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Abstract

The effect of fluid–particle interaction on the development of an axisymmetric jet laden with partly

responsive droplets is discussed in this paper. Measurements up to 40 diameters were obtained by using
phase Doppler and laser induced fluorescence technique (combining both techniques provides the mass

concentration of liquid per size class).

Comparison of the mean gas velocity fields with and without drops shows clearly the expected effects of

the dispersed phase on the carrier phase, known as ‘‘two way coupling’’.

Statistics of the velocity of the fluid ‘‘seen’’ by the particles have been calculated after temporal re-

construction of the turbulent signal of the continuous phase. The fluid–particle correlations are presented

and used to analyse the radial evolution of the particle stresses. We show that the anisotropy of the drop

fluctuation motion is large and associated with production mechanisms, via interaction with mean particle

velocity gradients.

Finally the attenuation term, which complements the conventional transport equation of the turbulent

kinetic energy for single-phase flow, is calculated. Radial profiles are presented (X ¼ 20d0) and compared

with an estimation usually found in the literature, when neglecting the fluid–particle correlations. The
results clearly show that such estimation really overestimates the magnitude of the term responsible for the

direct turbulence attenuation by the particles.
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1. Introduction

The important role played by sprays in combustion (internal combustion engines, burners,
rocket engines, etc.) offers challenges for the development and application of laser diagnostics in
two-phase flows. Sprays of small droplets are a matter for research concerning turbulent, dense
two-phase jets, where the mechanisms of interaction between the air and drops are still not well
understood.

We are interested in flows where the volume fraction a of the dispersed phase is small enough to
assure that dispersion is governed by the turbulent flow (i.e. particle/particle collisions are ne-
glected). However, the droplet mass-loading ratio / ¼ _mmL= _mmG (where _mmL and _mmG represent the
liquid and gas mass flow rates respectively) is large enough to introduce significant mean and
turbulent energy exchanges between the phases, known as ‘‘two-way coupling’’. Therefore, ac-
curate measurements of such effects are essential for the development of recent two-phase flow
modeling (Crowe, 2000) and for a good prediction of dense spray behaviour.

A large number of recent studies focus on modeling the turbulence attenuation by the dispersed
phase. Yuan and Michaelides (1992), Yarin and Hetsroni (1994), Kenning and Crowe (1997)
proposed physical models to explain experimental observations, while the traditional approach
for modeling particle-laden flows is based on extension of Reynolds-averaged Navier–Stokes
equations used for single-phase flows (Elghobashi and Abou-Arab, 1983; Kulick et al., 1994;
Squires and Eaton, 1990; Simonin et al., 1995; Sommerfeld, 1993; Berlemont et al., 1995). In two-
phase flows, turbulent quantities, such as kinetic energy and dissipation, are modified directly by
the dispersed phase through the interfacial momentum transfer. To take this transfer into account,
extra sources/sink terms are added to the transport equations. Turbulent kinetic energy transport
equation can then be expressed as:

DhuG;iuG;ii
Dt

¼ PG;ii þ TG;ii � e þ PG;ii ð1:1Þ

uG;i is the fluctuating component of the gas phase velocity on the direction i and h�i is the Reynolds
average operator. PG;ii, TG;ii and e denote respectively the conventional production, transport and
dissipation of turbulent kinetic energy as expressed for single-phase flows. One can note that these
terms can be modified indirectly by the presence of the dispersed phase through a modification of
turbulence dynamics itself. The extra source/sink term, PG;ii, due to a �direct interaction� of the
particles with the surrounding fluid, is given by the work applied by the particles to the sur-
rounding fluid:

