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The dispersion produced by a jet injecting microparticles (or droplets) in a cross
stream is controlled by the interaction between injected species and large scale flow
structures characteristic of the jet in crossflow system. In a previous work we charac-
terized accurately the dynamics of the particles undergoing dispersion under the action
of the shear layer vortices (SLV) which form in the jet shear layer. In this article, we
propose a strategy to control and possibly optimize the dispersion of species injected
in the cross stream. This strategy is based on injecting particle packets (or puffs)
synchronized with the time of formation of the shear layer vortices. The possibility to
increase or decrease particle dispersion by synchronized, pulsed injection is explored
by identifying the relevant parameters of the particle/flow system; the effectiveness of
this strategy is verified by exploring a representative sample of the parameter range.
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Introduction

Fuel injection in combustion chambers, postcombustion
control devices (such as transverse injection of ammonia so-
lution for NOx abatement), hot gas quenching with sprays,
spray dryers, and spray coating systems are but a few exam-
ples of industrial flow configurations in which the crucial
task is to achieve effective mixing between a dispersed phase
(particles or droplets) and a main stream. In most of these
applications, species are injected by a carrier fluid normal to
the main, transverse stream. This configuration—that is, the

transverse jet or the jet in crossflow—is indeed very effective
in dispersing the species: the jet flow and the crossflow can
be tuned to obtain the desired mixing effect some distance
away from the jet exit. In some applications related to react-
ing flows, even more strict control of species dispersion is
required to avoid, also in the injection region, the formation
of zones where the high/low concentration of species can be
detrimental to the process (for instance, generating a reduced
thermal efficiency in combustion applications or a reduced
abatement efficiency in systems designed for pollution con-
trol). Such a degree of control requires a deep understanding
of the mixing dynamics of the transverse jet and the identifi-
cation of the parameters relevant to dispersion control which
can be exploited to set up ‘‘ad-hoc’’ control strategies. The
aim of the present work is to make a step in this direction.
Specifically, we want to investigate how the injection process
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can be optimized considering the time dependent nature of
the structures controlling mixing in the transverse jet.

A typical configuration of a jet in crossflow is shown in
Figure 1. The flow field generated by the jet, drawn based on
the experimental pictures presented by Lim et al.1 is charac-
terized by the instability of the jet shear layer which, even
under steady state conditions (i.e., constant velocity profile
for the jet and the transverse stream), promotes the (quasi pe-
riodical) formation of large-scale roll-up structures (shear
layer vortices, SLVs) at the jet interface.

The structure of the flow field is characterized by a num-
ber of different scales2 interacting in a complex way which
is still under serious investigation.3–8 However, in our previ-
ous work,9 we have observed that of all the flow structures
the shear layer vortices are those controlling transport and
dispersion of the particles issued by the jet.

Considering the many engineering and environmental
applications in which the jet in crossflow system is used, we
believe that a strategy to enhance/reduce mixing of injected
species or particles would be mostly desirable. A number of
experimental and numerical analyses (9–11among others) have
shown that the interaction between injected droplets/particles
and fluid structures is crucial to enhance penetration, promote
dispersion, and obtain a satisfactory degree of interphase
mixing. This interaction is most effective when the particle
response time, which scales with particle density and squared
diameter and is inversely proportional to fluid viscosity, is
comparable with the relevant fluid time scale.9 However,
even if this criterion is met, a homogeneous particle distribu-
tion is not necessarily obtained.12 We acknowledge here that
homogeneous distribution of dispersed species may be an
unreachable object; yet, we would be satisfied if we could
identify a suitable strategy to ‘‘maximize’’ or ‘‘minimize’’
particle dispersion: in other words, a control strategy.

As shown by several experimental studies (see Refs. 13, 14
among others), jet forcing may be a simple way to control
the generation of large-scale mixing structures in the trans-
verse jet and thus to improve the dispersion of species. It is
our opinion that the same kind of control can be achieved
without forcing the jet, through a pulsed injection of particles
and the precise synchronization between particle injection
and flow structures dynamics.

To ground firmly this claim, we perform numerically the
experiment sketched in Figure 1. Specifically, we seed dis-
continuously the (steady state) jet with droplets and follow
their dispersion. Since we want to prove a ‘‘concept’’ strategy
able to control particle dispersion, we rely on a prototypical,
simple simulation methodology to identify the fundamental
parameters to monitor to achieve particle dispersion control.
We should remark here that, in this article, we are not con-
cerned with the close simulation of the real phenomenon; our
simulation aims at reproducing only the fundamental charac-
teristics of the transverse jet which have effects on particle
dispersion, that is, the interaction between the jet and the
crossflow boundary layer and the interaction between par-
ticles and vortical structures. A more complex simulation
could perhaps be closer to the physical phenomenon, and yet
could definitely make more difficult the identification of the
mixing control strategy. For our analysis, we assume that the
flow is diluted, particles are monodispersed and particle–
particle interaction and wall–particle interaction can be
neglected. Therefore, the words droplets and particles will
be used interchangeably to indicate the dispersed phase, con-
sidering that the behavior of particles and droplets is the
same in these conditions. In a real injection system, particle–
particle collisions will be an important issue in the regions
where the particle concentration is large, that is, typically in
the issuing pipe and in the near field of the jet. In the case of
droplets, particle–particle collisions will determine also the
size distribution of droplet diameters at the jet exit. It is
beyond the purpose of this article to simulate such complex
phenomena. However, we expect that the relevant parameters
identified to control the dispersion of monodispersed, nonin-
teracting, rigid particles will be the same controlling also the
dispersion of poly dispersed, colliding particles.

