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In this work we study deposition of particles and droplets in non-rotating swirled turbulent pipe flow.
We aim at verifying whether the capability of swirl to enhance particle separation from the core flow
and the capability of turbulence to efficiently trap particles at the wall can co-exist to optimize collection
efficiency in axial separators. We perform an Eulerian–Lagrangian study based on Direct Numerical Sim-
ulation (DNS) of turbulence, considering the effect of different swirl intensities on turbulence structures
and on particle transfer at varying particle inertia. We show that, for suitably-chosen flow parameters,
swirl may be superimposed to the base flow without disrupting near-wall turbulent structures and their
regeneration mechanisms. We also quantify collection efficiency demonstrating for the first time that an
optimal synergy between swirl and wall turbulence can be identified to promote separation of particles
and droplets.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

In-line separation of particles and droplets (simply referred to
as particles hereinafter) from a gas stream is an important problem
in many engineering applications, such as dedusting and demisting
in process, oil and gas industries (Peng et al., 2004; Klujszo et al.,
1999; Soldati et al., 1997). A widely used solution is to exploit
the larger inertia of particles and propel them toward the wall
via a suitable rotating motion of the mean flow. This motion can
be generated by changes in flow geometry, as for instance by static
vanes in axial separators for gas cleaning (Peng et al., 2004; Gomez
et al., 2004), or by curved ducts in gas-cleaning cyclones and in hy-
dro-cyclones for separation of liquid–liquid mixtures (Delfos et al.,
2004).

In this work we address the problem of gas–solid/gas–liquid
separation in axial tubes equipped with swirl vanes (swirl tubes,
see Nieuwstadt and Dirkzwager, 1995). Design of such devices cru-
cially depends on the interactions among swirling motions, near-
wall turbulence and particles, which give rise to complex dynamics
that involve turbulence forcing by swirl, and may have a strong ef-
fect on the near-wall turbulence regeneration mechanisms. Previ-
ous studies (Orlandi and Fatica, 1997; Eggels, 1994; Pettersson
et al., 1998) have shown that swirling motions induced by a pipe
rotating about its axis can influence turbulence to the point of flow
re-laminarization. Such findings promoted a large effort dedicated
to identify sustainable strategies for drag reduction by interrupting
turbulence regeneration cycle, ultimately disrupting wall struc-
tures. However, the very same wall structures found detrimental
for drag reduction are found beneficial for particle separation by
enhancing deposition and wall trapping (Marchioli and Soldati,
2002; Soldati, 2005; Soldati and Marchioli, 2009). Therefore, for
optimal separation design, characteristics of swirl and wall struc-
tures should be tuned to ensure fast transfer to the wall (due to
swirl-induced centrifugation) and efficient trapping (due to turbu-
lence-induced preferential concentration): once confined in the
wall layer, particles may be removed using suction slots or similar
filtration systems (Nieuwstadt and Dirkzwager, 1995).

Many detailed numerical (Orlandi and Fatica, 1997; Eggels,
1994; Pettersson et al., 1998) and experimental (Kitoh, 1991;
Steenbergen and Voskamp, 1998; Parchen and Steenbergen,
1998; Pashtrapanska et al., 2006) studies on swirl-induced turbu-
lence modification are available. However, most of them focus on
drag reduction application and hence examine swirling motions
generated by a rotating pipe wall (see Speziale et al., 2000 for a re-
view) or by an imposed circumferential pressure gradient (Nygard
and Andersson, 2010). The influence of swirl on turbulence is less
clear when it is produced in the core of the pipe, e.g. by static tilted
vanes. These two instances of swirled flow have a fundamental dif-
ference: swirl is centripetal in rotating pipes, where it leads to
transport of vorticity and displacement of vortices away from the
wall, but centrifugal in swirled tubes. Evidence of boundary layer
thickening for centripetal swirl has been demonstrated (Orlandi
and Fatica, 1997; Eggels, 1994). For centrifugal swirl we may
hypothesize a qualitatively correspondent boundary layer thin-
ning, which however was not investigated in detail previously.
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The first objective of this work is therefore to analyze the flow field
in an axial swirl tube separator. We know from literature that (i)
swirl is beneficial in quickly propelling particles to the wall (Kitoh,
1991; van Esch and Kuerten, 2008); (ii) wall turbulence is efficient
in trapping particles at the wall (Marchioli and Soldati, 2002; Sold-
ati, 2005); and (iii) high swirl intensity can destroy near-wall tur-
bulence structures (Orlandi and Fatica, 1997; Eggels, 1994): here,
we want to assess the possibility of tuning swirl characteristics
to prevent disruption of near-wall structures due to excessive cen-
trifugal forcing. This is relevant for real-life separation devices, e.g.
vertical separators, where near-wall turbulence and not just centri-
fugation is crucial for separation. Second objective is to examine
the behavior of particles and droplets in such flow field, focusing
on separation and collection efficiency. Few studies on similar
problems are available, which were recently performed by Kuerten
and co-workers (Kuerten et al., 2005; van Esch and Kuerten, 2008),
albeit for the case of rotational phase separators, where swirl is
generated using a rotating cylindrical filter element.

For both objectives, we performed an Eulerian–Lagrangian
parametric study of particle dispersion in swirled pipe flow via Di-
rect Numerical Simulation (DNS) of turbulence. DNS ensures the
most accurate numerical prediction of particle trajectories. This
is a crucial aspect when evaluating separation processes. As dem-
onstrated by Marchioli et al. (2008a), Large Eddy Simulation
(LES) is not yet a full alternative to DNS for two-phase flow simu-
lations: Because of filtering, an intrinsic feature of LES, proper
modeling of subgrid turbulence is required in the equation of par-
ticle motion to avoid time-accumulating filtering errors on trajec-
tories and consequent underestimation of separation efficiency.
Such models, however, are currently unavailable (Bianco et al.,
2012).

