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Abstract

The distribution of inertial particles in turbulent flows is strongly non-homogeneous and is driven by the structure of the
underlying carrier flow field. In this work, we use DNS combined with Lagrangian particle tracking to characterize the effect
of inertia on particle preferential accumulation. We compare the Eulerian statistics computed for fluid and particles of different
size, and observe differences in terms of distribution patterns and deposition rates which depend on particle inertia. Specifically,
different statistics are related to the selective interaction occurring between particles and coherent flow structures. This selective
response causes a preferential sampling of the flow field by the particles and eventually leads to the well-known phenomenon of
long-term particle accumulation in the boundary layer. We try to measure particle preferential accumulation with a Lagrangian
parameter related to the rate of deformation of an elemental volume of the particle phase along a particle trajectory. In the frame
of the Lagrangian approach, this parameter is mathematically defined as the particle position Jd¢Qbtmputed along a
particle path. This quantity is related to the local compressibility/divergence of the particle velocity field. Lagrangian statistics
of J(¢) show that compressibility increases for increasing particle responseﬂgn(erp to r; = 25 and within the time span
covered by the simulation).
© 2005 Elsevier B.V. All rights reserved.

1. Introduction not sufficient and more sophisticated models are
required.
In a number of environmental and industrial Turbulent flow fields are characterized by a strongly

problems involving turbulent dispersed flows, the organized and coherent nature represented by large
information on particle distribution is a crucial issue. scale structures. These structures, because of their co-
In this respect, time-averaged volume-averaged herence and persistence have a significant influence on
concentrations based on point closure models arethe transport of dispersed particles. Specifically, co-
herent flow structures generate preferentially directed,
~* Corresponding author. non-random motion of particles leading to non-uniform
E-mail addresssoldati@uniud.it (A. Soldati). concentration and to long-term accumulation.
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Preferential accumulation of particles by coherent high levels of compressibility in spite of the incom-
structures has been examined previously in a number pressibility of the carrier flow field. Our object is pre-
of theoretical and experimental work€aporaloni et cisely to characterize the compressibility of the “parti-
al., 1975; Reeks, 1977, 1983; Maxey, 1987; Wang and cle phase” by means of a single Lagrangian parameter.
Maxey, 1993; Eaton and Fessler, 199#)the case of In the frame of the Lagrangian approach, we use the
homogeneous turbulen¢BReeks, 1977; Maxey, 1987; Jacobian of particle path evaluated along the trajectory
Wang and Maxey, 1993; Eaton and Fessler, 199%) of each single particl@Osiptsov, 1998)The Jacobian
particle concentration field will be characterized by lo- can be related to the rate of deformation of an elemental
cal particle accumulation in regions of low vorticityand  volume of particles moving along the given particle tra-
high strain. In the case of non-homogeneous turbulencejectory. Specifically, the time derivative of the Jacobian
(Caporaloni et al., 1975; Reeks, 197&3 for instance  corresponds to the local divergence or local compress-
the turbulent boundary layer, the local interaction be- ibility of the instantaneous particle velocity figldris,
tween particles and turbulence structures will lead to 1989; Pope, 2000)

a remarkably macroscopic behavior producing particle

accumulation in the viscous sublay@fiarchioli and

Soldati, 2002; Marchioli et al., 2003; Narayanan et al., 2. Methodology

2003) This effect may be of fundamental significance

in applications as particle abatement, flow reactors and 2.1. DNS of turbulent channel flow
control of momentum, heat and mass fluxes at a wall.