PG;ii ¼ � 2

qG

huG;iFr;ii ð1:2Þ

Note that here the gas volume fraction is kept to unity (aG 	 1) since the liquid volume fraction is
negligible everywhere (a 
 aG). Fr;i represents the instantaneous force per unit volume acting on
droplets (or particles). For heavy droplets (qL � qG), this force reduces to the drag force con-
tribution, Fr;i ¼ Cdð3adqGÞ=4DðUG;i � Ud;iÞjUG;i � Ud;ij ¼ ðadqLÞ=sdðUG;i � Ud;iÞ. Cd is the drag
coefficient determined from the correlation: Cd ¼ 24=Rep, ad is the volume fraction of the size
class d and sd is the droplet relaxation time. UG;i and Ud;i represent respectively the instantaneous
gas and droplets velocity. It follows:
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huG;iFr;ii ¼
hCmdi

sd
huG;iðUG;i � Ud;iÞi ð1:3Þ

where Cmd is the instantaneous droplet concentration hCmdi ¼ adqL. Developing the expression
(1.3), it follows that the closure of PG;ii requires the specification of the correlation between the
velocity of the droplets and the velocity of the surrounding fluid. Therefore, the modeling of the
gas/droplet turbulent velocity correlations huG;iud;ii (written also huG;iud;iid to underline the av-
erage on the dispersed elements) appears to be a crucial stage to predict correctly the coupling
between the two phases, independently of the approach retained to describe the dispersed phase,
whether Lagrangian or Eulerian (Squires and Eaton, 1990; Simonin, 2000).

When partly responsive particles are concerned, it is clearly not possible to neglect the influence
of fluid–particle correlations (as supposed by Kulick et al., 1994) that contribute to reduce the
magnitude of PG;ii. However, very little is known about these quantities due to the difficulty of
measuring particle velocity and gas velocity in the vicinity of the particle.

As experiment is concerned, Sakakibara et al. (1996) developed a particle image velocimetry
system which allows discrimination of large particles from the seeding and gives simultaneously
access to particle and gas velocities. This method, based on the scattered light intensity is however
restricted to particles larger than 40 lm and to dilute two-phase flows, since the images of particles
(that appear to be as large as 10 times their real sizes) should not overlap. Longmire et al. (1999)
developed a similar technique based on tracking of solid particles.

The phase Doppler anemometer, particularly well adapted to two-phase flows characterization,
can provide temporal correlations of fluid–particle velocities (H€aadrich and Erdmann, 1998) but,
since it is a single particle counter, it does not provide the appropriate correlations for zero time
delay needed for the models. Pr�eevost et al. (1996) proposed a method to reconstruct the temporal
velocity of the gas phase of a dilute two-phase jet by interpolating the signal of the fluid tracers.
The instantaneous fluid velocity surrounding each particle (the fluid velocity ‘‘seen’’ by the par-
ticles) was obtained thanks to that reconstruction. The fluid–particle correlations huGudid were
then calculated.

The objectives of the present work are to extend and adapt the method introduced by Pr�eevost
et al. (1996) to analyze a more concentrated jet where the fluid–particle correlations are expected
to contribute actively to the magnitude of the turbulence modulation. The experimental config-
uration is an axisymmetric, turbulent, two-phase jet, where the boundary conditions for air and
drops are well controlled. The exit Reynolds number is 9500, the initial liquid mass loading is
/ ¼ 0:73 for a droplet-size range of 1–110 lm. This wide range of droplet diameters (i.e. Stokes
number) is essential to account for the various behaviours of the gas-droplet correlations, from
the droplets that perfectly follow the fluid to those unresponsive to any gas fluctuations.

Section 2 presents the experimental configuration and the associated phase Doppler and laser
induced fluorescence (PLIF) measurement techniques applied to the round jet. Main character-
istics of the two-phase flow are described and the effects of droplets on the mean gaseous flow are
underlined by comparing the gas phase behaviour to a single-phase jet. Section 3 is dedicated to
the fluid–particles turbulent velocity correlations. The measurement approach, based on the re-
construction of the instantaneous gas velocity, is described and validated on the well-character-
ized two-phase round jet. Results are analyzed in term of Stokes number. A specific measurement
method (Ferrand et al., 2001) is used to access to the mean value of the local concentration per
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size class hCmdi ¼ adqL, where ad is directly used to characterize turbulence interaction in the
Eulerian approach (see Section 4). The turbulent coupling terms PG;ij are evaluated for the
normal and shear Reynolds stresses in Section 4. The major contribution of the gas-droplet
correlations on these coupling terms is then clearly demonstrated.

