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This paper describes the numerical and experimental study of the control of the trajectory and spreading of an air-

assisted water spray. The configuration is a coaxial set upwhere the liquid injected by the central tube is atomized by

a surrounding high-speed annular airflow.This spray is actuated in its outlet plane using additional air jets tomodify

either its trajectory or its spreading angle (by adding swirl). Large eddy simulation is used jointly with experimental

measurements (hot-wire anemometry for the air flow without spray and phase Doppler anemometry for the spray

cases) to analyze the flow with and without control. Results show that 1) large eddy simulation of two-phase flows

using a Lagrangian solver is a precise method to predict such flows, and 2) the spray jet can be effectively modified

using simple actuators, suggesting that the same devices applied to fuel sprays in combustion chambers, would be an

effective active control actuator. Large eddy simulation results also reveal the complex flow patterns and effects on

droplet distribution induced by the actuators and appear as an excellent tool to complement and understand

experimental data.

I. Introduction

T HE present work focuses on two issues which are important for
liquid-fuel combustion chambers and more generally for two-

phase flows systems:
1) Active control of combustion [1,2] continues to be studied to

suppress combustion instabilities, optimize combustion efficiency or
minimize pollutant emissions. The list of actuators which can be
imagined for combustors has no limit [3–9] and the introduction of
electronics in the regulation of combustors allows to design ’smart’
combustors which can be operated with a variety of active control
systems. In liquid-fueled combustors, actuating the fuel spray
entering the chamber is a logical approach in most cases because it
requires a limited energy and has a potentially strong effect on the
flow since it changes the local mixing and combustion intensity.
Understanding how active control devices modify the spray and the
combustor flow is often a difficult task and simulations of controlled
combustors are very rare.

2) Independent of the combustor control systems, being able to
predict its performances using simulations is an obvious target for
many computational fluid dynamics (CFD) teams. In the recent
years, large eddy simulation (LES) have demonstrated their power to
predict complex reacting gaseous flows even in realistic geometries
[10–13]. The application of these methods to two-phase flames is
much more difficult [14–16]. Simply being able to predict the
performances of uncontrolled combustors is a daunting task for most
LES practioneers so that using LES to predict the performances of
active control devices applicable to liquid-fueled combustors is a
virtually untouched topic.

The objective of the present work is to explore these two issues by
studying active control of sprays on a simple experiment, represen-
tative of fuel sprays formed in combustion chambers. We will test
whether LES of the actuated spray, using a Lagrangian formulation,
can be used to predict the performances of two actuators: the first one
(Dev) is used to modify the trajectory of the spray while the second
one (Sw) introduces swirl into the spray to modify its spreading rate
and mixing with the surrounding air. In both cases, the actuators are

small rectangular jets added in the outlet plane of the spray generator.
The baseline uncontrolled spray is created in a coaxial set up where a
liquid column issued from the central tube is assisted by a high-speed
annular air flow. The air feeding the coaxial atomizing stream and the
control rectangular jets is the same. Although this configuration is
simpler than injectors found for example in gas turbine combustors
(which use multiple air passages and complex liquid injectors), it is
an excellent research tool to initiate such studies. It is also close to
spray systems used to atomize liquid fuels in certain industrial
combustors like glass-melting, aluminum-melting or steel-reheat
furnaces.

Active control is often viewed as an exercise where the energy of
the actuator must be kept to a minimum and the flow rate used in the
actuators must remain small. Here, the context is different: in most
combustion chambers, the problem is not to spend energy to
introduce additional air for control but more to split the available air
differently. Wewill consider that the total flow rate of air available to
produce the spray is constant and can be split in two parts: the main
atomizing air used in the uncontrolled configuration and the control
air feeding the actuation jets. The sum of these two flow rates is
imposed but the distribution is free so that large amounts of air can be
diverted from the main stream to the actuation air: typically, up to
40% of the total air flow rate will be allowed to flow through the
actuation jets in this study. Even though these values exceed these
commonly found for external aerodynamics where control must be
obtained with low forcing levels, they can be obtained easily in
combustion chambers where the total air flow rate can be distributed
arbitrarily. Many results presented in the present paper show
actuation effects which are very strong: the first-order reason for this
is not the introduction of smarter actuators but the fact that more
energy was used for these actuators.