Several attempts have been made to characterize the The flow into which particles are introduced is
regions of particle preferential accumulation. In par- a turbulent Poiseuille channel flow of air, assumed
ticular, Rouson and Eaton (200Wiped the topological  incompressible and Newtonian. The reference geom-
classification byChong et al. (1990dnd observed that, etry consists of two infinite flat parallel walls: the
very near the wall, strong vortical regions are depleted origin of the coordinate system is located at the center
of particles, which accumulate in specific convergence of the channel and the, y- and z-axes point in the
regionsRouson and Eaton (200A&ve also shownthat, streamwise, spanwise and wall-normal directions, re-
farther away from the wall, the spatial intermittency of spectively. Periodic boundary conditions are imposed
particle distribution is not correlated with the topolog- on the fluid velocity field in both streamwise and
ical descriptors even if particle concentration remains spanwise directions, no-slip boundary conditions are
highly non-uniform suggesting that the characteriza- imposed at the walls. All variables are normalized by
tion of particle clustering and the link with turbulent the wall friction velocityu ., the fluid kinematic viscos-
structure requires deeper analyses. ity v and the half channel height The friction velocity

In a previous workMarchioli and Soldati, 2002) u, is defined as; = (tw/p)Y?, wherer, is the mean
we analyzed the mechanisms leading to particle ac- shear stress at the wall apds the fluid density. Thus,
cumulation with specific focus on the interactions of the balance equations in dimensionless form are:
particles with the local turbulent structure, describing S,
an instantaneous phenomenological picture. In the first — = Q, 1)
part of the present work, we examine the influence of dx;
inertia on particle preferential sampling of a turbulent 5, u; 1w dp
channel flow. Specifically, we aim at providing a sta- T —ujg Rex2 oo + 31, (2)
tistical characterization of particle velocity to analyze J / !
the selective response of inertial micro-particles to the whereu; is the ith component of the dimensionless
structure of the underlying turbulent flow field. The sec- velocity vectorp is the fluctuating kinematic pressure,
ond part of this work focuses on particle segregation in §1; is the mean dimensionless pressure gradient that
clusters, a well-known macroscopic phenomenon pro- drives the flow andke, = u.h/vis the shear Reynolds
duced by particle response to coherent structures. Parti-number. Eqs(1) and (2)are solved using a pseudo-
cle clustering suggests that the dispersed phase, wherspectral method. Details of the numerical method can
considered as a continuum, can be characterized bybe found elsewher@am and Banerjee, 1992)
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In the present study, we consider air with density
p=13kgm 2 and kinematic viscosity = 15.7 x
10-5m?s~1. The calculations are performed on a com-
putational domain of 188% 942 x 300 wall units in
X, yandzdiscretized with 128 128 x 129 nodes. The
shear Reynolds numberks; = 150 and the time step
usedisAr™ = 0.045 in wall time units. The statistics of
the flow field are consistent with previous simulations
(Kim et al., 1987; Lyons et al., 1991)

2.2. Lagrangian particle tracking

Particles are injected into the flow at concentra-
tion low enough to consider dilute system conditions

1241

The interpolation scheme exploits a sixth order La-
grangian polynomials. A fourth-order Runge—Kutta
scheme is implemented for time integration. The inter-
polation scheme used was compared both with spec-
tral direct summation and with an hybrid scheme
which exploits sixth order Lagrangian polynomials in
the streamwise and spanwise directions and Cheby-
chev summation in the wall-normal direction: results
showed good agreement between the three schemes.
For the simulations presented here, four sets &f 10
particles were considered, characterized by different
relaxation times, defined ag = ppd§/18u, whereu
is the fluid dynamic viscosityr, is made dimension-
less using wall variables and the Stokes number is ob-

(particle—particle interactions are neglected). Further- tained. Inthe present paperwe hage= St = 0.2,1,5
more, particles are assumed to be pointwise, rigid and and 25.