Figure 1 shows three groups of particles: a group of par-
ticles (packet 1) right at the jet exit and two subsequent
groups of particles (packets 2 and 3, respectively) ready for
injection. Protocols for pulsed particle injection can be
described by two main temporal parameters: (i) the first is
the finite time, DTpulse, during which particles are injected;
(ii) the second is the time period between the injection of
subsequent particle packets, DTinj. The particle injection
cycle is thus based (see Figure 1) on the time period DTinj;
within each cycle, an active period called DTpulse is started
during which particle injection is on, followed by an inactive
period lasting DTinj 2 DTpulse during which particle injection
is off. To control interphase dispersion, DTpulse and DTinj
should be chosen accordingly to the period of formation of
the structures (SLVs) which control particle transport in the
transverse stream, DTroll-up. The objects of this work are thus
(i) to characterize DTinj; (ii) to characterize DTpulse, and (iii)
to establish when the particle cycle should start with refer-
ence to a relevant time which describes the dynamics of the
jet in crossflow system. We acknowledge that the investigated
system is just a demo; yet, it retains all the significant fea-
tures of the industrial system we want to investigate and is
thus a perfect tool to verify our strategy which could be then
quantitatively framed in any of the specific applications.

Based on the scaling arguments presented in Ref. 9, it is
straightforward to assume that DTinj should scale with the pe-
riodicity of the shear layer vortices formation, which we
defined as DTroll-up. We will also restrict our analysis to a

Figure 1. Sketch of the problem domain and of the
strategy proposed to control interphase mix-
ing by pulsed injection of particles.
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range of DTpulse which is much shorter than DTinj. A critical
issue will thus be to characterize when the DTinj cycle should
start. The problem is not trivial because of the following rea-
sons. For practical arguments, we decided to study a system
in which particles are injected at the jet mouth. However, the
SLVs which control particle dispersion will form several
diameters downstream the jet mouth, in a location not fixed
in space.2 This location can be extremely sensitive (i) to the
jet velocity profile at the jet mouth, which in turn depends
on the coupling between the jet and the crossflow which may
extend its influence even deep within the pipe, and (ii) to the
turbulence intensity, both in the jet and in the crossflow.
Whichever the initial location of the generated vortices, to
maximize entrainment of particles by SLVs a precise syn-
chronization between particles injected at the jet mouth and
SLVs formed away from the jet mouth is crucial. Consider-
ing also that particles will not necessarily travel at the same
speed of the flow perturbation which is generated at the jet
mouth and which produces the SLVs, we made a number of
experiments trying to correlate the beginning of the particle
cycle with a relevant flow property measured near to the jet
mouth.

In our model of the jet in crossflow, we neglect (i) the
effect of turbulence, both in the issuing jet and in the cross-
flow, (ii) the coupling between the jet and the crossflow
inside the nozzle, and (iii) the precise velocity profile at the
jet exit. The jet is thus simulated imposing an axial symmet-
ric, steady state velocity profile right at the jet mouth.

We thus compared qualitatively the dispersion patterns
obtained in this flow for different delay of injection and we
introduced ad-hoc measures to quantify the dispersion and
preferential segregation of particles, that is, the extent and
homogeneity of interphase mixing. Our final object is to
evaluate if interphase dispersion can be controlled (pro-
moted/forbidden) by tuning the delay of injection. In this
case, synchronized pulsed injection of species could be
adopted as a very simple way to control mixing in many
industrial applications, like combustion and pollution control.

The article is organized as follows. First, we present the
problem geometry and the numerical methodology and we
characterize briefly the fluid dynamics of transverse jets (see,
for instance, Refs. 2 and 15) and their time dependent evolu-
tion.2,16 Second, we describe the strategy adopted to evaluate
the effect of injection synchronization on particle behavior.
In the results section, we describe qualitative differences in
particle dispersion patterns and we introduce quantitative
measures of particle dispersion and segregation. Finally, we
summarize the potentials of the strategy for mixing control.

Methodology

Computational domain and numerical simulation

In our numerical experiment, we consider an upward jet of
air (density q 5 1.4 kg/m3 and viscosity t 5 1.29 3 1025

m2/s) injecting water droplets (density qp 5 1000 kg/m3)
into a cross stream of air. Computational domain and bound-
ary conditions for the problem are sketched in Figure 1. The
reference coordinate system is centered at the jet exit. Here,
the jet exit diameter, D 5 0.01 m, is used as reference length
scale. The computational domain (dotted box in Figure 1)
extends from 23 7 9 D in the streamwise, 24 7 4 D in

the spanwise and 0 7 9 D in the vertical direction (x, y, and
z coordinates, respectively). The dimensions of the computa-
tional domain are reduced to the minimum necessary since
we focus our analysis on the near field of the jet, where dis-
persion control is most difficult to achieve.

The jet enters the box from a circular orifice in the bottom
wall (mean velocity Ujet 5 2.57 m/s). Its velocity profile cor-
responds to a steady state, analytic, axi-symmetric pipe flow.
The crossflow enters the box from the plane x 5 23D
(unperturbed velocity Ucf 5 0.514 m/s). Its velocity profile
corresponds to a steady state, laminar boundary layer (thick-
ness d 5 0.5D). Top side, lateral sides, and outlet side of the
box are open for the flow (free slip surfaces and outlet sec-
tion, respectively). The jet Reynolds number and the cross-
flow Reynolds number based on fluid properties and jet exit
diameter are Rejet 5 UjetD/t 5 2000 and Recf 5 UcfD/t 5
400, respectively. The jet-to-crossflow velocity ratio, a, is 5.