To our knowledge, this is the first fundamental study based on
DNS of particle-laden swirled flow in a non-rotating pipe. Results
discussed in this paper provide a proof of concept, based on sound
physical arguments, that the synergy between swirl-induced cen-
trifugal mechanisms and turbulence-induced trapping mecha-
nisms can be exploited to enhance particle separation in
bounded turbulent flows. Though fundamental, this study has
strong applicative implications since the flow configuration mim-
ics the behavior of a swirl tube.
2. Problem formulation and numerical methodology

The physical problem investigated in this work considers turbu-
lent flow of air (with density q = 0.965 kg/m3 and kinematic viscos-
ity m = 1.57 � 10�5 m2/s) in a pipe with radius R = 0.025 m. The
flow Reynolds number is Re = UcPR/m = 5000 with UcP = 3.14 m/s
the centerline velocity of the laminar Poiseuille flow. The corre-
sponding shear Reynolds number is Res = usR/m = 171 with
us ¼

ffiffiffiffiffiffiffiffiffiffiffi
sw=q

p
’ 0:108 m=s the shear velocity (sw being the mean

shear stress at the wall). These values match those considered in
previous numerical studies dealing with the same flow configura-
tion (Nygard and Andersson, 2010; Kuerten et al., 2005; van Esch
and Kuerten, 2008; Orlandi and Fatica, 1997; Eggels, 1994). The
flow configuration is sketched in Fig. 1 together with the cylindri-
cal reference frame. The computational domain consists of an up-
stream pipe that has axial length L = 10R, followed by a
downstream pipe of equal radius and length L = 20R, in which
the swirling motion takes place. For both pipes turbulence is sim-
ulated using Nr � Nh � Nz = 88 � 129 � 129 (resp. 257) nodes in the
radial, azimuthal and axial directions, respectively. Nodes are
equally spaced in z and h, with non-uniform radial refinement
(hyperbolic tangent method) close to the wall. The grid resolution
is Dz+ = 13.3 in the axial direction, while it ranges from
ðr � DhÞþmin ¼ 0:028 to ðr � DhÞþmax ¼ 8:25 in the circumferential direc-
tion. The first grid node away from the wall is located at r+ = 0.42,
ensuring a resolution sufficient to describe all flow length scales,
the Kolmogorov length scale being equal to approximately 1.85
wall units (Marchioli et al., 2003). The time step size is
dt+ = 0.0117, sufficient to cope with stability requirements (Cou-
rant number restriction). No-slip and no-cross boundary condi-
tions are enforced at the pipe wall for the fluid velocity
components.

The numerical method proposed by Verzicco and Orlandi
(1996) was adopted for the simulation of both pipes, with the obvi-
ous specification of different inlet/outlet boundary conditions. This
method solves for the continuity and Navier–Stokes equations in
cylindrical coordinates (not shown here for brevity) using a sec-
ond-order finite-difference discretization for the spatial deriva-
tives, while time derivatives are computed using a third-order
low-storage Runge–Kutta scheme for the non-linear terms and
an implicit Crank–Nicholson scheme for the viscous terms. The
pressure–velocity coupling is handled using a fractional step meth-
od which ensures incompressibility at each substep of the Runge–
Kutta scheme. Code validation can be found in Marchioli et al.
(2003). Flow statistics up to second order show excellent agree-
ment with those of Eggels et al. (1994) and Fukagata and Kasagi
(2002). Variables are expressed in outer units, obtained using R
and UcP as reference length and velocity for normalization. The cor-
responding space and time scales are L ¼ R and T ¼ R=UcP , respec-
tively. In the following, we will also refer to variables expressed in
wall units, which will be identified by superscript ‘‘+’’. Wall units
are obtained using L ¼ m=us and T ¼ m=u2

s for normalization.
To reproduce the axially-decaying spin imparted to the fluid

through the inclined vanes in swirl tubes, DNS of spatially-
developing turbulent flow in the downstream pipe is performed.
Inflow conditions for the fluid velocity are obtained from an auxil-
iary DNS of swirl-free particle-free periodic flow in the upstream
pipe: Fully-developed fluid velocity profiles at the outlet section
of the periodic flow domain (indicated as uPPF

h hereinafter) are
superimposed to a prescribed Batchelor Vortex (BV) profile (Mun-
tean et al., 2005) which mimics the swirling motion imparted by
the tube vanes. The BV produces a centrifugal (rather than centrip-
etal) forcing on the flow and is characterized by the following
azimuthal velocity:

uBV
h ðrÞ ¼

XR2
c

r
1� exp � r2

R2
c

 !" #
; ð1Þ

which depends on two parameters: the characteristic angular veloc-
ity of the vortex, X, and the characteristic vortex radius, Rc, a mea-
sure of the vortex core radial extent. This type of swirl, which is not
boundary-driven and generates a rotating fluid core of axially-
decaying intensity, was investigated in several experimental studies
(Kitoh, 1991; Steenbergen and Voskamp, 1998; Parchen and Steen-
bergen, 1998) at Reynolds numbers much higher than those consid-
ered here. The only numerical work we are aware of was performed
by Muntean et al. (2005) who, however, used a Reynolds stress
model to simulate turbulence and a k � �model to specify inlet tur-
bulent quantities. The resulting velocity distribution at the inlet of
the spatially-developing flow domain is:

uhðr; h; z ¼ 0; tÞ ¼ uPPF
h ðr; h; tÞ þ uBV

h ðrÞ: ð2Þ

The present approach proved to be highly accurate, with little or no
adjustment of the solution near the inlet boundary and no transient
convected downstream (Lund et al., 1998; Sbrizzai et al., 2009). In
this study, we fixed Rc = 0.003 m and considered three different val-
ues for X yielding different values of the swirl number S (defined as
ratio of axial flux of angular momentum to axial flux of axial
momentum): X0 = 0 s�1, corresponding to the swirl-free motion
(referred to as S0 = S(X0) = 0 case); XL = 375 s�1, corresponding to



Fig. 1. Sketch of the computational domain. The inset shows the rotating fluid core generated by the swirl in the pipe center, visualized using pressure isosurfaces.
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a steady swirling motion with maximum azimuthal velocity
uBV

h;maxðr ¼ RcÞ ¼ 0:72 m=s; and XH = 750 s�1, corresponding to

uBV
h;maxðr ¼ RcÞ ¼ 1:44 m=s. These two latter cases are referred to as

Low-Swirl (SL = S(XL) = 0.085) and High-Swirl (SH = S(XH) = 0.17)
hereinafter and the corresponding uBV

h -profiles are shown in
Fig. 2: lines represent the theoretical BV profile given by Eq. (1),
symbols represent the actual BV profiles considered in our simula-
tions. Brackets denote averaging in space (over h and z) and time.
We remark that Eq. (1) needs a correction to cope with the no-slip
condition at the wall: in this work we adopted a quadratic correc-
tion, which is highlighted in the inset of Fig. 2. Deviations of the ac-
tual BV profile from the theoretical one occur within a fluid layer of
five viscous units thickness close to the pipe wall, as indicated by
the arrow. The relative strength of the present swirl cases compared
with situations where swirl is generated by a rotating pipe wall, can
be quantified by means of the rotation number: N = 2XRc/UcP,
where Rc = R and X = uh,max(r = R) � R�1for a rotating pipe. Present
simulations have N ’ 0.5 (resp. N ’ 1) for the SL (resp. SH) case.
These values are very close to those considered in several previous
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sÞ.
studies, e.g. 0.5 6 N 6 2 in Orlandi and Fatica (1997) and
0.45 6 N 6 0.85 in Nygard and Andersson (2010). Higher values of
N (N > 2) could lead to swirl-induced flow re-laminarization (Eggels,
1994) and are not of interest for our purposes.