spherical. The motion of particles is described by a

set of ordinary differential equations for particle veloc-

At the beginning of the simulation, particles are
distributed homogeneously over the computational do-

|ty and position at each time step_ For partic'es much main and their initial Velocity is set equal to that of the

heavier than the fluiddgp /o > 1, pp particle density),
Elghobashi and Truesdell (1998ave shown that the

fluid in the particle initial position. Periodic boundary
conditions are imposed on particles in both streamwise

only significant forces are Stokes drag and buoyancy and spanwise directions, elastic reflection is applied
and that Basset force can be neglected being an or-When the particle center is less than a distadg@

der of magnitude smaller. In the present Work, the ef- from the wall. Elastic reflection was chosen since it
fect of gravity has also been neglected. With the above iS the most conservative assumption when studying

simplifications the following Lagrangian equation for
the particle velocity is obtaine@axey and Riley,
1983)

B 3CD<,0

— (=) lup — ul(up —u),

dup
dr

®3)

whereup andu are the particle and fluid velocity vec-
tors, dp is the particle diameter an@ is the drag co-
efficient given by:

Cp = (4)

24 0.687
Rep(l + 0.15Rep™"),
where Rep is the particle Reynolds numbeR4p =
dplup — ul/v). The correction folCp is necessary be-
causeRep does not necessarily remain si@rowe et
al., 1998) in particular for depositing particles.

A Lagrangian particle tracking code coupled with

the reasons of particle prefential concentration in a
turbulent boundary layer. We will not analyze the effect
of the elastic reflection boundary condition on particle
behavior, since it is beyond the scope of this paper.
In this work we are more interested in the influence
of turbulence on particle behavior than vice versa. We
thus employ the “one-way coupling” approximation

under which particles do not feedback on the flow
field.

3. Results

3.1. Effect of inertia on particle preferential
accumulation

Interactions between particles and the turbulent field
are influenced by patrticle relaxation time. In this sec-

the DNS code was developed to calculate particles tion, we analyze this influence from a statistical view-

paths in the flow field. The code interpolates fluid ve-

locities at discrete grid nodes onto the particle position,

and with this velocity the equations of motion of the
particle are integrated with time.

point. Specifically, we compare the Eulerian statistics
of the fluid velocity field with those of the particle ve-
locity field and with those of the fluid velocity field
sampled by particles.
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Fig. 1 shows the mean streamwise velocity profile
(averaged in time and along th planes) for both
particles and fluid as a function of the wall-normal co-
ordinatez ™. Profiles are averaged over the last 500 time
instants of the simulation. Differences are readily visi-
ble, but there is evidence of an effect of particle inertia.
Smaller particIeSzg“ = 0.2) behave like fluid tracers
and their mean velocity profile (dotted line) matches
almost perfectly that of the fluid (open circles). As par-
ticle relaxation time increases, the mean particle ve-
locity is seen to lag the mean fluid velocity outside the
viscous sublayer, in the regions z+ < 50. The most
important differences are observed for the larger par-
ticles (r;' =5 andr|;r = 25) approximately in the re-
gion 10< z* < 30. Similar results were reported also
by van Haarlem et al. (1998portela et al. (20023nd
Narayanan et al. (20037s already observed byan
Haarlem et al. (1998}his behavior is probably due to
the fact that inertial particles dispersed in a turbulent
flow do not sample the flow field homogeneously. Once
in the near wall region, particles tend to avoid areas of
high vorticity preferring areas characterized by lower-
than-mean streamwise fluid velocity and by high strain
rate. This effect is confirmed by statistics of the root
mean square (RMS) of velocity fluctuations for both
phases, shown iRig. 2 Fig. 2(a) compares the RMS
of particle streamwise velocity with that of the fluid,
as function of;*. Fluctuations of particle streamwise
velocity are larger than those of the fluid and this differ-

M. Picciotto et al. / Nuclear Engineering and Design 235 (2005) 1239-1249
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Fig. 1. Mean streamwise velocity profiles for the particles (lines)
and the fluid (symbol).

cles, which show no preferential concentration: the lo-
cal instantaneous streamwise velocity is more homoge-
neous and the corresponding fluctuation is smaller than
that of the particle velocity field. As reported Bgprtela
et al. (2002)The gradient in the mean-streamwise ve-
locity is potentially much more important when there
exists a net flow of particle toward the wall, as it is in
the case with absorbing walls, or not fully developed
flows”. This is a characteristic feature of particles dis-
persed in shear flonReeks, 1993)

