fig. 5. Long-time particle dispersion coefficient �p for 37 lm particles versus the
non-dimensionalised pipe radius. Predictions LES using only the filtered velocity
and LES using the stochastic model are compared to the experimental observations.

Fig. 6. Long-time particle dispersion coefficient �p for 57 lm particles versus the
non-dimensionalised pipe radius. Predictions of LES using only the filtered velocity
and LES using the standard formulation of the stochastic model are compared to the
experimental observations.
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ues. This highlights the importance of including sub-filter effects
when computing particle trajectories.

Both the experimental and LES results show that the particle
dispersion coefficient increases with particle diameter. The ten-
dency of the big particles to disperse faster than the smaller parti-
cles can be seen in the particle trajectories. Fig. 7 shows
instantaneous particle trajectories. Fluid element trajectories are
also shown as a reference. Dotted lines represent trajectories of
particles that eventually strike the wall. For clarity, particle trajec-
Fig. 7. LES predictions of the instantaneous particle trajectories. View in the streamwise d
particles, (c) 37 lm particles, (d) 57 lm particles.
tories that were concentrated near the pipe centerline were not
plotted.

The effect of gravity on particle dispersion was investigated by
computing particle trajectories both with and without gravity. The
presence of gravity results in a finite drift or settling velocity
ud = sp �g. Fig. 8 shows the ratio of drift velocity to slip velocity
for different particle diameters. The slip velocity is responsible
for the viscous drag experienced by the particle. This ratio also rep-
resents the relative importance of the gravity force compared to
the drag force in the particle equation of motion. For all particles,
the ratio is always smaller than one and decreases as particles
move away from the pipe center. The drift parameter, another
measure of the relative importance of drift velocity on particle dis-
persion, is the ratio of the drift velocity to the radial rms fluctuat-
ing velocity. Fig. 9 shows the drift parameter for the three particle
sizes. Higher values of this parameter are found at the pipe centre.
The drift parameter increases with increasing particle diameter,
but in all cases is less than one. For a drift parameter less than
one, motion of the particles is mainly governed by the drag force
and gravity has only a small effect. Turning gravity off slightly in-
creased diffusivity of the 57 lm particles, Fig. 10. Gravity had no
effect on dispersion of 5 and 37 lm particles.

Fig. 11 shows the influence of the inertia of the particle and the
cross-trajectory effects on the fluid SGS time scale along the parti-
cle trajectory. Inertia and the cross-trajectory effect both play an
important role in defining the time scale of the fluid along a parti-
cle trajectory. Inertia increases the time scale, whereas the cross-
trajectory effect decreases the time scale of the fluid along the solid
particle trajectory. As the particles move through eddies of differ-
ent sizes and turbulence levels, SGS time scale decreases due to the
crossing trajectories effects. The increase in time scale with
increasing inertia is due to the trajectory of the heavier particles
not being effect by the high frequency part of the turbulence spec-
trum. For this combination of flow and particles, increasing particle
size decreases the fluid time scale along the particle trajectory.

The Stokes numbers based on the SGS time scales for the three
particle sizes are shown in Fig. 12. Both 5 and 37 lm particles hav-
ing Stokes numbers less than one are dispersed by the SGS motion.
The 57 lm particles have Stokes numbers greater than one and re-
spond less to the sub-grid scales turbulent fluctuations than the
smaller particles. As expected, the SGS turbulent velocity fluctua-
tions are more important in the trajectory calculations for particles
with a Stokes number less than one.

The particle long-time dispersion coefficient strongly depends
on the fluid integral time scale computed along the particle trajec-
tory. All three particle sizes have similar fluid Lagrangian time
irection: Pipe radius R = 0.045 m, pipe length L = 0.72 m. (a) Fluid particles, (b) 5 lm



Fig. 8. LES predictions of the ratio of drift velocity ud to streamwise slip velocity
(us � up) versus the non-dimensionalised pipe radius. (a) 5 lm particles, (b) 37 lm
particles, (c) 57 lm particles.

Fig. 9. LES predictions of the drift parameter Dr ¼ sp � q=u0f versus the non-dime-
nsionalised pipe radius. sp is the particle response time, q is a body force per unit of
mass and u0f is the fluid rms fluctuating velocity. (a) 5 lm particles, (b) 37 lm
particles, (c) 57 lm particles.

Fig. 10. Effect of gravity on LES predictions of the 57 lm dispersion coefficient.

Fig. 11. Lagrangian SGS time scale TSGS with which particles see the SGS turbulence
versus the non-dimensionalised pipe radius. Inertia and cross-trajectory effects (CT)
are included. Kolmogorov time scale tk presented also for comparison. (a) 5 lm
particles, (b) 37 lm particles, (c) 57 lm particles.

Fig. 12. Particle Stokes number based on Lagrangian SGS time scale TSGS versus the
non-dimensionalised pipe radius. (a) 5 lm particles, (b) 37 lm particles, (c) 57 lm
particles.
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scales. Particle trajectories depend on inertia and free-fall velocity
and therefore will not, in general, sample the same turbulence. Fig.
13 shows Stokes number, based on the fluid integral time scale
along the particle trajectory, for the three particles as a function
of pipe radius. The 5 and 37 lm particles have Stokes numbers less
than one and the 57 lm particles have Stokes number of about one.
We expect the 5 and 37 lm particles to respond to most of the fluc-
tuations related to the larger eddies and the 57 lm particles to re-
spond to a smaller portion of the large eddies.