Section II describes the experimental setup and the actuators
geometry. Experimental methods (hot-wire anemometry and phase
Doppler anemometry (PDA) are described and the LES solver is
briefly presented before focusing on themethod used to introduce the
liquid particles in theLES. Section III describes the results of theLES
with and without control in the absence of spray while Sec. IV
presents the results obtained with spray.

II. Simulation and Experimental Approach

A. Flow Configuration

The injector geometry is presented on Fig. 1a. Water is injected in
the inner pipe. Air is injected between the two nozzles to atomize the
liquid flow. The first configuration without any actuation system
(Coax) is used as the reference case.
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The actuators are rectangular air jets disposed around the injector
exit (Figs. 1b and 1c). Two configurations are explored (Table 1): the
first one (Dev) uses a unique radial actuator which vectors the main
flow (Fig. 1b). The second configuration (Sw) is composed of four
tangential jets to add swirl to the flow (Fig. 1c).

The liquid and atomization flow rates are constant. The liquid
Reynolds number Rel is 3000 and the flow is laminar (Farago and
Chigier [17]). The gas Reynolds number Reg is 30,000 and corre-
sponds to a bulk velocityUginj of 166 m=s for the uncontrolled case
(Coax). For configurations with control, the total mass flow rate is
separated between the injector flow rate _minj and the actuators _mac:

_mg � _minj � _mac (1)

The control intensity is characterized by the parameter Rac:

Rac � _mac= _mg (2)

Rac is, respectively, set equal to 0.2 and 0.4 for the configurations
(Dev) and (Sw), corresponding to bulk velocities Ugac in the actu-
ators of 66 m=s and 35 m=s, respectively. They are kept constant
throughout this paper. Table 2 summarizes all characteristic
dimensions and flow parameters.

B. Experimental Techniques

The first test facility was dedicated to gas velocity measurements
with hot-wire anemometry without spray. The second facility was
used to perform phase Doppler anemometry (PDA) measurements
on the spray and provide droplet size and velocity distributions.

The instantaneous velocity measured by the hot-wire probe is
noted uhw. It is the sum of the three velocity components following
the Jorgensen’s equation [18]:

u2hw � u2z � k2u2y � h2u2x (3)

with k� 1:05 and h� 0:2. In the reference case of the coaxial jet
(Coax)uy andux are small comparedwithuz inmost parts of theflow,

so that the hot-wire response nearly corresponds to the norm of the
axial velocityuz. For the configurations (Dev) and (Sw), however, the
actuators induce non negligible transverse velocity components and
the hot-wire velocity uhw is not equal to the axial velocity uz.

For PDA, at each measurement point, the instantaneous axial
velocity uzp and the diameter dp are recorded for 50000 droplets.

C. Numerical Setup

1. Gaseous Phase

All simulations are fully three-dimensional compressible LES
performed with an explicit LES solver [19,20] using a second-order
finite volume Lax–Wendroff scheme. The solver uses the classical
Smagorinsky approach [21] to model the subgrid stress tensor and
the NSCBC method [22] for boundary conditions. To compare
simulations with hot-wire measurements, a numerical value of uhw is
computed from the LES resolved field using Eq. (3). Subgrid scale
velocity fluctuations are neglected when computing the rms value of
the LES velocity uhw.

2. Dispersed Phase: Euler–Lagrange Approach

The dispersed phase is solved in the LES using a Lagrangian
approach where droplets are assumed to be rigid spheres with
diameter comparable or smaller than the Kolmogorov length scale.
Typically, 1.5 million droplets were tracked simultaneously in the
LES. Because the liquid density is much larger than the fluid density
(�p=�g � 1), the forces acting on particles reduce to drag and

Fig. 1 Schematic of the flow configurations.