An opposite behavior is observed in the spanwise
direction and in the wall-normal directiorig. 2(b)

ence becomes more evident as particle relaxation timeand (c), respectively), where the fluid velocity field

increases. The RMS profiles of the fluid velocities at
the position of the particles (not shown) closely follow
the behavior of particle RMS profiles. Similar results
for the streamwise velocity fluctuations were reported
by Portela et al. (200Zpr particles in pipe flow.

From a physical viewpoint, the difference in the

has zero mean gradient. The turbulence intensity of the
particle-phase is lower than that of the fluid due to two
mechanisms acting in tandem. The first mechanism is
preferential concentration of particles in low-speed re-
gions, characterized by lower turbulence intensity. The
second is thefiltering of high frequency or wavenumber

streamwise values suggests that the gradient in thefluctuations done by particles due to theirinertia Thein-

mean velocity of the fluid can produce significant fluc-
tuations of the streamwise particle velocity. Due to
their interaction with near-wall coherent structures,

ertial filtering damps turbulence intensity of the particle
field in the wall-normal direction and in the spanwise
direction. Similar filtering effect has been observed in

particles move across the channel and perpendicularlyhomogeneous turbulen¢Beeks, 1993)

to the mean flow, between regions of high and low
streamwise-velocityPortela et al., 2002)This seems
particularly true in the case of heavy particles, with a

large Stokes number and along “memory”. As a conse-

guence, particles with streamwise velocities very dif-
ferent from each other can be found confined in the
same fluid environment. This is not true for fluid parti-

Note that preferential concentration is related to
pattern formation of particle clusters whereas inertial
filtering refers to the incomplete response of a single
particle to its fluctuating fluid environment. A further
difference is that preferential concentration depends
on particle inertia in a rather complex way whereas
the inertial filtering effect increases monotonically
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Fig. 2. Root mean square of the velocity fluctuations for particles
(symbols) and fluid (drawn line): streamwise (a); spanwise (b); wall-
normal (c).

with particle inertia(Narayanan et al., 2003pmaller
particles ¢ = 0.2 andzj = 1) are more sensitive
to the fluid velocity fluctuations: their spanwise and
wall-normal RMS profiles are very close to those of
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Fig. 3. Mean wall-normal velocity; particles, and fluid at particle
position.

the fluid. Larger particleszff = 5 andz] = 25) are
less sensitive and their velocity fluctuations are smaller
than those of the fluiBrooke et al., 1992)he inertial
filtering in the wall-normal direction will cause a drift
leading to a net wallward velocity of the particle-phase
(Brooke et al., 1992; Narayanan et al., 2Q03)is drift
velocity is influenced by inertiéBrooke et al., 1992)
and may have significant implications in a number of
technological and environmental applications since it
also determines the non-uniform particle distribution
in the wall-normal direction.

In Fig. 3we show the time-averaged (500 instants)
wall-normal velocity profiles for the different parti-
cle sets, plotted against the fluid wall-normal veloc-
ity at particle position Recall that the wall-normal
velocity is directed toward the wall if negative and
away from the wall if positive. Particle velocity pro-
files (symbols) drop to zero at the wail'( = 0) and at
the channel centerline{ = 150), whereas their mod-
ulus is maximum in the region 2@ z™ < 40 roughly.
This maximum value increases as particle inertia in-
creases: a difference of more than one order of mag-
nitude is observed between the maximum velocities of
ty = 0.2 andz = 25 particles. Our results confirm
that, up tOrg = 25, an increase in the inertia will cor-
respond to an increase in the wall-normal turbophoretic
accumulation.