In this work, we are not specifically concerned with the
conditions chosen for the analysis. We preferred to refer to
the natural jet to avoid any loss of generality: periodic or
quasi periodic formation of shear layer vortices can originate
from natural shear instability, from jet pulsation or from
crossflow pulsation (see, for instance, Ref. 17). The results
we will show are thus valid for the unforced jet and for the
forced jet as a particular case. The choice to simulate the
flow in these specific conditions was driven by the following
considerations: (i) according to2 values of Rejet, Recf, and a
are in the range for which quasi periodic formation of shear
layer vortices has been observed experimentally; (ii) the jet
Reynolds number is small, and fluctuations of velocity in the
pipe issuing the jet and the particles can be neglected.

We are aware that the evolution of transverse jets is
extremely sensitive to the jet velocity profile. In principle,
the velocity profile imposed at the jet boundary to simulate
numerically the issuing jet should reproduce carefully three
kinds of effects: (i) the development of the flow along the
issuing pipe; (ii) the coupling between the transverse flow
and the flow within the pipe; (iii) the level of turbulence of
the issuing jet. We have investigated to some extent the com-
plexity of the problem, in Ref. 8. In Ref. 8, we evaluated the
coupling between the transverse flow and the flow within the
pipe calculating the variation of the flow field inside the pipe
when the transverse flow is switched off (jet issued in quies-
cent fluid) and when the transverse flow is switched on. We
found (see Figure 4 in Ref. 8) that for a\ 20 is always nec-
essary to simulate a segment of pipe upstream the jet exit to
account for the variation of the velocity profile in the pipe
section (with respect to a pipe flow producing a free jet).
Yet, we found (see Figure 6 of the same article) that these
variations have little effect for the evaluation of the jet tra-
jectory when a � 5. Therefore, in this work, we chose to
neglect the coupling between the crossflow and the jet inside
the pipe, we do not simulate the pipe/plenum, and we impose
a velocity profile for the jet right at the jet mouth.

As shown by Ref. 7 in Figure 9 of their article, the time
averaged velocity profile at the jet exit does not change sig-
nificantly before the jet exit for large enough a (profiles of
mean axial velocity shown 2D and 1D upstream the jet exit
do not differ much from the profile at the jet exit for a 5
5.7). Therefore, as far as a time averaged velocity profile is
used as boundary condition at the jet inlet, the velocity pro-
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file can be considered symmetric and similar to the one cal-
culated some distance inside the jet exit. We are aware that,
if the inlet turbulence is properly accounted for in the simu-
lation, modifications in the turbulence budget terms along the
issuing pipe (as shown by Ref. 7 in their Figure 14) may
affect the development of the flow in the transverse jet. How-
ever, neglecting the effect of turbulence in our model of the
jet will have no affect in the identification of the strategy for
particle dispersion control. Different conditions will affect
the values of the parameters identified for particle dispersion
control but will not modify the choice of the relevant para-
meters.

We solve for the flow using the finite volume solver previ-
ously described in Ref. 18. The grid is nonuniform and made
of 92 3 58 3 51 finite volumes. Smaller volumes are used
to describe precisely the flow in the jet exit region. The min-
imum grid resolutions are Dx 5 0.000260, Dy 5 0.000552,
and Dz 5 0.000264, that is, 0.86, 1.83, and 0.86 times the
shear layer thickness at the jet exit, which is here considered
as the relevant length scale for the mixing layer. This resolu-
tion is sufficient to capture the evolution of the shear layer
vortices9 which are described by at least nine grid points
from the early stages of their formation.

Finite volume solver

For the incompressible flow considered here, the governing
equations are Navier-Stokes and continuity equations (omit-
ted here for sake of brevity). The governing equations are
discretized on a colocated grid using a finite volume
approach, following the technique proposed in Ref. 19. The
reader is referred to the articles in Refs. 9 and 18 for further
details.

We calculated the flow field evolution starting from the
condition of still fluid up to statistical convergence (about
four times the through-flow period, Tctf 5 12D/Ucf 5 0.233
s, corresponding to 200 tu, where the time unit tu is defined
as tu 5 D/Ujet 5 3.89 3 1023 s). Then, we calculated the
flow field evolution for a time period of 450 time units
(about 6.6 times the through-flow period) to compute the
flow field statistics.

Lagrangian tracking

We chose to analyze particle dispersion over a time win-
dow spanning one channel through-flow. We start the injec-
tion of droplets when the flow field is fully developed. Drop-
lets are injected as subsequent non overlapping packets (490
packets for all simulations), each made of 5000 water drop-
lets. For each packet, the pulsed injection duration is set
equal to DTpulse 5 0.48 3 1023 s. Since the time period of
vortex shedding is DTroll-up 5 0.019 s (see Ref. 9), during
the simulated time window, about 12 shear layer vortices
form at the jet tip, grow up in the jet shear layer and eventu-
ally decay in the body of the jet. As mentioned, in this work,
the particle injection cycle, DTinj, is taken equal to the perio-
dicity of the shear layer vortices formation, DTroll-up; there-
fore, 40 subsequent particle packets are injected during each
vortex shedding period. Injection times of these 40 packets
cover all the possible delays between the particle injection
time and the time of formation of one SLV, even if the pre-
cise time at which the SLV forms is unknown.