Table 1 List of cases

Name Setup Objective

(Coax) No actuator Reference case
(Dev) One impacting jet Vectored jet : change trajectory
(Sw) Four tangential jets Swirled flow : increase mixing

Table 2 Characteristic dimensions and flow parameters

(Coax) (Dev) (Sw)

Dl, mm 3
Dgi, mm 4
Dge, mm 5.5
_ml, g=s 6.8
Ul, m=s 0.962
_mg, g=s 2.14
Actuators 0 1 4
Dimensions, mm —— d1 d2 d3 d4

- 2 3 2 2
D, mm 5.5 5.5 7
Rac 0 0.2 0.4
Uginj, m=s 166 130 100
Ugac, m=s 0 66 35
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gravity [23,24]. Collisions and secondary atomization are neglected:
neglecting collisions is justified in the largest part of the domain but
not near the injector, where the volume mass fraction can reach 0.2.
However, considering the limited level of accuracy in this region and
the high cost of collision treatments in Lagrangian methods [25–28],
this mechanism was simply neglected. Regarding secondary
atomization, droplet Weber numbers will be evaluated a posteriori
using LES data and shown to be small enough to avoid atomization in
most of the domain (Sec. IV.A). In Lagrangian simulations, the
influence of particles on the gas-phase momentum and energy
equations is taken into account by using the point-force approxi-
mation in the general framework of the particle-in-cell method (PIC)
[29–33], with standard single-phase subgrid turbulence modeling
approaches.

Under these assumptions, the particle equations of motion are
written for a single particle as:

dxp;i
dt
� up;i (4)

dup;i
dt
�� 3

4

�g
�p

CD
dp
jvrjvr;i � gi ��

up;i � ~ug;i
�p

� gi (5)

withgi the gravity vector. The particle relaxation time �p is defined as
the Stokes characteristic time:

�p �
4

3

�p
�g

dp
CDjvrj

(6)

The local drag coefficient CD in Eq. (5) is expressed in terms of the
particle Reynolds number Rep following Schiller and Nauman [34]:

CD �
24

Rep
�1� 0:15Re0:687p � for Rep �

jvrjdp
�g
� 800 (7)

where dp is the particle diameter and �g is the kinematic viscosity of
the gas phase. The local instantaneous relative velocity between the
particle and the surrounding fluid is vr;i � up;i � ~ug;i, where ~ug;i is
the fluid velocity at the position of the particle assuming that the flow
field is locally undisturbed by the presence of this particle [24,35].
The gas velocity at the droplet location is assumed to be equal to the
interpolated filtered velocity at the position of the particle [36–38].
The effect of subgrid fluctuations is neglected.

3. Meshes and Boundary Conditions

LES simulations have been performed with and without spray for
the three experimental configurations (Coax), (Dev) and (Sw) of
Table 1. Experimental geometries have been slightly simplified but
they all include the zone where actuators are mounted (cf. Figure 2).
The reference pointO is at the center of the injector exit (Fig. 1a). For
the gaseous computations (without spray), the liquid pipe extremity
is replaced by a wall while it corresponds to the plane of liquid
injection for spray computation (cf. Figure 3). For the configuration
(Coax) the injector duct length is 6 mm (Fig. 2a). For the
configurations (Dev) and (Sw) the injector and actuators pipes are
shortened to 3 mm (Figs. 2b and 2c ). For all configurations, the rest
of the computational domain is a cylinder with a radiusRbox � 0:1 m
and a length Lbox � 0:2 m. Geometries are meshed using unstruc-
tured tetrahedra. The refinement is maximal in the injector and the
actuators with a minimal cell volume around 10�13 m3 (Table 3).
Such finemeshes correspond to the limit of the point-source approxi-
mation used to track droplets: themaximumdroplet size is of order of
100 �m where the smallest mesh size is 200 �m. Obviously,
Lagrangian simulations are reaching a limit here: present meshes
allow to decrease themesh size to values which are of the order of the
droplet size. This means that the point-source approximation may be
invalid in themost refined parts of the grid. This questionwas beyond
the scope of the present work.

Synthetic turbulence is imposed at the inlet of the injector and the
actuators (Sec. I and 1ac). The mean axial velocity profile is built

following the classical 1=7 power law. An isotropic turbulent
perturbation is constructed using a randomflowgeneration algorithm
[39,40] and added to the incomingmean flow. The turbulent intensity
is 10% and the integral length scale equal to 0.4 mm. To inject
turbulencewithout generating noise at the inlet or creating reflections
of acoustic waves, the nonreflecting boundary condition developed

Fig. 2 Grids for the three configurations.

Fig. 3 Injection of droplets.
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by Guézennec and Poinsot [41] for turbulence injection in compres-
sible flows is used. A logarithmic law-of-the-wall is imposed on the
walls of the injector and of the actuators (Sec. II).