Now consider the fluid velocity at particle position
(Fig. 3, lines). We can observe a behavior which is
monotonic with particle inertia: the fluid wall-normal
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velocities at particle position are different from zero on To examine in further detail the profiles shown in
average and their maxima and minima increase with Fig. 3, in Fig. 4 we plotted visa-vis the particle wall-
particle inertia. In the near-wall region @ z+ < 40), normal velocity against the fluid wall-normal velocity
the fluid wall-normal velocity at particle positionispos- computed at particle position. We show the comparison
itive (i.e. directed away from the wall) reaching a local for each particle set, using an appropriate scaling for
maximum at;* = 20 roughly: particles in this region  the velocity axis.
sample preferentially ejection-like environments. The Faraway from the wall, smallinertia particles are ex-
fluid wall-normal velocity at particle position becomes pected to follow promptly the fluid: indeed, the velocity
negative (i.e. directed toward the wall) outside the near profile of ta“ = 0.2 particles (line with empty squares
wall region reaching a local maximum at 70-80 in Fig. 4(a)) is similar to that of the fluid (line with black
The sampling of regions with positive wall-normal squaresifig. 4(@)) inthe region 100< z+ < 150. Ap-
fluid velocity done by particles can be interpreted as a proachingthe wallregiont < 100), particles seemto
sort of continuity effect of the fluid velocity field for  lag the fluid. In particular, particle wall-normal veloc-
which sweep events, characterized by negative wall ity (though small) remains negative whereas the wall-
normal fluid velocity (directed toward the wall), are normal velocity of the fluid at the position og =02
more intense and spatially concentrated than ejection particles reaches a local negative peakats 80, then
events, characterized by positive wall-normal fluid ve- becomes positive inthe nearwall regi@fﬁ(< 50) with

locity (directed away from the wall). a further local peak at™ ~ 20.
0.005 T T T T T T T 0.02 T ¥ T | T T
‘1."1 1,7=0.2 e =i
o004 - i % fluid at 7,*=0.2 ---m--- | 0.015
;.
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Fig. 4. Mean wall-normal velocities; (a)—(d), comparison for each particle set between particle and fluid at particle position wall-normal velocity
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When particle inertia increases-ig. 4(b)—(d)),
our results indicate more clearly that particles have
a wall-normal velocity directed toward the wall, on
average. The velocity profiles feff = 1 and¢ =
(Fig. 4(b) and (c), lines with empty boxes) are similar,
though different in magnitude: for 50 z* < 150,
these particles sample regions where the fluid wall-
normal velocity is larger than that of the particles and
is directed toward the wall. In the near-wall region
(z* < 50), the fluid velocity becomes positive whereas
the particle wall-normal velocity reaches a peak ap-
proximately equal to-0.004 and—0.015 for r,jf =1
particles Fig. 4(b)) and forr;{ =5 particles Fig.
4(c)), respectively. Profiles faerr = 25 particles Fig.
4(d)) scale in a similar way with respecttg =1and
rr')" = 5 particles, except in the region 50z < 150,
where their wallward velocity becomes comparable or
slightly larger than that of the underlying flow field.
The above results confirm that (i) particles undergo
a wallward drift which increases with particle inertia
and that (ii) particles approaching the waji-(< 50)
sample preferentially flow regions where the fluid has
wall-normal velocity directed toward the outer layer.

w0f e R S B
g =02 g

|
100

Fig. 5. Mean particle concentration profiles as function of the wall-
normal coordinatez(") for all particle sets at time" = 1125.

ticle sets. The concentration represents particle num-
ber density and was calculated by dividing the channel
into wall-parallel bins following the Chebychev collo-
cation method: for each bin we counted the number of
particles, normalized by the total number of particles
and then multiplied by a proper shape factor to ac-
count for the non-uniform spacing of the bins. A log—