At the outlet section, a standard convective condition is applied:

@ui

@t
þ Uc

@ui

@n
¼ 0; ð3Þ

where @ � /@n is the gradient normal to the boundary while Uc is a
convective outflow velocity normal to the boundary. In our simula-
tions, this velocity is set equal to the mean streamwise (bulk)
velocity:

Uc ¼ Ub ¼
1

pR2

Z 2p

0

Z R

0
uzrdhdr ¼ UcP

2
: ð4Þ
2.1. Lagrangian particle tracking

Particle trajectory is determined upon time integration of the
simplified Basset–Boussinesq–Oseen equation (Crowe et al.,
1998). Modeling assumptions are: (i) particles are treated as
non-interacting, non-deformable solid spheres; (ii) the average
particle-to-fluid mass loading ratio is small enough to neglect tur-
bulence modulation induced by the particles; (iii) particles are
heavy and particle-to-fluid density ratio is large: hence, contribu-
tion of unsteady forces like virtual mass, pressure gradient, and
Basset to particle motion can be neglected (Chung and Troutt,
1988). In addition, we did not include the lift force in the equation
of particle motion. The ratio between lift force (written using Saff-
man formulation, see Saffman, 1965, 1968) and Stokes drag is

FL=FD � O dp
1
m
@uz
@r

� �0:5
h i

, with dp the particle diameter: In our simu-

lations, FL=FD � Oð10�3Þ. Gravity was also not included since most
of the practical instances of axial separators are found in vertical
set-up, where gravity plays a negligible role in particle collection
at the wall. Even if the horizontal configuration is possible, a com-
putation for the present choice of parameters gives a gravitational
settling time sg = R/vs, with vs = gsp the particle settling velocity in

still fluid and sp ¼ qpd2
p=18l the particle response time to turbu-

lent fluctuations (qp = 103 kg/m3 is particle density and l is fluid
dynamic viscosity), about one order of magnitude larger than the
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centrifugal settling time, sc = R/vc, where the characteristic velocity
vc ¼ spðX2R2

c=RÞ can be obtained from a simple balance of drag
force and centrifugal force in the radial direction. In particular,
we find sg/sc ’ 5 (resp. sg/sc ’ 20) in the SL (resp. SH) simulation.
The resulting governing equations for particle motion read as:

d2xp

dt2 ¼
d2vp

dt
¼ f; ð5Þ

where xp represents particle position in the (r,h,z) space, vp = (vh, -
vr,vz) is particle velocity and f is the total force per unit mass ex-
erted by the fluid on the particle. The corresponding set of scalar
differential equations is:

r d2h
dt2 ¼ dvh

dt ¼
Cd
sp
ðuh;p � vhÞ � vhvr

r

d2r
dt2 ¼ dvr

dt ¼
Cd
sp
ður;p � v rÞ þ

v2
h

r

d2z
dt2 ¼ dvz

dt ¼
Cd
sp
ðuz;p � vzÞ

8>>><
>>>:

ð6Þ

where uh,p, ur,p and uz,p are the fluid velocity components at the par-
ticle location obtained using a tri-linear interpolation scheme in
cylindrical coordinates (Marchioli et al., 2003; Sbrizzai et al.,
2009); Cd ¼ 24Re�1

p ð1þ 0:15Re0:687
p Þ is the non-linear drag coeffi-

cient (Schiller and Naumann, 1935), with Rep = jui,p � vijdp/m the par-
ticle Reynolds number. The same numerical methodology has been
recently used by Bernardini et al. (2013) to study particle dispersion
in Poiseuille and Couette turbulent channel flow.

Due to pipe geometry, the system of Eq. (6) has a singularity
associated with the solution at the pipe centerline. To circumvent
the problem, equations are written in transformed variables, fol-
lowing a procedure similar to that adopted for the fluid governing
equations. In particular, the independent variable Qh = r � h was
chosen as auxiliary coordinate for particle position in the azi-
muthal direction. The complete set of particle equations written
using Qh is reported elsewhere (Marchioli et al., 2003; Sbrizzai
et al., 2009). Particle equations are advanced in time using a
fifth-order adaptive Runge–Kutta scheme and assuming a time
piecewise constant velocity field of the gas phase, which was con-
sidered frozen within each time interval of the simulation. This
approximation is justified by the fact that the timestep for particle
tracking (which is the same as for the fluid) is much smaller than
both the Kolmogorov timescale of fluctuations based on the vol-
ume-averaged viscous dissipation, sK, and the particle relaxation
time (D tDNS ’ [10�2–10�1]sp, depending on particle diameter,
see Marchioli et al., 2003). The total tracking time was
Dt=T ’ 10ðDtþ ’ 230Þ, enough for all injected particles to cover
the entire pipe length at least once. Particles were initially released
in the entire pipe with random distribution in the (r,h,z) domain to
generate a numerical condition best suited for computing time-
averaged statistics. Particle initial velocity was set equal to that
of the fluid interpolated at the particle location. Particles exiting
the outlet section were removed from the flow and re-injected at
the inlet section upon re-initialization of position and velocity. Par-
ticle–wall interaction is modeled considering two opposite situa-
tions: perfectly elastic rebound for solid particles that come
closer than one particle radius from the boundary, perfectly
absorbing wall for liquid droplets.