Avery slow laminar coaxial flow (0:1 m=s) is imposed on the inlet
of the computation box (Sec. III) using a semireflecting characteristic
boundary condition [22]. The lateral surface is an adiabatic slip-wall
and the outlet is nearly nonreflecting at atmospheric pressure.

4. Methodology for Droplet Injection

Primary atomization can not be studied with the present method
and the LES begins after this zone. Particles are injected within a
cylinder at the exit of the liquid pipe (Fig. 3). The diameter of the
injection cylinder is Dinj �Dl and its length is Linj � 1:7Dl

corresponding to the typical length of the liquid core for the
superpulsating mode of a coaxial injector [42–44].

The distribution of droplet diameters can be fitted using a log-
normal law based on two parameters: the injected mean and rms
diameters Dinj

10 and Dinj
RMS. A direct measurement of these two

quantities in the injection plane with PDA is not possible since the
spray is too dense in this zone. Therefore, these two parameters are
estimated using the closest experimental data to the injector at
z=Dge � 4. They are obtained by averaging all droplets measured
with the PDA at z=Dge � 4. Figure 4 compares the injected log-
normal distribution with the experimental pdf of all droplets
measured at z=Dge � 4 for (Coax). The agreement is good except
around dp � 20 �m where fn is underestimated by the log-normal
interpolation. For the three configurations, the coaxial atomizer
generates a large range of droplet sizes. Therefore, the diameter
distribution was split in four size classes: 1) dp < 20 �m,
2) 20 �m � dp < 50 �m, 3) 50 �m � dp < 100 �m, and
4) 100 �m � dp. Dashed vertical lines on Fig. 4 indicate the
separation between classes. For the biggest droplets in class 4, the
LESwas not long enough to provide perfectly converged data and no
results will be presented for class 4) in the rest of the paper.

Table 4 gives the particle relaxation time �p depending on the
particle diameter dp. Assuming Stokes flow around particles, �p is
given by

�p �
�pd

2
p

18�g
(8)

where �g is the viscosity of air. The comparison of �p with a
characteristic time scale of the fluid most energetic eddies �g yields
the Stokes number St. For (Coax), the length of the most energetic
eddies is estimated as a third of the injector diameter Dge. In the
injection plane, their velocity is estimated from the turbulence
intensity,which is typically 10%of the bulk velocityUginj close to the
injector

�g �
Dge=3

0:1Uginj
� 0:11 ms (9)

Table 4 shows thatmost droplets have a Stokes number greater than 1
and their trajectories are nearly independent from the gas flow in the
injection zone.

The specification of the velocity field of the injected droplets is a
difficult exercise. The velocity vector of each injected drop is

u inj
p �Winj

p ez � u0injp (10)

where Winj
p is the mean injected velocity which is purely axial

because of the large value of the gas velocity which constrains the
liquid core. More sophisticated models would require to account for
radial velocities but they were not included here [45]. Since the
Stokes numbers of all droplets are large in the injection zone
(Table 4), the fluctuations added on the droplet velocities are
uncorrelatedwith the gas turbulent velocitiesfluctuations. Therefore,
u0injp can be expressed as a three-dimensional white noise with a
maximal amplitude u0injpmax for each cartesian direction. Table 5
presents the values of the parameters used to inject particles for each
configuration. The values ofW inj

p and u0injpmax were evaluated from the
closest measurement points (z=Dge � 4) and kept fixed for all LES.

III. Characterization of Control on the Air Flow

Before describing the effects of actuation on the liquid jet, it is
useful to characterize the effects of control on the carrier phase (air)
without spray. This is done in this section by using both simulation
and experiments in the case where no liquid is injected.

A. Effects of Actuators on the Carrier Phase

Figures 5–7 present experimental and LES fields of the gas mean
velocity Uhw and rms velocity URMS

hw for the three configurations
(Coax), (Dev) and (Sw). Without control, the jet contours are
axisymmetric (Fig. 5), but the use of one impacting actuator for (Dev)

Table 3 Computational grid properties

Coax Dev Sw

Cells 5019217 3661088 4961307
Nodes 86603 634877 861206
Minimal cell volume, m3 1.1e-13 1.01e-13 9.1e-14
CPU time, h 20000 11000 20000
Processors 384 384 384

Fig. 4 Inflow conditions for the number distribution fn�dp�.
Comparison between the experimental distribution at z=Dge � 4 and

the prescribed Log-normal interpolation for (Coax).