We chose to simulate particle diameters equal to 5, 10,
and 50 lm. The dimensionless characteristic time, sp

1 5
(qpDp

2/18l)/tu, varies from 1.97 3 1022 to 1.97. According
to the time scaling we propose in Ref. 9, which is based on
the time of circulation of shear layer vortices, Tslv 5 1.2 3
1024 s, that is, the structures controlling mixing, Stokes (St*
5 sp/Tslv) are 0.64, 2.56, and 64, respectively. These values
identify particles which are responsive (5 lm and 10 lm)
and less responsive (100 lm) to the mixing vortices. Five
micrometer particles will be specifically considered in the
analysis of results, since their Stokes Number is closest to
unity, that is, their characteristic time is the most similar to
the relevant fluid time scale and the maximum interaction
between particles and structures is expected.

We calculate the trajectory of each particle by integrating
explicitly over time the equation of motion. The assumptions
for particle modeling are as follows: (i) all particles are non-
interacting, nondeformable solid spheres; (ii) particle density
is large compared with fluid density; (iii) the effect of the
particles on the flow is neglected; (iv) virtual mass, pressure
gradient, and Basset forces are neglected (see Ref. 9). For
the specific flow system examined here, neglected terms have
a limited effect since the droplet Stokes number St* 5 sp/
Tslv is in the range [0.64 7 64].9 The equation of motion
reduces to a balance of Stokes drag, buoyancy forces and
particle inertia, as reported in Ref. 9 and has the following
form:

qp
pD3

p

6

dvp
!

dt
¼ 1

2
CD

pD2
p

4
qðv!� vp

!Þ v
!� vp

!�
�
�

�
�
�þ pD3

p

6
ðqp � qÞ g!

(1)

where qp, Dp, and vp are particle density, diameter, and ve-
locity, q and v are fluid density and velocity, t is time, and g

is gravity. The Stokes coefficient for drag, CD 5 f(Rep), is
given by20:

CDðRepÞ ¼ 24

Rep
ð1þ 0:15 � Re0:687p Þ (2)

where Rep 5 q Dp |v 2 vp|/l is the particle Reynolds num-
ber and l is the fluid viscosity. The drag force is evaluated
by calculating the fluid velocity, v, at each particle position
using trilinear interpolation of velocity values at cell centers.

The initial velocity of particles, released at the jet exit, is
set equal to the local fluid velocity. The assumption of local
equilibrium between particles and fluid at the jet exit may
appear to be over simplistic. Yet, it represents a reasonable
choice until a more detailed characterization of the dispersed
phase at the jet exit is not available. In a more complex sim-
ulation, closer to the physical phenomenon, the behavior of
particles and droplets may be influenced by the specific
injection system, by particle–particle interaction and by the
local level of turbulence of the issuing stream. The investiga-
tion of these effects in beyond the purpose of the present ar-
ticle. However, specific inlet conditions for the dispersed
phase are expected to have no effect on the qualitative
behavior of the particle/flow system, introducing only quanti-
tative variations on results.

The equation of motion is integrated with an explicit
Runge-Kutta fourth order method using an integration time
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step equal to 3 3 1025 s, that is, one half of the characteris-
tic time of the smallest particle, sp

5 lm, as in Ref. 21.

Computational cost

Calculations have been performed on a HP workstation
xw4200 (3.8 GHz CPU, 2 Gb RAM) in three steps: (i) calcu-
lation of fully developed flow field and statistics, (ii) calcula-
tion of flow field for particle tracking, (iii) Lagrangian track-
ing of particle packets. The computational costs are summar-
ized in Table 1.

Results

Characterization of shear layer vortices

The behavior of the particle/flow system is controlled (i)
by the periodic evolution of the shear layer vortices; (ii) by
the probability that particles are where the SLVs can entrain
them; (iii) by the mutual interaction occurring between the
single particle (or the particle cluster) and the SLVs (con-
trolled by the Stokes number). Therefore, knowing precisely
the characteristics of the SLVs as mixing agents is necessary
to identify possibly optimized injection protocols.

Shear layer vortices are shed at characteristic Strouhal fre-
quencies15 and dominate the initial portion of the jet. As dis-
cussed in Refs. 22–24 for free jets, and in Refs. 2 and 25 for
transverse jet, SLVs form some distance downstream the jet
exit. It is beyond the scope of this article to describe the
mechanisms which form the vortices. It will be sufficient
here to precise that the formation of the SLVs is linked to
fluctuations in the pressure, velocity, and vorticity fields.
These fluctuations, which can be detected by probes, contain
information on the frequency of formation of SLVs and on
their characteristic advection time scale. In experiments (see
for instance Ref. 26), the frequency of formation of SLVs is
measured at the position of the monitoring probe where the
amplitude of signal variation is maximum. Interestingly, sig-
nal fluctuations may be detected even at the jet exit, where
the SLVs are not-yet-formed, giving a chance to ‘‘predict’’
the incipient formation of SLVs which detach some distance
away from the jet inlet.27

Here, our aim is to characterize the SLVs to (i) synchron-
ize the pulsed injection of particles with the frequency of for-
mation of SLVs and to (ii) optimize the time-shift of particle
injection to maximize their interaction with the not-yet-
formed SLVs. We considered 12 monitoring points posi-
tioned along the upper shear layer of the jet, as shown in
Figure 2, sampling over time the spanwise vorticity signal.
The coordinates of each sensor are reported in Table 2. We
will focus on the four sensors 1, 2, 6, and 8 indicated in