Three different values of the particle Stokes number, St = sp/sf,
were considered, for a total of 9 simulated cases in the (Res,S,St)
parameter space: St ’ 0.27, 1.27 and 11.1, corresponding to
dp = 10, 25 and 65 lm, respectively. Here, sf ¼ m=u2

s is the viscous
timescale, chosen as characteristic timescale of the fluid (Crowe
et al., 1998). In our flow, sf ’ 1.35 � 10�3 s, smaller than the mean
Kolmogorov timescale, sK ’ 4.5 � 10�3 s. Values of the particle
Stokes number based on sK can be readily obtained as StK = St � sf/
sK ’ St/3. For each particle set, the total number of tracked parti-
cles is Ntot

p ¼ 105.
Note that particle diameter (particle inertia) scales as Re�1

when St is kept constant: Hence, the behavior observed at
Re = 5000 is expected to reproduce well the physics of particle/
droplet separation at Reynolds numbers up to one order of magni-
tude higher.

3. Results and discussion

A specific feature of the present work is the swirling flow
induced by a rotating fluid core rather than a rotating wall as in
axially-rotating pipes (Steenbergen and Voskamp, 1998; van Esch
and Kuerten, 2008; Orlandi and Fatica, 1997). For future bench-
mark we present a detailed statistical characterization of the flow
field. This is complemented by a phenomenological analysis of
particle trapping by swirl-modulated near-wall turbulence and
by a quantitative evaluation of collection efficiency and deposition
velocity.

3.1. Mean flow field

Fig. 3 shows the mean profiles of the axial fluid velocity, huzi, of
the azimuthal fluid velocity, huhi, and of the axial fluid vorticity,
hxzi/N for all swirl intensities. Profiles are taken at different axial
locations along the pipe, with quantities expressed in outer units
and vorticity normalized by the rotation number. Note that, in
the spatially-developing pipe flow, space-averaging can be per-
formed only in the azimuthal direction. The mean axial velocity
distribution in the SH case (Fig. 3a, symbols) differs significantly
from that obtained with zero swirl (S0 case, solid line) at the same
flowrate: swirl induces larger axial velocity, and in turn higher
mean shear, in the near-wall region (0.7 6 r/R 6 1) but lower axial
velocity in the central region (r/R < 0.7), where huzi develops a dip
across the pipe centerline as a result of the concentrated-vortex
swirl imposed at the pipe inlet. This velocity dip is advected down-
stream with a slow decay rate: it can still be observed at about 20
radii downstream of the inlet section. In the SL case (Fig. 3b) the
mean shear near the wall (resp. near the pipe centerline) is again
higher (resp. lower) than without swirl but the spin initially im-
parted to the fluid is much weaker and the velocity dip vanishes
within few diameters from the inlet. The azimuthal velocity,
Fig. 3c–d, exhibits the expected structure consisting of a core re-
gion, an annular region and a wall region (Kitoh, 1991). The extent
of each vortex region changes depending on the swirl intensity and
transition from one region to another becomes less evident as swirl
intensity decreases.

In the core region (0 < r/R < 0.2 for the SH case, 0 < r/R < 0.3 for
the SL case) the tangential velocity has a forced-vortex distribution
(vh / r) characterized by high angular velocity. A velocity profile of
this type strongly stabilizes turbulence and the small flow scales
should vanish rapidly. In the core region only large-scale motions
are thus expected to survive over long distances downstream of
the inlet section (Kitoh, 1991).

In the annular region (0.2 < r/R < 0.9 for the SH case, 0.3 <
r/R < 0.8 for the SL case) the tangential velocity has a free-vortex
distribution (vh / 1/r) with nearly constant angular momentum.
As a consequence, swirl produces a local minimum of huhi for
0.6 < r/R < 0.8. This minimum becomes less marked as the swirling
motion approaches the outlet assuming a velocity distribution
characteristic of solid body rotation (particularly in the SL case).

In the wall region, the velocity gradient is quite steep and
remains nearly constant along the axial direction. The observed
behavior of fluid velocities agrees qualitatively with the experi-
mental measurements of Kitoh (1991), and Steenbergen and
Voskamp (1998), who considered non-rotating pipe flow with
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comparable values of the swirl number but much higher values of
the bulk Reynolds number (Re P 50,000). The similarity among
profiles at varying Re may suggest the existence of a scaling behavior
of the mean flow field with respect to the swirl intensity. We notice
no similarity with the fluid velocity profiles obtained in axially-rotat-
ing pipes where, opposite to what we find, the mean axial velocity
approaches the laminar Poiseuille profile at increasing swirl intensi-
ties and the huhi-profile has zero slope at the wall (Steenbergen and
Voskamp, 1998; Kitoh, 1991; Orlandi and Fatica, 1997). Accordingly,
the present cases have higher fluid velocity wall-gradients (and in
turn higher wall shear stress) compared with rotating pipes.

The flow field characteristics can be also appreciated examining
the mean axial vorticity, shown in Fig. 3e–f. The magnitude of axial
vorticity is higher near the rotating fluid core and near the pipe
wall, where the increase of hxzi is due to secondary shearing mo-
tions associated with strong velocity gradients rather than to swirl-
induced rotation. A change of sign occurs between these two re-
gions, with an intermediate plateau (0.4 < r/R < 0.8) of nearly zero
vorticity in the annular region where vh scales with 1/r. Another
feature shared by all hxzi profiles regardless of swirl strength is a
significant axial decay of vorticity near the pipe center, where
the axial velocity dip occurs, and very close to the wall, where
xz ’ @uh/@r. The behavior of hxzi just described resembles not at
all that observed in rotating pipes (Orlandi, 2000).
A collective analysis of the statistics shown in Fig. 3 reveals that
swirl onset and subsequent decay is linked to a change of the wall
shear stress. To examine this change, in Fig. 4, we look at the tan-
gential wall shear stress components:
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Note that both shear stresses are azimuthally averaged. Upon com-
parison of the different profiles at varying swirl strength, two main
conclusions can be drawn. First, the swirl imparted to the fluid in-
creases sw

rz with respect to the S0 case: At a distance of about 20 pipe
radii downstream of the inlet section, sw

rz increases by roughly 20%
(resp. 35%) for the SL (resp. SH) case. Second, due to fluid rotation,
the magnitude of sw

rh is significantly different from zero at all axial
locations examined. Hence, this component of the stress tensor be-
comes important in the Reynolds stress transport equation (Kitoh,
1991). The swirl-induced wall shear stress modification is accompa-
nied by a change of both axial and azimuthal friction velocities,
uszðzÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sw

rzðzÞ=q
p

and ushðzÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sw

rhðzÞ=q
p

. Fig. 4 shows that these
two velocities increase proportionally to the swirl intensity. Accord-
ingly, the axial and azimuthal Reynolds numbers, defined as
Resz(z) = usz(z)R/m and Resh(z) = ush(z)R/m respectively, attain values
larger than Res in the S0 case, as shown in Table 1. Note that
us = uszjS=0 (with ushjS=0 = 0) and Res = ReszjS=0 (with Resh(z)jS=0 = 0)
since the shear velocity is derived from a force balance in the axial
direction.