To explain how, on average, particles can travel toward 109 Scale is used to capture the different behavior of

the wall in spite of an environment of adverse flow, let

the profiles in the proximity of the wall and to under-

us recall the interaction between particles and sweep lin€ the different magnitude of particle concentration
events. Particles are trapped by the sweeps in the outefOr €ach relaxation time. Modifications in the parti-

region, where they find a “favorable” fluid velocity
field (on average) and gain sufficient momentum to
approach the wall (turbophoretic drift). Around the
cross-over point of the averaged wall-normal fluid
velocity (located at+ = 40-45 roughly, inFigs. 3
and 9, particles moving toward the wall start feeling
an “adverse” velocity field which acts to damp their
turbophoretic drift. As a result, particle wall-normal
velocity (profiles with symbols ifrig. 3) starts decreas-

cle concentration profiles are rather different for each
particle setzj = 0.2 Particles withe = 0.2 seem to

be weakly involved in the accumulation process. As
the particle relaxation time increases, the accumulation
process takes up more quickly. Concentration profiles
for the7j = 1 and ther] = 5 particles reach a peak
value near;™ = 1 which is about one and two orders
of magnitude higher than that observed for the smaller
particles, respectively. The concentration profile for the

ing after the cross-over. Again, this decrease is more 7y = 25 particles develops a sharp peak well into the
evident for particles with larger Stokes number and a viscous sublayer att ~ 0.4-0.5: at timer™ = 1125

“longer” memory, the averaged wall-normal velocity of

the smaller particles being much smaller in magnitude.

The statistics provided in previous figures pinpoint
the important role played by the inertial sampling in
determining the intensity of particle preferential fluxes
toward the wall which in turn are responsible for long-
term particle accumulation in the near wall region. In

the normalized particle concentration in this region is
O(10) times larger than the initial value. Recall that
the dimensionless value of particle diameﬂg‘r are:
0.0648, 0.153, 0.342 and 0.765 fgf = 0.2, 1, 5 and

25, respectively. The tendency of particle accumulation
to increase with the relaxation time has been already
observeqBrooke etal., 1992; van Haarlem et al., 1998)

Fig. 5 we plot the instantaneous space average particleand is correlated with the different intensity of particle

concentration (taken at time™ = 1125) for all par-

wall-normal velocities observed Figs. 3 and 4
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We remark here that the process of particle accu-
mulation has not reached a steady state within the time
span covered by the simulation (= 1190): the peak
values of particle concentration in the near wall region
are still increasing with time and the process shows

M. Picciotto et al. / Nuclear Engineering and Design 235 (2005) 1239-1249

of following its evolution along the particle path. The
elemental volume ¥, is about the poiniXg at time

t = 0. Thenthe volume is moved and distorted but does
not break up because the motion is continuous: at time
t, the volume is about the poiX. If the coordinate

no tendency toward saturation, as might be expected atsystem is changed from coordinabégto coordinates

later stages of the simulatiqRortela et al., 2002)

3.2. Characterization of local particle segregation

The Eulerian statistics reported in the previous sec-
tion provide useful quantitative information about par-
ticle preferential sampling of specific flow regions. This
preferential sampling causes patrticle drift toward the
wall and determines their local accumulation. Parti-
cles form clusters so that their ensemble behaves like
a compressible fluid. Here, we are interested in quan-
tifying the local concentration of particle ensembles
characterized by different relaxation times. This can be
done straightforwardly by counting particles in an Eu-
lerian grid, a procedure which is very expensive from
a computational viewpoint. Another possibility can be
the calculation of the divergence of particle velocity
field, from which the time evolution of the concentra-
tion field would be available. However, in the frame of
the Eulerian—Lagrangian approach the dispersed phas
may not be treated like a real compressible fluid with a
differentiable velocity field. Thus, Eulerian equations

for the dispersed phase cannot be derived and com-

pressibility cannot be evaluated by calculating the de-
formation rate. To circumvent this problem, we calcu-
late the Jacobiad(t) of particle path, evaluated along
the trajectory of each single particle. Then, we will
relate the value of the Jacobian to particle accumula-
tion with respect to the underlying flow structure. This
methodology is based on the idea that the motion of
each particle can be described by a point transforma-
tion (Aris, 1989) Let us consider the time=0 as

the first instant in which particles are injected into the
domain. BeXg the initial position of a given particle:

at a later timegt, the same patrticle will be at position
X. Without loss of generality, we can say thtis a
function oft andXg:
X = X(Xo, 1). (5)
Then we consider an elemental volumiécurround-
ing the particle (i.e. continuum approach) with the aim