Table 4 Particle relaxation time and Stokes

number depending on particle diameter

in the injection zone (z< Linj)

Size Class 1 2 3

dp, �m 10 20 35 50 75 100
�p, ms 0.3 1.3 3.9 7.9 17.8 31.7
St 2.9 11.5 35.1 71.7 161 287

Table 5 Injection of droplets

Coax Dev Sw

Dinj
10 , �m 43 50 50

Dinj
RMS, �m 33 40 48

Dmin, �m 3
Dmax, �m 200
Winj
p , m=s 10

u0injpmax, m=s 10
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[Fig. 6] generates heart-shaped contours close to the injectors. The
flow then evolves into an elliptic jet, significantly shifted from the
initial jet axis. For the swirl configuration (Sw) [Fig. 7], even if
actuators are placed symmetrically around the injector, they provide
an helicoidal pattern to the jet. Experimental and numerical fields
also reveal a rotating pattern around the axis of the jet suggesting a
spiraling motion around z.

Line profiles at x� 0 are presented on Figs. 8–10. For each
configuration, LES profiles are in good agreement with experimental
data. Only a small overshoot of rms velocity is observed in the near
field of the jet (z=Dge � 3). These overshoots may be caused by the
limited resolution of the mesh at the exit of the injector. The
Smagorinsky subgrid model becomes ineffective to correctly predict
the development of turbulent structures in this zone [46].
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Fig. 5 (Coax): Hot-wire mean and rms velocity fields. Comparison of Experiment and LES.
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Fig. 6 (Dev): Hot-wire mean and rms velocity fields. Comparison of Experiment and LES.
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Fig. 7 (Sw): Hot-wire mean and rms velocity fields at z=Dge � 1, 3, 16. Comparison of experiment and LES.

a) Uhw

b) U hw
RMS

Fig. 8 Profiles of mean velocity (top) and rms velocity (bottom) at x� 0 for (Coax). Comparison between LES and experiment.
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For the configuration (Dev), the jet axis is can be identified from
the position of the maximal mean velocity ymax. This definition leads
to a shift angle of the jet axis �Devg � 15:1�. Concerning (Sw), the jet
expansion is estimated with the overexpansion ratio �Swg which
compares the half width of the LES profiles of Uhw for (Coax)
and (Sw)

�Swg �
ySw0:5 � yCoax0:5

yCoax0:5

(11)

The expansion ratio�Swg is equal to 0.37 for z=Dge � 3. However, this
effect decreases further in the jet and for z=Dge � 12, the half-widths
of the jets for (Coax) and (Sw) are nearly equal. This phenomenon is
due to the fact that for the control rate R� 0:4, swirl effects are still
low.

B. Flow Structures Induced by Control

Figures 11–13 present the intensity and the vector field ofUxy: the
LES mean velocity projected on the planes z=Dge � 0:75 and
z=Dge � 4 respectively for (Coax), (Dev), and (SW2). For the
configuration (Coax) (Fig. 11), Uxy essentially reveals a radial flow
corresponding to the expanding jet. At z=Dge � 0:75, the jet
expansion is piloted by entrainment to the center of the jet, but at
z=Dge � 4, it is also due to entrainment from the center of the jet to its
periphery. Actuators complicate the nature of entrainment in the jet:
for (Dev) [Fig. 12], the impacting jet generates high y velocity levels
around the jet center. This zone is surrounded by two counter-rotating
vortices. For the swirled configuration (Sw) [Fig. 13], the actuators

generate four corotating vortical structures. These vortices constitute
the blades of the propeller shape observed on fields of Fig. 7. These
four structures interact and generate a fifth central vortex which
explains the spiraling motion of the jet around its axis z. An
estimation from Fig. 13 gives a rotation angle equal to 63� between
z=Dge � 0:75 and z=Dge � 4, which corresponds to an angular step
of 3:5�=mm.

IV. Characterization of Control on the Spray

The effects of the actuators on the carrier phase have been
described in the previous section. Tests are now repeated with liquid
injection in the central duct of Fig. 1a.