The above observations suggest that the mean fluid velocity
profiles shown in Fig. 3a–b can be examined objectively upon ren-
ormalization based on the shear velocity instead of UcP. By doing
so, profiles are expressed in wall units and provide interesting
information about swirl-induced drag modifications which cannot
be obtained from Fig. 3a–b. In Fig. 5, we show the dimensionless
axial fluid velocity huþz ðr; zÞi ¼ huzðr; zÞ=uszðzÞi for the SL case
(Fig. 5a) and for the SH case (Fig. 5b), respectively. Compared to
the S0 case (solid line), swirl-flow rescaled profiles (symbols) over-
lap almost perfectly in the near-wall region (up to r+ = (R � r)usz/m
’ 10) and effects due to swirl are negligible. Farther away from the
wall (r+ > 10), swirl-flow profiles always attain lower values than in
the S0 case with significant axial decay only in the SH case (Fig. 5b).
This behavior indicates that if the pressure gradient driving the
flow is imposed (namely the wall shear stress is ‘‘kept’’ constant)
then swirl reduces the flowrate. This phenomenon is a macroscopic
manifestation of swirl-induced drag enhancement. Opposite drag
modifications are observed in rotating pipes, where a clear
tendency towards re-laminarization of turbulence is observed at
increasing swirl numbers (Orlandi and Fatica, 1997; Kitoh, 1991;
Eggels, 1994; Nygard and Andersson, 2010).

3.2. Swirl number and intensity decay rates

In wall-bounded swirling flows, tangential fluid motions decay
downstream at a rate that can be measured as (Kitoh, 1991;
Parchen and Steenbergen, 1998):

SðzÞ ¼
_GhðzÞ

R _GzðzÞ
¼

2pq
R R

0 huzðr; zÞihuhðr; zÞir2dr

qpR3U2
b

; ð7Þ

where _GhðzÞ is the axial flux of angular momentum, and _GzðzÞ is the
axial flux of axial momentum. The axial evolution of S characterizes
Table 1
Bulk and shear Reynolds numbers in the spatially-developing swirled pipe flow for
the different swirl intensities. Reference values of Resz and Resh are taken at z/R = 19.6
downstream of the inlet section.

Reynolds number S0 case SL case SH case
(S0 = 0,N = 0) (SL = 0.085,N = 0.5) (SL = 0.17,N = 1)

Re = UcPR/m 5000 5000 5000
Resz = uszR/m 171 187 198
Resh = ushR/m 0 62 86
the decay process (Kitoh, 1991). Previous studies (Kitoh, 1991;
Parchen and Steenbergen, 1998) have shown that, for the swirl
intensities and the swirl type considered in this study, the decay
rate is best fitted by an exponential law:

SðzÞ ¼ Sr � exp �b
zr � z

D

� �h i
; ð8Þ

where Sr = S(zr) is the swirl intensity at a suitably-selected refer-
ence location zr and b is the Re-dependent decay coefficient. As
indicated by Kitoh (1991), the exponential decay is obtained only
if sw

rh / S, hence Eq. (8) is not accurate for very high swirl num-
bers (S� 0.2). Fig. 6 shows the axial behavior of S for the SH case
(symbols), and the decay rate predicted by Eq. (8), which is found
to best-fit numerical results using b = 0.0262 (solid line). For
comparison purposes, present numerical results are plotted to-
gether with the exponential fit proposed by Kitoh (1991). Note
that only the second half of the domain (z/R P 10) is considered
because the initial stage of the decay exhibits deviations from the
exponential fit (Steenbergen and Voskamp, 1998): in the selected
portion of the domain, the swirl intensity S is thus normalized
using Sr = S(zr = 10R). As expected, our profiles are below the
experimental fits due to the smaller Reynolds number but follow
the exponential decay rather well. Results for the SL case (not
shown for brevity) are qualitatively similar and yield best expo-
nential fit for SL = 0.085 with b = 0.023: this confirms that the
swirl decay rate decreases for increasing S within the range
of swirl intensities considered in this study (Steenbergen and
Voskamp, 1998).

3.3. Swirl effects on particle preferential concentration and wall
accumulation

There is experimental (Balachandar and Eaton, 2010) and
numerical (Marchioli and Soldati, 2002; Soldati and Marchioli,
2009) evidence that heavy particles in confined swirl-free turbu-
lent flow exhibit non-uniform spatial distribution. The degree of
non-uniformity strongly depends on particle inertia and is induced
by particles-turbulence interaction at the particle scale: driven by
turbulence, particles are known to segregate into clusters, migrate
towards the wall (turbophoretic drift, see Reeks, 1983), and, when
in the wall layer, concentrate preferentially within low-speed
streaks (Marchioli and Soldati, 2002). Near-wall accumulation is
typically observed over a long time transient characterized by
unbalanced particle transfer fluxes to and off the wall (Picciotto
et al., 2005; Zhao et al., 2012; Zonta et al., 2011). After this tran-
sient, very few particles are left in the outer flow region and trans-
fer fluxes finally balance each other (Marchioli et al., 2008b).
Particle transport to/off the wall is driven by in-sweeps of high
momentum fluid towards the wall and ejections of low-momen-
tum fluid away from the wall (Marchioli and Soldati, 2002; Zonta
et al., 2008). Fluid streaks are the instantaneous footprint of these
events. Aim of this section is to examine the persistence of
turbulence-induced trapping mechanisms (segregation into
streaks, in particular) when particles experience both turbophoret-
ic drift and centrifugal motion.