X, the elemental volume isWd= J(r) dVp, whereld is

the Jacobian of the particle path. The Jacoldhis
equal to det§X;(Xo, 1)/ Xo;] and quantifies the dilata-
tion/compression of the initial volume. Thukt) rep-
resents a mapping of particle field — instantaneously
sampled for a specific particle path — with respect to
a given initial condition in which we suppose uniform
particle elements, nameli(r = 0) = 1. Note that](t)

can be related to the divergence of the particle velocity
field, which also quantifies the local compressibility of
the particle velocity field, through the following equa-
tion (Aris, 1989; Pope, 2000)

din|J()]
4 (6)

We have an important physical meaning for the diver-
gence of the particle velocity field: it represents the
relative rate of change of the dilatation/compression
following a particle path(Aris, 1989) Our objective

p-

é‘nere is to usé(t) to characterize the effect of inertia on

the local compressibility of the particle velocity field.
This gquantity can be a measure of particle accumula-
tion since it influences the drift toward the wall in the
same way that it influences the settling velocity in ho-
mogeneous isotropic turbulen@daxey, 1987kxcept
thatin this case the drift is driven by the inhomogeneity
in the near wall turbulence and not by gravity.

To computeJ(t), we refer to Osiptsov’'s method
(Osiptsov, 1998) Osiptsov's method is a full La-
grangian method for calculating the particle con-
centration and the particle velocity field in dilute
gas-particle flows. This method (i) is based on inte-
grating equations for the particle concentration along
individual particle path, (ii) has great potential for dra-
matic reductions in computational time compared with
the standard Eulerian—Lagrangian approach, (iii) can
deal with steady and unsteady flows without change of
algorithm, and (iv) the mathematical formulation pro-
vides a sound framework for interpreting the physics
of the particle behavior: specifically, the method can
handle certain types of singularities where the parti-
cle concentration becomes infinite, in a mathematical
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sense. In Osiptsov's methad(t) is computed by inte-
gration along particle path and particle concentration is
then obtained algebraically from the Lagrangian form
of the particle continuity equation by computing the
change in volume of an element of ‘particle fluid’ along
its trajectory.

In Lagrangian form the conservation equations of
mass and momentum for a particle element read:

C()p
Cp= ——, 7
P I0) )
dup u—up
—ep_- P 8
dt Tp ( )

neglecting the effect of particle Reynolds numb&y,

is the initial particle phase concentratid@r}p, u andup

are functions of two Lagrangian independent variables:
the time,t, and the initial positionXo.

60 T T
t* =450 ——

675 —---
900 -~ -
1125 —8—

P(In[J(®)])

N W s o0 N OO

-

o

() In|J(t)]

Fi

P(In[J(®)])
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Fig. 6. PDF of particles as function of the Jacobi@ at timer™ =

1125.