A. Euler–Lagrange LES of the Controlled Spray

Figure 14 displays LES instantaneous snapshots in the planes
x� 0 (left) and z=Dge � 16 (right) for the uncontrolled case (Coax).
Figure 14 shows the axial gas velocity contours and the corre-
sponding snapshots for spray droplets. Each size class is represented
with a different color: black for 1), gray for 2) and white for 3). As
expected, without control, the droplets are dispersed by the coaxial
air jet and the spray remains axisymmetric.

The LES was performed by assuming that secondary atomization
was negligible. This assumption can now be checked from the LES
data by computing the local Weber numberWe for the uncontrolled
case and each size class:

We�
�g	 �uz �Wi

p
2Di
10

�
(12)

a) Uhw

b) U hw
RMS

Fig. 9 Profiles of mean velocity (top) and rms velocity (bottom) at x� 0 for (Dev). Comparison between LES and experiment.
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a) Uhw

b) U hw
RMS

Fig. 10 Profiles of mean velocity (top) and rms velocity (bottom) at x� 0 for (SW2). Comparison between LES and experiment.

Fig. 11 LES of (Coax). Intensity and vector field of Uxy, the mean velocity projected on the plane.

Fig. 12 LES of (Dev). Intensity and vector field of the mean velocity projected on the plane Uxy.
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whereDi
10 andW

i
p are, respectively, the mean diameter and the mean

axial velocity of the size class i� 1
, 2), 3) and � � 7:3 � 10�2 N=m
is the surface tension between water and air. Figure 15 shows the
evolution of the maximal Weber number Wemax	z
 obtained from
LES in each transverse section of the jet for the three size classes. The
Weber number decreases rapidly with downstream distance and
never exceeds the critical value of secondary breakup (Wec � 12) for
droplets with a diameter dp < 50 �m. If dp � 50 �m, We can
become greater than 12 for z=Dge � 1 and secondary breakup may
occur, especially in the gas shear layer surrounding the droplet
injectionvolume.However, the zonewhereWe > 12 is small and it is
not clear that large droplets will have the time to break up in this
region. In most of the flow, We
 12 and the assumption of negli-
gible secondary atomization is satisfied.

The effects of control can then be studied by comparing config-
uration (Coax), (Dev), and (Sw). Figures 16 and 17 display LES
instantaneous snapshots in the planes x� 0 (left) and z=Dge � 16
(right) for the controlled configurations (Dev) and (Sw). Figures 16a
and 17a show the axial gas velocity contours. Figures 16b and 17b
present the corresponding snapshots for spray droplets. The colors of
the size classes are the same as Fig. 14b. Without control (Coax)

Fig. 13 LES of (Sw). Intensity and vector field of the mean velocity projected on the plane Uxy.

Fig. 14 LES instantaneous snapshots of axial gas velocityfieldsuz and spraydroplets for the configuration (Coax): a) axial gas velocity in x� 0 (left) and

z=Dge � 16 (right), b) spray droplets in x� 0 (left) and z=Dge � 16 (right): the color scale corresponds to the diameter classes : 1) dp < 20 �m (black),

2) 20 �m � dp < 50 �m (gray), and 3) 50 �m � dp < 100 �m (white).

0 2 4 6 8 10 12 14 16
0

5

10

15

20

25

Fig. 15 Maximal local Weber number Wemax computed with LES for

the three droplet size classes (Coax).
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Fig. 16 LES instantaneous snapshots of axial gas velocity fields uz and spray droplets for the configuration (Dev): a) axial gas velocity in x� 0 (left) and

z=Dge � 16 (right), b) spray droplets in x� 0 (left) and z=Dge � 16 (right): the color scale corresponds to the diameter classes: 1) dp < 20 �m (black),

2) 20 �m � dp < 50 �m (gray), and 3) 50 �m � dp < 100 �m (white).

Fig. 17 LES instantaneous snapshots of axial gas velocity fields uz and spray droplets for the configuration (Sw): a) axial gas velocity in x� 0 (left) and
z=Dge � 16 (right), b) spray droplets in x� 0 (left) and z=Dge � 16 (right): the color scale corresponds to the diameter classes: 1) dp < 20 �m (black),

2) 20 �m � dp < 50 �m (gray), and 3) 50 �m � dp < 100 �m (white).