Fig. 7 shows cross-sectional views of particle instantaneous
distribution and corresponding contour map of the axial fluid
vorticity, xz: regions of high positive (resp. negative) vorticity
are visualized in white (resp. black). To highlight the axial depen-
dency of particles and fluid behavior, two different r � h sections
have been selected: z/R = 9.6 (top panels) and z/R = 13.6 (bottom
panels). In addition, all particle sets have been considered to
discuss how inertial effects can modulate particle response to
swirl-induced centrifugation. For ease of discussion, only results
relative to the last simulated time step (t+ ’ 230) in the SH case
are shown. The effect of rotation on particle dynamics and the



 2

 4

 6

 8

 10

 12

 14

 16

 18

 20

 1  10  100
r+

z/R=  9.6
z/R=13.6
z/R=19.6
No Swirl  2

 4

 6

 8

 10

 12

 14

 16

 18

 20

 1  10  100
r+

z/R=  9.6
z/R=13.6
z/R=19.6
No Swirl

Fig. 5. Rescaled mean fluid axial velocity, huþz ðr; zÞi ¼ huzðr; zÞ=uszðzÞi, in the spatially-developing swirled pipe flow. Panels: (a) SH case, (b) SL case. Note that r+ = (R � r) � usz/m.

 0.7

 0.8

 0.9

 1

 10  12  14  16  18  20

S/
S r

z/R

Fig. 6. Axial decay of normalized swirl intensity, S/Sr, in the range 10 < z/R < 20 for
the SH case. Symbols: DNS data; solid line: fit of DNS data with b = 0.0262 in Eq. (8);
dashed/dotted lines: fit of experimental data of Kitoh (1991) with b = 0.0208,
0.0187 and 0.0152 in Eq. (8) for Re = 5 � 104,105 and 1.5 � 105, respectively.

(a) (b)

(d) (e)

Fig. 7. Instantaneous distribution of axial fluid vorticity (xz) and of particles at two diffe
developing swirled pipe flow (SH case). Black and white colors indicate negative and pos
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non-random fashion of particle distribution are evident, espe-
cially for the larger, more inertial particles (see Fig. 7a and d
for the St = 11.1 particles; Fig. 7b and e for the St = 1.7 particles).
Similarly to what happens in swirl-free flows, particles with
high-enough inertia are flung out of vortices and tend to cluster
at the vortex periphery, in regions of low vorticity and high strain
rate (gray areas). This is evident in the core region of the pipe,
where large-scale vortices form due to the forced-vortex swirling
motion and produce regions depleted of particles. Void regions
are also found near the wall, where the turbulent structures
responsible for the turbophoretic drift of particles are located.
The selective response of particles to the underlying swirled
turbulence is also apparent. The large St = 11.1 particles, for
which sp/sc ’ O(1), can easily cut across vortices under the effect
of the centrifugal force and are propelled towards the pipe wall;
The small St = 0.27 particles have sp/sc ’ O(10�3) and, therefore,
are little influenced by centrifugation: their dynamics will
follow almost exactly that of near-wall turbulent structures. As
expected, the St = 1.7 particles (sp/sc ’ O(10�2)) exhibit an inter-
mediate behavior.
(c)

(f)

rent axial locations (z/R = 9.6, top panels; z/R = 13.6, bottom panels) in the spatially-
itive vorticity, respectively. Panels: (a), (d) St = 11.1; (b), (e) St = 1.7; (c), (f) St = 0.27.
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Regardless of their size, however, all particles eventually accu-
mulate at the wall, producing peaks of concentration inside the vis-
cous sublayer. Fig. 7 alone is not sufficient to show any statistical
effect resulting from preferential concentration. To verify whether
such effect exists in a mean sense, in Fig. 8 we compare particle
and droplet concentration profiles with and without swirl, at vary-
ing particle inertia as a function of the non-dimensional distance
from the pipe wall, r+. All swirl intensities and all particle/droplet
sets are considered. Concentration profiles represent the number
density of particles and droplets along the radial coordinate at time
t+ = 230, obtained subdividing the computational domain into
Ns = 62 slabs of equal volume Vs ¼ pLðr2

s � r2
s�1Þ along the radial

coordinate (with r0 = 0 and rNs ¼ R) and counting at the chosen
time step t the number Np(s, t) of particles within each slab s.
Concentration is then computed as C(s, t) = Np(s, t)/Vs with
C0 = C(s, t = 0) corresponding to the initial particle distribution.

From Fig. 8a, c and e we can observe that particles in the S0 case
generate a peak of concentration in the near-wall region (Marchioli
et al., 2003). Particle inertia determines the shape of the profile and
the location of the peak, which occurs right at the wall for the lar-
ger particles (last point on the left end of each curve) and within
the buffer layer for the smaller particles (at r+ ’ 20 for the
St = 0.27 particles in the present simulations). As expected,
Fig. 8a, c and e shows that, for all particle sets examined, swirl in-
creases near-wall concentration while depleting the pipe core with
respect to the S0 case. The highest increase is observed for the
St = 1.7 particles, which are characterized by a peak concentration
value in the SH case about 20 times larger than in the S0 case. A clo-
ser examination of Fig. 8a, which refers to the St = 11.1 particles,
reveals that a second concentration peak may develop away from
the wall as the swirl intensity increases. In both SL and SH cases,
such peak is located at r+ ’ 8. This behavior can be explained con-
sidering that particles bounce elastically off the wall, keeping the
kinetic energy and momentum possessed at impact. For the larger
particles, the wallward drift generated by the combined effect of
turbophoresis and swirl-induced centrifugation is high enough to
permit re-entrainment in the outer region once ‘‘converted’’ in out-
ward drift after rebound. A further accumulation layer then devel-
ops around the radial location at which outward and wallward
drifts balance again. In Fig. 8b, d and f we show the concentration
profiles for droplets. It can be readily seen that concentration al-
ways peaks at the wall (no elastic rebound effect) and that profiles
cross-over farther away from the wall as droplet inertia decreases,
indicating a reduced effect of centrifugal drift (compared to turb-
ophoretic drift) at smaller St.