PnlJ(l)

Pan[J(t)])

(d)

g. 7. PDF of particles as function of the|li(¢)| for different times for particles with;; =0.2(a), 1 (b), 5(c) and 25 (d).
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Referring to the Osiptsov methd@siptsov, 1998)  that sampled regions are characterized by valud&)f
and recalling that ¥ /dr = up, we can take the deriva- ~ which become smaller as particle inertia increases.
tive of Eq.(8) and write: In Fig. 7 the time evolution of the PDFs is plotted

as function of InJ(z)|. This figure confirms that the
EM tendency of particles to cluster and converge in spe-
dr - 9Xoj cific flow regions is dominated by inertia. The PDF of

1T dui(X, 1) aXx(Xo, 1)  dupi(Xo, 1) 123 =02 particles Fig. 7(a)) r'emains centereq around
= [an(Xo 0 9Xer | oXo } ) the initial value ofJ(t), showing that expansions and

’ / / compressions of the dispersed phase are weak. Con-
versely, profiles for the larger particles shift toward
smaller values ofl(t) continuously during the simu-

RS

d 9X;(Xo, 1) _ 8upi(X0, 1)

dr  9Xo; - 0Xoj (10) lation. This is particularly evident for the = 25 par-

. o N ticles (Fig. 7(d)). Recalling Eq(6), a decrease af(t)
Applying the initial conditions: in time implies that large inertia particle local velocity
9X;(Xo, t = 0) is preferentially “compressing”, even if the underlying

=8, (11) flow field is incompressible.
0Xoj
aupl’(Xo, t= 0) . Bui(Xo, t= 0) (12) )
X0 = oX ; : 4. Concluding remarks
Egs.(9) and (10)can be integrated numerically, along This paper addresses the issue of particle prefer-
each particle pathline. Once the unknowds /9 Xo; ential concentration in a fully developed turbulent
are calculated](t) can be computed. boundary layer with specific reference to the influence

The methodology described above can be used toof particle inertial response to the underlying flow
calculate the evolution of a small elemental volume field. Statistical analysis of particle and fluid velocity
filled with a fixed number of particles along a specific fields has shown the crucial effect of inertia in deter-
pathline. Since particle movements are not necessarily mining particle sampling of specific flow regions. As
correlated with the underlying carrier fluid motions, the a consequence of the preferential sampling, particles
small volume will undergo compression or expansion. form clusters and accumulate in the near-wall region.
A compression implies an increase of the local par- We quantified the tendency of particles to form clusters
ticle number density: particles belonging to the same by means of the Jacobiallt), of the dispersed phase.
elemental volume get even closer and alocal accumula-Lagrangian statistics of(t) show that, within the
tion takes place. On the other hand, expansion implies atime span covered by the simulations and in the range
growing volume i.e. a larger distance between particles of particle relaxation times considered, the particle
belonging to the same elemental volume. To quantify velocity field is more likely to be compressible and that
the prevalence of these two competing effects, we cal- inertial particles sample preferentially flow regions in
culated the statistics of |7 (¢)|. Fig. 6shows the PDF  which their local concentration is higher with respect
of particles as function of Ip/(¢)| at timer™ = 1125. to the initial conditions. An increase in particle inertia
For the smaller particIeSrK = 0.2) the PDF is nar-  appears to enhance this trend.
row, roughly centered around zero and skewed toward  The overall picture resulting from this statistical
the In|J(¢)| > O side. As the particle relaxation time analysis shows the following features: (i) according to
increases, the PDF has a larger spreading and appeartheir dimension, particle sample the flow field selec-
skewed towardthe I/ (r)| < Oside. Thus, larger parti-  tively and exhibit a “turbulence” which also depends on
cles preferentially sample flow regions whéie) < 1. their timescale; (ii) particles show a local turbophore-
Following Eq.(7), we can conclude that the local par- sis which, in the present non-homogeneous turbulent
ticle concentratiorCp in such convergence regions is  channel flow, gives rise to a macroscale migration to-
higher than the initial valu€op. Also, we observe that  wards the wall; (iii) particle accumulation may be suit-
Cp is more focused for larger particleBig. 6 shows ably quantified in a Lagrangian way by the behavior of
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the Jacobian. Further investigation is required to estab- Marchioli, C., Giusti, A., Salvetti, M.V., Soldati, A., 2003. Direct

lish the appropriate use dto quantify compressibility
when longer simulation times are considered.
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