Figure 2. Figure 3a shows the variation of the signal
sampled at these sensors. Sensor 1 is located slightly
upstream the jet exit; sensor 2 is located near the jet exit;
sensor 6 is located around the region where the shear layer
vortices form; sensor 8 is located around the region where
the shear layer vortices detach. For an easier comparison,
signals have been normalized using the local mean value and
standard deviation of the spanwise vorticity. Figure 3 shows
that vorticity signals monitored at different sensor positions
are characterized by a slightly different frequency content
which may be linked to the local dynamics of SLVs (i.e.,
formation, merging, and pairing) (see Refs. 25, 27, 28,
among others). Results of autocorrelation analysis on span-
wise vorticity signals are shown in Figure 3(b). No signifi-
cant periodicity is observed for the normalized spanwise vor-
ticity, xy,N, at sensor 1 in the time window [0:0.06 s], and
the corresponding auto correlation plot shows no peak. Peaks
in the autocorrelation plots are produced at Toscillation,I 5
0.008 s for sensor 6 and at Toscillation,II 5 0.0165 7 0.0175 s
for sensors 2, 6, and 8. Toscillation,II is in the range generally
associated with the formation of shear layer vortices (shear
layer mode). Toscillation,I, which is almost one half of Toscillation,II,
can be associated with higher frequency oscillations at the jet
tip. We should remark here that it is rather difficult to mea-
sure precisely the frequency for vortex shedding: (i) the fre-
quency of formation of SLVs is present even near to the jet

Table 1. Summary of CPU Times

Simulation Step
Simulated
Time [Tctf] Dt CPU time

Flow field development 4 (16.6) 7.5 3 1025 s 20 h
Flow field for particle

tracking
1 3 3 1025 s 5 h

Particle tracking (one Dp) 1 3 3 1025 s 90 h
Tctf 5 channel through-flow period

Figure 2. Snapshot of spanwise vorticity, xy
1 5 tu 3 xy,

in the jet symmetry plane and location of sen-
sors used for flow structure characterization.

Sensors are numbered from 1 to 12 from left to right and bot-
tom up. Isocontours are 22.5, 21.5, 20.5 (solid line) and
0.5, 1.5 (dashed line).

Table 2. Position of Sensors Along the Jet Shear Layer

Sensor n. x/D y/D z/D

1 0.75 0. 0.001
2 0.52 0. 0.001
3 0.52 0. 1.0
4 0.25 0. 2.0
5 0. 0. 2.5
6 0.25 0. 3.0
7 0.5 0. 3.5
8 0.75 0. 4.0
9 0.75 0. 4.5
10 1. 0. 5.
11 1.5 0. 5.
12 2. 0. 5.
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exit (sensor 2), and yet (ii) the frequency may change
slightly if measured at larger distances from the jet exit (for
instance, Toscillation,II 5 0.019 s at [x/D,y/D,z/D] 5 [3,0,6]).

During their motion, shear layer vortices span the same
region of the flow in which particles are moving driven by
their initial momentum. Particles entrained by the SLVs can
leave their original probable trajectory, being transported into
different regions of the flow. To understand the behavior of
the particle/flow system, we tried to characterize the shear
layer vortices shed at the upper side of the jet (counter
clock-wise rotation) considering their trajectory, their advec-
tion velocity, and their vorticity. We identified and tracked
over time the shear layer vortices by processing several in-

stantaneous fields of spanwise vorticity calculated in the jet
symmetry plane with a methodology similar to Ref. 29. As
discussed previously, variations of spanwise vorticity are al-
ready detected near to the jet exit (sensor 2, in Figure 3),
where the SLVs are not-yet-formed. Therefore, we consid-
ered a control-window centered at the upstream half of the
orifice, right above the jet exit, and monitored over time the
values of spanwise vorticity. We identified the core of a
new, not-yet-born shear layer vortex from the presence of a
significant local minimum of vorticity. When a new shear
layer vortex is identified, the control-window is moved in the
symmetry plane at the velocity of the fluid in the core of the
vortex, and the new position of the minimum of vorticity is

Figure 3. (a) Normalized spanwise vorticity, xy,N, sampled at different sensor locations. Vorticity values are normal-
ized with respect to local mean value and local standard deviation; (b) correlation analysis of spanwise
vorticity signal used to evaluate roll-up period for shear layer vortices.
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found. The new position of the vortex core is used to
describe the trajectory of the shear layer vortex and to calcu-
late its travel time. The displacement over time of the vortex
core is used as a measure of the advection velocity of the
shear layer vortex and the value of spanwise vorticity calcu-
lated at the vortex core is used to represent the spanwise vor-
ticity of the shear layer vortex. As already observed in Ref. 2,
we find that the advection velocity estimated from the rela-
tive displacement of the vortex core is very similar to the
fluid velocity in the core of the SLV.

Values shown in Figures 4a–d have been obtained from
the analysis of several (12) SLVs during their travel in the
streamwise direction. Figures 4a and b show the trajectory
of four representative SLVs and the corresponding time
of travel to reach a given position downstream the jet inlet;
Figures 4c and d show the variation of the advection velocity
and the spanwise vorticity calculated averaging over 12
SLVs. Consider first Figure 4a. In the first part of their
travel, SLVs shed at the upstream side of the jet move above
the jet axis, defined as the locus of point of maximum veloc-
ity and shown as a thick line. Three shear layer vortices (out
of the four shown) remain above the jet axis, one is entrained
in the body of the jet for x/D [ 3. Figure 4(b) shows that
SLVs moving above the jet axis are advected downstream
faster than those entrained in the low velocity region in the

body of the jet. SLVs become difficult to track for x/D [ 5.
Figures 4c and d show that, as expected, the advection
velocity and spanwise vorticity of SLVs vary widely over
the domain (see Ref. 2). Specifically, the velocity increases
over time until SLVs detach from the jet tip, and then
decreases as SLVs move far away from the jet exit.