Fig. 14 shows the diffusivity of fluid particles and 5 lm particle
as a function of pipe radius computed from LES results without
using the sub-grid scale stochastic model. Numerical results are
compared to an empirical estimate of fluid particle diffusivity by
Vames and Hanratty (1988). These researchers stated that the fluid
particle diffusivity, normalised by the kinematic viscosity and di-
vided by the friction Reynolds number, should be a constant equal
to 0.037; i.e �f/m/Res = 0.037. This empirical result was derived
from several experimental studies of pipe flow (Uijttewaal and
Oliemans, 1996) and is only valid for pipe Reynolds numbers
(based on mean velocity) ranging from 104 to 105. Based on this
empirical formula, the fluid particle diffusivity for the present case
is �f � 14 cm2/s. Fig. 14 shows predictions of fluid element diffusiv-



Fig. 13. Particle Stokes number based on Lagrangian time scale T* versus the non-
dimensionalised pipe radius. (a) 5 lm particles, (b) 37 lm particles, (c) 57 lm
particles.

Fig. 14. LES predictions of a fluid particle diffusivity versus the non-dimensiona-
lised pipe radius. Empirical estimation of fluid particle diffusivity according to
Vames and Hanratty [Ref. 37] and LES predictions of dispersion coefficient of 5 lm
solid particle are presented for comparison. Only the filtered velocity is used to
track the fluid particle and the 5 lm solid particle.

Fig. 15. LES predictions of a fluid particle diffusivity versus the non-dimensiona-
lised pipe radius. Empirical estimation of fluid particle diffusivity according to V-
ames and Hanratty [Ref. 37] and LES predictions of dispersion coefficient of 5 lm
solid particle are presented for comparison. The stochastic model is used to track
the fluid particle and the 5 lm solid particle.

Fig. 16. LES predictions of particle dispersion coefficient non-dimensionalised by
fluid particle diffusivity versus Stokes number in logarithmic scale, St = sp/T*.

922 A.S. Berrouk et al. / International Journal of Multiphase Flow 34 (2008) 916–923
ity without the sub-filter stochastic model underestimate the fluid
particle diffusivity. Very good agreement with the empirical value
of fluid particle diffusivity was obtained when the sub-filter sto-
chastic model was used, Fig. 15.

Particle diffusivity was also computed for 105, 150 and 200 lm
diameter particles. Fig. 16 shows predictions of the particle diffu-
sivity, non-dimensionalized by fluid particle diffusivity (�f =
14 cm2/s) as a function of the particle Stokes number based on
the fluid Lagrangian integral time scale. The evolution of the nor-
malised particle diffusivity as a function of Stokes number is sim-
ilar to the trend obtained by Tang et al. (1992) for particle
dispersion in a spatially developing plane mixing layer. At very
small Stokes numbers, solid particles behave like fluid particle. Par-
ticle diffusivity increases with Stokes number until it reaches a
peak near St = 1. It keeps this maximum value until around St = 3
(St = 10 for the plane mixing layer) and then decreases as the
Stokes number increases.
4. Concluding remarks

Our LES simulations of heavy particle dispersion from a point
source in a turbulent pipe flow and the experiments of Arnason
show that particles with high inertia can disperse faster than smal-
ler particles in turbulent pipe flow. This phenomenon was pre-
dicted by theoretical and numerical investigations of heavy
particle dispersion in homogeneous and isotropic turbulence. In
the presence of a shear, the situation is more complex and a
numerical simulation was needed to understand the effect of iner-
tia and free-fall velocity on particle dispersion. The simulations
provide statistics of the particle motion that can help understand
the dispersion process.

The particle Stokes number was the major factor controlling the
dispersion and the drift parameter had an almost insignificant ef-
fect on the particle dispersion. These finding are in accord with
the theoretical work of Wang and Stock (1993). The Stokes number
is defined as the ratio of the particle response time to the fluid inte-
gral time scale. For our flow, the fluid integral time scales along the
particle trajectories were almost the same for all three particle
sizes, but the particle response time, which depends on the particle
diameter squared, increased as the particle size increased. The hea-
vier particles tended to continue in a set direction longer than the
lighter particles, which resulted in a larger particle integral time
scale and higher diffusivity.

The particle drift parameter is the ratio of the free fall velocity
to the fluid rms velocity in the direction of the dispersion. For
our flow, the drift parameter was between 0.6 and 0.007. The drift
parameter needs to be one or larger before the free-fall velocity
significantly affects the dispersion. The simulations done with
and without gravity give almost identical dispersion, thus confirm-
ing that drift velocity had almost no effect on the dispersion.
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Particle dispersion can also be explained in terms of inertia and
the crossing-trajectory effects. In the absence of gravity, as inertia
increases, particles set in motion by a large eddy tend to continue
moving in the same direction longer, resulting in a larger integral
time scale and increased dispersion. However, increased inertia
also reduces the particle rms velocity, which decreases particle dif-
fusivity as shown by Taylor (1921), Eq. (1). The relative importance
of these two competing influences depends on the nature of the
turbulence in the flow. For our flow and without gravity, the diffu-
sivity increases as the particle inertia increases.

Heavy particles have a free fall velocity relative to the mean gas
velocity due to gravity. This free-fall velocity causes a particle to
leave an eddy before the eddy has broken up, resulting in the time
scale of the particle being less than the time scale of the eddy. This
phenomenon is known as the crossing-trajectory effects (Yudine,
1959; Csanady, 1963), and always decreases particle diffusivity.
For our flow and particles the free fall velocity is too small for
the crossing-trajectory effects to influence the dispersion.

The insight gained from our LES simulation of Arnasons exper-
iment helps explain why the large particles can disperse more than
small ones. Dispersion is influenced more by inertia of the particles
than by free-fall velocity. For our particular combination of turbu-
lence and particles, diffusivity increases along with increasing par-
ticle size.
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