In swirl-free flows, non-uniformities in the radial direction due
to intermittent concentration are accompanied by non-uniformi-
ties in the azimuthal wall-parallel direction when inertial particles
are segregated in the wall region (Marchioli and Soldati, 2002;
Marchioli et al., 2003). This feature is observed also in the present



Fig. 9. Instantaneous distribution of St = 11.1 particles and high/low-speed fluid streaks in the spatially-developing swirled pipe flow. Visualization refers to the h � z plane at
r/R = 0.8 in the SH case. Black and white colors indicate negative and positive fluctuations, respectively. The mean inclination of the swirl angle u, representing the tilting of
the fluid velocity vector in the h � z plane, is also shown.
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simulations with swirl as demonstrated, for instance, in Fig. 9. In
this figure the instantaneous distribution of the St = 11.1 particles
on a wall-parallel h � z plane at r/R = 0.8 in the SH case is superim-
posed to the instantaneous axial velocity fluctuations of the fluid,
u0z. Streaks clearly appear tilted with an inclination angle
corresponding to the swirl angle u ¼ arctanðuh=uzÞ (Nygard and
Andersson, 2010). The correlation between particle location and
low-speed streaks is evident: particles tend to line up along the
streaks avoiding high-speed regions. Clearly, particle streaks exhi-
bit the same tilting as fluid streaks, corroborating the conclusion
that the coherent swirling motion does not disrupt the near-wall
structures responsible for preferential concentration, wall accumu-
lation and trapping. To quantify the tendency of particles to segre-
gate into streaks, in Fig. 10 we show the Probability Distribution
Function (PDF), Pðu0z

þÞ computed at particle position in the wall
region (3 < R+ � r+ < 10). In particular, we compare the PDF for
swirl-free flow (Fig. 10c) with those obtained for swirled flow: SL

case in Fig. 10b), SH case in Fig. 10a). Curves in each panel corre-
spond to the different particle diameters. Confirming the qualita-
tive observations drawn from Fig. 9, PDFs always peak at
negative values of u0z

þ. Compared to the swirl-free flow, however,
the magnitude of the peak is higher in presence of swirl. Maximum
values are observed for the SL case, with a slight reduction for the
SH case (probably an effect due to elastic particle collision against
the wall). Also the shape of Pðu0z

þÞ appears more sensitive to
changes of particle size in swirled flow: Peaks shift towards more
negative values of u0z

þ for the two larger particle sets (St = 1.7
and St = 11.1) as swirl intensity increases. The observed behavior
indicates that, within the investigated range of swirl numbers
(S < 0.2), swirling motions favor particle segregation into streaks
provided that particle inertia is sufficiently high (St P 1 in the
present simulations), and their mutual interaction with near-wall
structures is beneficial for separation purposes. The PDF for the
smaller particles (St = 0.27) is less skewed towards negative values
Fig. 10. Probability distribution function, Pðu0z
þÞ, of fluctuating streamwise velocity, u0z

þ

intensity. Panels: (a) SH case; (b) SL case; (c) S0 case.
of u0z
þ and is less affected by a change of swirl strength. This behav-

ior is due to the low inertia of these particles, which behave almost
like fluid tracers and exhibit a more persistent stability against
non-homogeneous distribution and near-wall concentration.
3.4. Separation of particles

In this subsection we examine the separation process of inertial
particles, for which elastic rebound conditions are considered.
Deposition rates and collection efficiencies can be evaluated deter-
mining the net mass of particles that can be separated along the
axial direction when both particle inertia and swirl strength vary.
To compute this quantity, we considered a reference annular re-
gion of thickness Drsep = R � rsep near the wall and counted the
number of particles, Nsep

p ðtÞ, within this region at a given time in-
stant t of the simulation. When the residence time of a particle
trapped inside the annular region is large enough (larger than a
suitably-chosen threshold value), then that particle is considered
as separated from the gas stream and collected at the wall. We
computed the threshold residence time as Tres = Drsep/vdep, corre-
sponding to the time taken by particles to cross the near-wall col-
lection region entering at radial coordinate rsep with velocity

vdepðr ¼ rsepÞ ¼ sp
u2

h
ðr¼RcÞ
rsep ’ sp

X2R2
c

rsep

h i
. Fig. 11 compares the axial evo-

lution of Nsep
p ðtÞ, normalized by the total number of injected parti-

cles Ntot
p , at the final timestep of the simulations with swirl (solid

line: SH case; dotted line: SL case) and of the swirl-free simulation
(dash-dotted lines: S0 case). Note that z=R ’ t � Ub=T . Results are
shown for two different values of D rsep: Drsep/R = 0.1 and 0.04, cor-
responding to separation volumes Vsep = pL[R2 � (rsep)2] equal to
19% and 8% of the total pipe volume, respectively. The cross section
for the different separation volumes is visualized with insets in
each panel of Fig. 11 and highlighted in black. The range of thresh-
, computed at particle position in the wall region (3 < R+ � r+ < 10) for varying swirl
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(d) (e) (f)

Fig. 11. Number of separated particles along the axial direction in the spatially-developing swirled pipe flow. Particles are considered as separated if their residence time
within the annular near-wall region highlighted in the inset of each panel is higher than the threshold value Tres defined in Section 3.4. Columns: (a) and (d) St = 11.1; (b) and
(e) St = 1.7; (c) and (f) St = 0.27; Rows: (a–c) Drsep/R = 0.1 (Vsep/Vtot = 19%); (d–f) Drsep/R = 0.04 (Vsep/Vtot = 8%).
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old residence times is, in wall units, 0:89 < Tþres < 158 for the SL

case and 0:22 < Tþres < 39:5 for the SH case.
Comparison among the different cases shows the impact of

swirl on the collection efficiency, especially for the larger particles.
The increase in the number of particles that can be separated along
the pipe axis is evident: for the St = 11.1 particles and a reference
separation volume Vsep/Vtot ’ 19% (Fig. 11a), we find Nsep

p =Ntot
p ’