To understand the behavior of the particle/flow system, we
compared the advection velocity of SLVs and the velocity of
packets of particles of different size injected with the jet, as
shown in Figure 4(c). At the time of injection, the velocity is
the same for all the particle packets and is equal to the jet
velocity. We remark here that it is our assumption to pre-
scribe an initial particle velocity equal to the fluid velocity.
Other assumptions may change this figure but not the physics
underlying our strategy. After injection, the decrease of ve-
locity depends on particle diameter: velocity decreases faster
for 50 lm particles which penetrate deeper above the jet.
Comparing the variations over time of the velocities calcu-
lated for particles and shear layer vortices, it is clear that, at
least in the first stages of injection, (most of) the particles
move faster than the SLVs. This means that their motion is
decoupled from the fluid and that they are unable to interact
with SLVs. Particle velocity and velocity of shear layer vor-
tices become comparable (i.e., effective coupling is possible)
after about 0.02 s. At this time, SLVs have moved down-

Figure 4. (a) Trajectories of shear layer vortices (SLV) and jet axis (solid line); (b) travel time of shear layer vortices;
variation of (c) mean advection velocity associated to shear layer vortices moving downstream along the
jet (thick line) and variation of mean velocity of injected particles of different size (errorbars indicate
range of variation over different particle packets); (d) dimensionless mean spanwise vorticity, xy

1 5 tu 3
xy, associated to shear layer vortices moving downstream along the jet (errorbars indicate range of vari-
ation over different SLV).
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stream the jet exit, in the region where we observe the most
effective interaction between particles and fluid vortices.

Particle dispersion

We will discuss in details only dispersion results obtained
for Dp 5 5 lm particles, since the response time of these
particles is most similar to the time of circulation of shear
layer vortices and the maximum interaction between particles
and structures is expected. We will focus specifically on the
effect produced on particle dispersion by the different time
delays of injection. Figure 5 sketches schematically the parti-
cle injection times. Time zero (not indicated in the sketch)
corresponds to the injection of the first (of 490 simulated)
particle packet. Red, green, blue, and purple arrows identify
the time of injection of four (out of 490) particle packets
chosen for the analysis. These particle packets have been
selected among the many others inspected due to their behav-
ior which is relevant to our strategy. The solid line represents
the spanwise vorticity signal sampled at sensor 2 of Figure 2.

As discussed in Ref. 27, fluctuations associated with the
shear layer mode already sensed at the jet exit indicate the
initiation of the shear layer instability close to the jet exit.
Therefore, a probe located at this point can be used to moni-
tor in real time the formation of SLVs and to adjust the time
shift between the pulsed injection of particle and the forma-
tion of mixing vortices.

Black arrows identify the time at which the snapshot
shown in Figure 5 (t*a) 2 (t*d) were taken, that is, a time
equal to 0.0432 s after each injection. Injection times for red,
green, blue, and purple particles differ by DT 5 DTroll-up/2
each. This allowed us to evaluate variations in particle dis-
persion because of the interaction of the four particle packets
with a couple of spanwise shear layer vortices at different
stages of their evolution.

Figures 5 (t*a) 2(t*d) show four snapshot of particles
from packets (a) to (d) 2.27 3 DTroll-up after the injection of
each packet. Only particles contained in the jet symmetry
plane (i.e., within the slab |y/D| \ 0.25) are shown, super-
posed to spanwise vorticity isocontours, which are used to

Figure 5. (a) Injection time of four particle packets (colored arrow) and time of visualization (black arrow) and variation
of spanwise vorticity (blue line) sampled near the jet exit (sensor 2 of Figure 2) (packets are injected
DTroll-up/2 one after the other); (b) snapshot showing particle dispersion 0.0432 s after injection of each
packet. Particles from different packets interact with shear layer vortices at a different stage of their evolution.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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visualize shear layer vortices. It is clear from the picture that
it is rather difficult to find a ‘‘regular’’ sequence of shear
layer vortices, corresponding to a regular array of structures
when no forcing is used at the jet inlet.

From Figure 5 (t*a) and (t*c), particles belonging to pack-
ets (a) and (c) seem to be effectively entrained by shear layer
vortices, being wrapped backward around the vortex in the
jet symmetry plane. Particles belonging to packets (b) and
(d) seem to escape this strong interaction, moving down-
stream slightly faster than packets (a) and (c). This of course
has consequences on the dispersion of particles, as we will
describe in the following Sections.

To evaluate the different tendency of packets to disperse,
we considered the dispersion patterns of particle packets after
the same time of travel t* (i.e., after the same time from the
injection of each packet). Figure 6 shows the front view and
top view of the dispersion pattern of packets (a)–(d) for t* 5
0.0432 s. These patterns correspond to snapshots (t*a), (t*b),
(t*c), and (t*d) of Figure 5, respectively. We observe that the
spanwise and radial dispersions are quite different for packets
(a)–(d). Front views of particle dispersion (Figure 6, top)
show that particles belonging to packet (a) and (c) appear to
be lifted up in the region in-between the two arrows. Par-
ticles belonging to packet (b) are not lifted up and particles
belonging to packet (d) are only partially lifted up. Top
views of particle dispersion (Figure 6, bottom) show that, on
average, particles belonging to packets (a) and (c) seem to
move at a smaller velocity in the streamwise direction. This
is made clear by the position of the dashed lines, which iden-
tify the streamwise position of the center of mass of each
particle packet.