GUÉZENNEC AND POINSOT 2605



[Fig. 14], the spray has a low spreading angle without peculiar
structures suggesting a limited interaction between the gas
turbulence and the dispersed phase: droplets remain inertial in most
of the flow. The impacting jet actuator in the configuration (Dev)
shifts both gas and droplets (Fig. 16). Control also increases the spray
expansion for this configuration. Finally in case (Sw), clusters of
droplets are visible showing that interaction between droplets and
turbulence is increased by swirl. The spreading angle of the
spray also increases significantly compared with the configuration
(Coax).

B. Effect of Control on Droplet Velocities

Figures 18–20 compare LES predictions to experimental data for
transverse profiles of mean and rms droplets velocityWp andWRMS

p

for the size class 2) and each configuration (Coax), (Dev), and (Sw).
The overall agreement is good‡. Concerning the (Coax) config-
uration (Fig. 18), the shapes and expansion of the radial profiles of
mean velocity are well reproduced. For example, experimental
profiles for z=Dge < 5 present a local minimum forWp: close to the
injector, droplets entrained by the high-velocity gas layer
surrounding the liquid core are more accelerated than in the center

of the spray. LES captures this phenomenon correctly. Root mean
square levels are alsowell reproduced. Differences appear around the
spray where WRMS

p obtained with LES falls to zero too fast for
z=Dge � 5. This difference vanishes in the far field.

Concerning the impacting configuration (Dev) [Fig. 19], the levels
and positions of the maximum mean velocity are well predicted by
LES. But on the actuation side, the mean velocity falls too fast to
zero. Conclusions are similar for the rms velocity (Fig. 19b): maxima
are well predicted by LES but the position of the maximum on the
actuation side is notwell obtained. This discrepancy can be explained
by the injection model for the dispersed phase (Sec. II.C.4): all LES
use the same geometry and the same boundary conditions for droplet
injection. However, the actuator may modify both the liquid core
shape and the velocity of the injected droplets, a mechanismwhich is
very difficult to characterize experimentally and was simply
neglected here.

Like for the gas, the spray vectoring can be evaluated from the
position of the maximal droplet velocity. Table 6 presents the shift
angle �Devp for the three size classes: both LES and experiment show
that the velocity fields of all droplets classes are shifted by the same
amount when control (Dev) is on. The value of �Devp is around 12�,
which is a little smaller than the vectoring angle of the single-phase
coaxial jet�Devg for the same control parameterRac � 0:2 (Sec. III.A).

Concerning the configuration (Sw) [Fig. 20], swirl effects are well
described by LES in terms of shapes and expansion of the mean and
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Fig. 18 (Coax) 20 �m< dp < 50 �m: Radial profiles of mean (top)

and rms (bottom) axial particle velocity at x� 0. Comparison between

LES and experiment.
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Fig. 19 (Dev) 20 �m < dp < 50 �m: Radial profiles of mean (top) and

rms (bottom) axial particle velocity at x� 0. Comparison between LES

and experiment.

‡The comparisons between LES and experiment for the size classes 1 and 3
are not discussed in this paper but are available in the Ph.D. Dissertation of N.
Guézennec [47]. They lead to similar conclusions as class 2.
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rms velocity profiles. Table 6 presents the overexpansion ratio �Swp
[Eq. (11)] for the three classes at z=Dge � 12. All droplets are more
dispersed by the introduction of swirl but not by the same amount:
�Swp decreases from 0.5 to 0.3 when droplet sizes increase. The time
scale for the swirling motion of the gas can be evaluated by

�Swg �
Rmax

Umax
�

(13)

whereUmax
� and Rmax are, respectively, the maximal mean tangential

gas velocity and the radial position of this maximum. For z=Dge � 4,
the LES gives �Swg � 0:8 ms, which is greater than the turbulent time
scale �g [Eq. (9)]. For particles with diameters dp � 10 and 20 �m,
the values of the Stokes number based on this time scale StSw are,
respectively, 0.38 and 1.6. This explains why small droplets in class 1
follow the swirling motion and are more dispersed than the bigger
size classes.