0:52 (resp. Nsep
p =Ntot

p ’ 0:33) in the SH case (resp. SL case) near the
streamwise end of the separator (z/R ’ 18): Compared to
Nsep

p =Ntot
p ’ 0:13 in the S0 case, this yields a +300% (resp. +153%) in-

crease of separation, respectively. The increase is remarkable also
for the intermediate-size particles, for which we find
Nsep

p =Ntot
p ’ 0:42 (resp. Nsep

p =Ntot
p ’ 0:22) in the SH case (resp. SL case),

compared to Nsep
p =Ntot

p ’ 0:09 in the S0 case. In agreement with the
results previously discussed, the trend is less marked for the smal-
ler particles, for which we find a +200% increase of separation even
when a significant swirling motion is applied (Nsep

p =Ntot
p ’ 0:09 in

the SH case, Nsep
p =Ntot

p ’ 0:03 in the S0 case). Not surprisingly, the

increase of Nsep
p =Ntot

p within this separation layer is proportional
to the increase of particle inertia at fixed swirl strength. Particle
separation follows a less straightforward evolution when
Fig. 12. Number of separated particles along the axial direction in the spatially-developin
St = 1.7; (c) St = 0.27.
V sep/Vtot ’ 8%. In this case, after an initial transient section com-
prised between the inlet pipe section and z/R ’ 6 (resp. z/R ’ 12)
for the SH case (resp. SL case), the St = 1.7 particles separate better
than the St = 11.1 particles, especially in the SH case where more
energetic rebounds are expected. This is again due to the elastic
rebound boundary condition, which facilitates the formation of
outward fluxes upon wall impact as particle inertia increases. From
a modeling perspective, it is interesting to observe that present
DNS results confirm the phenomenological model proposed by
Chibbaro and Minier (2008) in the context of Langevin PDF simula-
tions of turbulent particle deposition. The model is based on the
notion of residence time and can be used to interpret present
results since it assumes a rapid decrease of the residence time with
particle diameter (according to the relation dTres/ddp / � Tres): as a
consequence, deposition of high-inertia particles is very likely to
occur each time they reach the wall, whereas deposition of low-
inertia particles occurs at longer time scales.

3.5. Droplet separation and deposition velocity

In this section we examine the separation efficiency of droplets,
for which an absorbing wall condition is considered. To this aim, in
Fig. 12 we show the axial behavior of Nsep

p =Ntot
p . It can be readily
g swirled pipe flow for the case of perfectly absorbing walls. Panels: (a) St = 11.1; (b)



Fig. 13. Axial evolution of the non-dimensional particle deposition velocity, kþd , in the spatially-developing swirled pipe flow for the case of perfectly absorbing walls. Panels:
(a) St = 11.1; (b) St = 1.7; (c) St = 0.27.
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seen that separation is always proportional to swirl intensity
regardless of droplet inertia. Values reached by Nsep

p =Ntot
p just before

the outlet section of the separator are always higher than those
measured in Fig. 11. This because no collection region was consid-
ered in the case of perfectly absorbing walls.

The rate of change in the number of separated droplets corre-
sponds to their deposition velocity, defined as (Cousins and Hewitt,
1968):

kd ¼
J
C
¼ UcP � rsep

2ðz2 � z1Þ
ln

Nsep
p;1

Nsep
p;2

; ð9Þ

where J ¼ UcP
dNp

dz
1

Asep
is the flux of droplets across the separation sur-

face of area Asep ’ 2 prsepL and C = Np/Vtot is the bulk concentration
outside the separation region, with Vtot ’ p(rsep)2L the pipe volume.
Subscripts 1 and 2 in Eq. (9) represent two subsequent sampling
stations along the pipe axis. The non-dimensional deposition veloc-
ity at varying swirl intensities is shown in Fig. 13. Profiles in this fig-
ure are plotted only for axial locations z/R P 4. This because we
considered only those droplets initially released within a core-flow
region comprised between the pipe axis and a given radial coordi-
nate rsep. The shortest axial distance covered by droplets while trav-
eling wallward can be estimated for the largest droplets (St = 11.1 in
the S = SH case with rsep = 0.8R):

z=R ¼ Drsep

vdep
� Ub

R
¼ ðR� rsepÞrsep

spðX � RcÞ2
� Ub

R
’ 4: ð10Þ

In the initial part of the domain examined, for given droplet inertia,
deposition velocity increases with swirl intensity. Well downstream
of the separator a cross-over among kþd profiles is observed for the
larger droplets (St = 11.1, Fig. 13a; and St = 1.7, Fig. 13b). No
cross-over is observed with the smaller droplets, for which kþd in-
creases with S (St = 0.27, Fig. 13c). This indicates that the deposition
velocity of high-inertia droplets depends primarily on the term
dNsep

p =dz, which decreases monotonically with S along z/R, rather
than 1=Nsep

p , which increases monotonically with S along z/R. Even-
tually, all profiles relax toward the asymptotic value obtained for
pipe flow (S0 case).

4. Conclusions

In this work turbulence and particle dynamics in swirled pipe
flow are investigated. The dispersed phase consists of a large num-
ber of micrometer-size particles with density much larger than
that of the fluid (to simulate the dispersion of dust particles, drop-
lets or aerosols in a gas stream). This flow configuration mimics the
behavior of an axial swirl tube, a device found in several separation
technology applications. The dynamics of the particle–fluid system
is complex and is characterized by a wide range of mutually-inter-
acting length and time scales (including those forced by the super-
imposed swirl) that contribute to particle dispersion. Direct
numerical simulation and Lagrangian particle tracking are used
to examine the effect of swirl on near-wall turbulence and to
investigate the physical mechanisms that control particle
separation.

Statistical and phenomenological analyses of the flow field indi-
cate that, opposite to the case of swirl motions induced by wall
rotation, a degree of drag increase is achieved due to higher veloc-
ity wall-gradients and a transport of axial vorticity toward the ra-
dial periphery of the pipe. Such modifications lead to an increase of
wall shear stress and drag enhancement, which we have taken into
account by rescaling dimensionless fluid velocity statistics based
on a modified swirl-dependent axial friction velocity. This result
is important in particle separation applications since it is known
that turbulence wall transport mechanisms favor particle accumu-
lation at the wall and, most importantly, trapping (Marchioli and
Soldati, 2002; Soldati and Marchioli, 2009).

Further Lagrangian simulations have been used to verify parti-
cle wall transport efficiency in connection with turbulence modifi-
cation. Within the examined range of swirl intensities, the
superposition of a centrifugal swirling motion to the base flow
does not disrupt the turbulent structures which control wall accu-
mulation: statistics indicate that all macroscopic manifestations of
particles/droplets interaction with turbulence in non-swirled flows
do persist, proving that swirl may be exploited in combination
with turbophoretic drift to increase collection efficiency and create
optimal conditions for gas cleaning. In particular, we still observe
trapping in the low-speed streaks and accumulation in the viscous
sublayer. Transfer fluxes of particles and droplets along the axis of
the separator are in agreement with the phenomenological model
proposed by Chibbaro and Minier (2008). This model is based on
the notion of residence time in the near-wall region and seems
to be a good candidate for predicting deposition in swirled tubes.
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