Dispersion and segregation parameters

The specific way in which the interaction between par-
ticles and spanwise vortices occurs determines (i) a different
advection velocity for particle belonging to different packets,

(ii) different radial and streamwise dispersion, and (iii) a dif-
ferent degree of clustering. We tried to quantify these differ-
ences in particle dispersion using ad-hoc defined dispersion
and segregation parameters. First, we tried to quantify differ-
ences in advection velocity of particle packets calculating,
for each particle packet and for each time step, the distance
of the center of mass from the injection point. The convec-
tive velocity of each packet is expected to be the same,
whichever the time of injection, in a flow in which time de-
pendent vortical structures are absent or play no role in parti-
cle dispersion. If time dependent vortical structures exist,
they generate local fluctuations in the fluid velocity which
can accelerate differently particles belonging to different
packets which move in the flow.

Figure 7a shows values calculated for particle packets (a)–
(d). The center of mass of particles belonging to packets (b)
and (d) moves faster than the center of mass of particles
belonging to packets (a) and (c). As shown in Figures 5 and
6, depending on the time of injection, particles either wrap
around or remain focused in between spanwise vortices. As a
consequence, they are advected downstream with different
velocity, experiencing a strong or weak interaction with vor-
tical structures of the flow and being transported into differ-
ent regions. As expected, pairs of particle packets injected at
time instants DTroll-up apart one from the other show a very
similar behavior, confirming that particles interaction with
structures is similar if the periodicity for particle injection is
tuned to that of structure generation. We quantified the dif-
ferences in the radial dispersion of particle packets consider-
ing the radial distribution of particles with respect to their
center of mass at each time step of the dispersion analysis.
Specifically, at each time step we calculated (i) the center of
mass of the particles, (ii) the three dimensional radial dis-
tance of each particle of the packet from its center of mass,
and (iii) the frequency distribution of these radial distances.
The particle radial distance distribution can be synthetically
described using the mean value and the standard deviation of

Figure 6. Particle dispersion at time t* 5 0.043 s: dispersion patterns are different for packets (a–d).
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the distribution. If we consider the evolution of a swarm of
particles dispersing in an isotropic flow, we expect that the
mean value of the radial distance of particles from their cen-
ter of mass will increase over time, together with the stand-
ard deviation of the distribution. If the particles disperse in a
flow characterized by large scale vortical structures able to
modulate their dispersion, this behavior will be modified. For
the particle dispersing in the jet in crossflow, we found that,

at each time considered, the mean value of the radial dis-
tance (not shown here) does not change significantly for
packets (a)–(d), that is, on average the radial spreading of
particle packets is independent from the time of injection of
the packet. Figure 7b shows the standard deviation of the dis-
tribution. This quantity changes significantly among the four
packets (a)–(d) after 0.02 s, that is, the time span necessary
for the 5 lm particle to cross the shear layer region and to
interact with the shear layer vortices. Specifically, packets
(b) and (d) exhibit a larger standard deviation in the radial
distance distribution, indicating that particles spread less uni-
formly than packets (a) and (c). This is a first indication of
local differences in particle behavior which may be linked to
particle entrapment and segregation in specific regions of the
flow.

We tried to quantify better the preferential accumulation
of particles into specific regions of the flow using the segre-
gation parameter, D, discussed in Ref. 30, which has been
used to quantify the degree of organization of particle pat-
terns in homogeneous turbulence30 and in more complex
flow fields, like boundary layers31 and wakes.32 The segrega-
tion parameter D measures the deviation between the actual
distribution of particles and a random distribution, comparing
their standard deviations. We should remark here that, differ-
ently from the case described by Fessler et al.30 in the jet in
crossflow the random distribution of particles in the whole
computational domain does not represent a ‘‘realizable’’
state for the particle/flow system, since (i) the particles are
initially clustered at the point of injection and (ii) some
regions of the flow (for instance, the region of the crossflow
which is upstream the jet orifice) cannot be explored. This
poses some interesting issues on the use of D as a robust in-
dicator of particle segregation: the quantifier is biased
because the random distribution can not be obtained, and
can not discriminate between the clustering generated by
injection and the clustering resulting from mixing/demixing
by vortical structures. However, these considerations pose
no problems to the use of D as indicator of particle segrega-
tion since our focus is to identify differences among particle
packets. The effects of (i) clustering generated by injection
and of (ii) the finite dimension of the subdomain which can
be explored by the particles are the same for all particle
packets. Therefore, differences in packets behavior should
definitely be ascribed to the effect of clustering by mixing/
demixing vortical structures.

To calculate the particle number distribution, we divided
the computational domain into small volumes and we
counted the number of particles within each volume. The
resulting particle number distribution was then compared
with the Poisson distribution, which is the distribution
expected when the same number of particles are randomly
distributed. The parameter D is calculated as:

D ¼ r� rPoisson
kPoisson

(3)

where r is the standard deviation of the particle number dis-
tribution calculated for the transverse jet, rPoisson is the
standard deviation of the Poisson distribution, and k is the
mean number of particles per control volume. A value of D
5 0 corresponds to a random distribution of particles, D\ 0

Figure 7. (a) Distance from inlet of particle center of
mass for four packets injected DTroll-up/2 one
after the other; (b) root mean square varia-
tion over time of radial particle distribution
for packets (a–d); (c) variation over time of
the segregation parameter for packets
injected DTroll-up/2 one after the other.
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indicates a uniform distribution and D [ 0 indicates prefer-
ential accumulation of particles in specific regions of the
flow, that is, segregation. The larger is D, the larger will be
the segregation. Since the value calculated for D depends on
the size of the box chosen for the analysis, we repeated our
calculations for many sizes of the box, choosing for D the
maximum value obtained over the different sizes. The length
scale corresponding to the maximum value of D allows to
discriminate if the clustering is the result of initial segrega-
tion or if it is generated by vortical structures. We found that
the length scale associated with the maximum value of D
increases over time, indicating that while at the starting time
clustering is controlled by injection conditions, at later times
it is associated with the mixing/demixing action of specific
flow structures (SLVs).