C. Effect of Control on the Diameter Distribution

To understand the effect of control on the granulometry in the
spray, a joint postprocessing of experimental instantaneous PDA
measurements and LES instantaneous droplet realizations was used
to evaluate the number-based size distribution function fn	dp
 along
the jet axis. In the LES, droplets were sampled in cylindrical boxes
whose positions are shown on Fig. 21. For (Coax) and (Sw), the jet
axis is z. For (Dev), the jet axis corresponds to the position of the
maxima of the axial droplet mean velocity. The length and the radius
of each box are respectively �z� 4 mm and �r� 2 mm. These
dimensions enable to sample between 1000 and 3000 droplets per
box. To improve convergence, the operation is repeated on 12 droplet
instantaneous realizations separated with a time delay�t� 2:5 ms.
For a droplet with a velocity equal to 10 m=s, this duration
corresponds to a displacement of 25 mm , which ensures the
independence of the samples in a given box. Concerning experiment,
all PDA measurements of the instantaneous droplet diameter dp
included in a box were gathered to account for the local variation in
this box.

Figure 22 presents the evolution of fn along the jet axis for (Coax).
LES and experiment are compared with the log-normal distribution
finjn used in the injection volume (Sec. II.C.4). Agreement between
LES and experiment is good: the reduction of proportion of large
droplets (dp > 40 �m) when z increases, is captured by LES. This
phenomenon could be analyzed as a secondary breakup effect.
However, LES does not include any secondary atomization model so
that this phenomenon is certainly due to the difference of response of
droplets to the carrier gas flow: large droplets with high Stokes
numbers are ejected more rapidly than small droplets towards the
surrounding air [48]. Figures 23 and 24 present the evolution offn for
(Dev) and (Sw). Conclusions are similar for big droplets. Their
proportion decreases when z increases for the two configurations.
But an overestimation of the smallest droplets must also be noticed
for LES. This discrepancy may be explained by the lack of collision
and coalescence model in the LES. This problem does not occur in
the simulations of (Coax) [Fig. 22]. This may suggest that actuators
increase coalescence in the spray.
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Fig. 20 (Sw) 20 �m< dp < 50 �m: Radial profiles of mean (top) and

rms (bottom) axial particle velocity at x� 0. Comparison between LES

and experiment.

Table 6 Effect of control on the spray: vectoring angle

�Dev
p for the (Dev) case and overexpansion ratio �Sw

p

[Eq. (11)] for the (Sw) case

(Dev) �Devp 	�

Size class Experiment LES
0–20 �m 11 13
20–50 �m 11 12
50–100 �m 11 12
(Sw) �Swp
Size class Experiment LES
0–20 �m 0.50 0.54
20–50 �m 0.4 0.33
50–100 �m 0.32 0.3

Fig. 21 Methodology to compute the number-based size distribution

function for the droplet diameters fn�dp�: view of computation domain

with the positions and the dimensions of the sampling boxes.
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Fig. 22 Evolution of fn�dp� along the jet axis for (Coax).
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Fig. 23 Evolution of fn�dp� along the jet axis for (Dev).
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Fig. 24 Evolution of fn�dp� along the jet axis for (Sw).
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V. Conclusions

Active control of an air-assisted coaxial spray was studied using
LES and experimental methods for two types of actuators: the first
one is used to vector the spray while the second one introduces swirl
into the spray jet to increase its spreading rate. Both actuators use
small rectangular jets placed in the outlet plane of the spray coaxial
injector. Results show that LES is able to predict the flow field for the
gas and the droplets with and without control. LES also helps to
understand the mechanisms affecting the controlled spray: coherent
structures are induced by the actuation jets and modify the gaseous
flow, generating droplet movements and segregation which depend
on the droplet size. For the actuator changing the spray direction
(Dev), at a control parameter (actuation flow rate divided by total air
flow rate) of 20%, the gas flow can be shifted by 15 deg and droplets
by 12 deg. For the swirling actuator (Sw), at a control parameter of
40%, the spreading rate of the gaseous jet increases by 40% and the
spray by 30–50% compared with the uncontrolled case while the
droplets cloud diameter increases by only 16%. This suggests that
these actuation devices can be effective control devices in real
combustors. The comparison of size distributions obtained with LES
and experiment also suggest that the controlledflows are submitted to
more collisions and coalescence mechanisms.
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