Figure 7c shows the evolution over time of the parameter
D for particle packets (a)–(d). Initially (t \ 0.02 s) the value
of D is large for all packets indicating the preferential segre-
gation of particles imposed in the issuing volume by injec-
tion conditions. This value decreases over time as particles
move and disperse into the flow. When the time of flight
becomes larger than 0.02 s, that is, precisely when particles
interact with shear layer vortices, the values of D start
decreasing faster, with a rate of decrease larger for particle
packets (a) and (c) than for particle packets (b) and (d). For
all packets, the value of D remains very large (in the range
10–25) during the time of travel of particles, indicating that
particles do not disperse in the entire volume. Interestingly,
after the interaction with shear layer vortices, the value of D
for particle packets (a) and (c) becomes lower than for parti-
cle packets (b) and (d). This indicates that for packets (a)
and (c), the vortical structures are more effective in destroy-
ing the initial clustering, dispersing particles more homoge-
neously in space, whereas for packets (b) and (d), the inter-
action with the same structures at a different stage of their
evolution is not strong enough to promote effective disper-
sion.

Conclusions

The dispersion of droplets/particles in a transverse stream
is the result of the local and instantaneous interaction
between the injected species and the large-scale, shear layer
vortices (SLVs) populating the transverse jet. In this work,
we try to identify strategies based on the pulsed injection of
particles to enhance/reduce the particle dispersion in the
transverse jet. Specifically, we want to identify the funda-
mental parameters to monitor to achieve particle dispersion
control. The behavior of the particle/flow system is con-
trolled by the periodic evolution of the SLVs, by the proba-
bility to have particles where the vortices can entrain them,
and by the inertia of particles interacting with the vortices
(controlled by the Stokes number). We chose to use a proto-
typical, simple simulation methodology to prove our strategy,
rather than trying to simulate closely the real phenomenon.
Despite the assumptions made for the development of the
analysis, the model of the transverse jet retains the funda-
mental characteristics of the flow which have effect on parti-
cle dispersion and allows an easier identification of the rele-
vant parameters to monitor to achieve particle dispersion
control. We inject particles puffs at the jet mouth synchroniz-

ing the injection cycle (characterized by the time period
DTinj) to the periodicity of formation of the SLVs (character-
ized by the time period DTroll-up). The particles are injected
during a short active period (characterized by duration
DTpulse) and then move entrained by the jet before interacting
with the SLVs, which form a few diameters downstream the
jet mouth. Our aim is to establish when the particle cycle
should start, with reference to a relevant time which
describes the dynamics of the jet in crossflow system, to
maximize the entrainment of particles by the SLVs, and thus
the interphase mixing.

We made a number of numerical experiments trying to
correlate the time of injection of particles with (i) a relevant
flow property measured at the jet mouth and with (ii) the dis-
persion behavior observed. To predict the behavior of the
particle/flow system in the perspective of interphase mixing
control, we need to develop a low order model of the disper-
sion process (a black box model) in which the flow property
measured at the jet mouth and the dispersion behavior
observed, quantified using a proper macroscopic parameter
such as D, may represent respectively a state variable and a
measure of the system performance. This is a complex task
since the interaction between particles and fluid is governed
by non linear dynamics. We used a finite volume solver of
Navier-Stokes equation to characterize the flow field of the
transverse jet and the formation dynamics of shear layer vor-
tices. Then, we used Lagrangian tracking to evaluate the dis-
persion of particles. Specifically, we considered the effect
produced on particle dispersion by a shift in the starting time
of the particle injection cycle. We found that (i) when the
particle injection cycle has the same period of formation of
SLVs, dispersion patterns produced evolve similarly in time,
and that (ii) the particle dispersion is maximized for a spe-
cific delay in the time of injection. These results indicate that
particle pulsed injection can be optimized relative to the
cycle of vortical structure generation to enhance/abate disper-
sion and segregation.

The potentials of this strategy for mixing control are sig-
nificant: we have shown that the behavior of the particle/flow
system can be described in terms of (i) a reduced number of
temporal parameters (DTinj, DTpulse) describing the injection
protocol, and by (ii) a time shift which should be tuned bas-
ing on (a) a state variable (the spanwise vorticity at the jet
mouth) and on (b) one significant performance variable (one
of the mixing indicators, like D). The time-shift is indeed the
control parameter which can be used effectively to feed-back
on the input signal (the pulsed injection) to achieve a given
mixing performance with the particle/flow system. Further
analysis is required to correlate the size of injected particles
with the time delay of injection which ensures the optimal
interaction between particles and SLVs and to evaluate the
sensitivity of the control strategy to the assumptions made
for the development of the model. Specifically, the potential
effect of turbulence on particle dispersion control should be
evaluated together with the effectiveness of the control strat-
egy on polydispersed swarms of particles. The main modifi-
cations expected in a turbulent flow are the following: (i)
vortical structures controlling particle dispersion will be
smoothed by turbulent diffusion and (ii) segregation of par-
ticles into specific regions of the flow will be reduced by tur-
bulent dispersion. Accurate signal processing will be required
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to identify the periodical formation of vortices and to find
the right time phasing for the injection. Similar effects are
expected from the application of the dispersion control strat-
egy to poly dispersed systems. Particle dispersion control
will be effective for narrow distribution and less effective for
distribution with large spread in particle size. However, we
believe that phasing of injection will be still a good choice
to control dispersion even for turbulent, poly dispersed jets
in crossflow.
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