2. Experimental configuration and flow properties

2.1. Generation of the droplet-laden jet

The experimental set-up is shown in Fig. 1. The two-phase jet emerges from a convergent nozzle
with an exit diameter (d0) of 8 mm. The air passes through a mass flowmeter to ensure a constant
flow rate of 53.4 l/min corresponding to a mean air exit velocity of 18 m/s. The Reynolds number
at the exit, based on d0, is 9.500.

Four air-assisted injectors produce drops in the diameter range 1–110 lm. All of the 53.4 l/min
of air flow passes through the air blast atomizers. The liquid is a solvent (qL ¼ 760 kg/m3), whose
material properties (surface tension, density) are close to those of gasoline. Particular effort has
been expended to find the convergent shape of the nozzle. The walls have been drawn according to
a 5� polynomial with first and second derivatives infinite at the top and the bottom sections (see
Fig. 1b). This shape ensures good flow aerodynamics and controls the liquid film formation,
caused by droplet impacts on the wall.

A simple collector device is added at the jet nozzle exit, to trap and drain off the liquid film. The
mass flow rate of the trapped liquid film is measured by a weighing technique and subtracted from

Fig. 1. (a) Experimental set-up, (b) Drawing of the nozzle: the contraction ratio and the length of the nozzle profile are

respectively equal to 15 and 180 mm.
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the total liquid mass flow rate, yielding the initial mass loading ratio / ¼ _mmL= _mmG ¼ 0:73
 4%
(liquid to gas exit mass flow rate ratio). The vertical jet discharges into a cubic chamber (0.5
m� 0:5 m� 0:5 m). The experimental set-up is mounted on a three-axis displacement table,
allowing vertical measurements from X ¼ 2:5d0 to 40d0.

The jet is described by a cylindrical coordinate system ðX ; r; hÞ to indicate the axial, radial and
azimuthal directions, while the components of the mean and fluctuating velocity fields are denoted
by ðU ; V ;W ¼ 0Þ and ðu; v;wÞ respectively. Subscript ‘‘0’’ indicates the exit properties and sub-
script ‘‘c’’ indicates the centerline properties. Subscripts ‘‘G’’ and ‘‘d’’ indicate gas and droplets
properties respectively.

2.2. Phase Doppler and PLIF set-up

Two different laser diagnostics are applied to characterise the jet. A two component phase
Doppler system is used to simultaneously measure droplet velocities and diameters, while PLIF
technique is dedicated to the measurement of the instantaneous liquid concentration fields.

A new method that coupled these two measurement techniques was developed to reach the
mean value of the local mass concentration, hCmdi, of each class of drops. This term, crucial to
characterise the dispersion of the drops as well as the energy transfer between the phases (see Eqs.
(4.1)–(4.3)) cannot be calculated from standard phase Doppler data for the strong concentrations
studied in the present work (Qiu and Sommerfeld, 1992). The following paragraph describes the
main characteristics of the phase Doppler and PLIF set-up. The bases and the validation of the
method of coupling can be found in (Ferrand et al., 2001).

A two-components laser phase Doppler system (Dantec) was used. The beam emitted from an
Argon laser is divided into two beams of wavelengths k1 ¼ 514:5 nm and k2 ¼ 488 nm for two-
component velocity measurements. The measurement volume is 240 lm long (the projected PM
slit width is 100 lm) with a diameter and fringe spacing of 150, 4.2 and 142 lm, 3.8 lm for the
streamwise and the transverse direction respectively. The receiving optics is placed 32� to the
forward scatter direction, to minimize the contribution of reflected light. Doppler bursts are
processed by the Dantec 58N80 phase Doppler Signal Processor. All data are transferred to a PC
before being post-processed by customized Matlab programs. A single measurement at a given
point generally comprises 20,000 droplets. Seven radial profiles (X ¼ 2:5d0–40d0) and the centr-
eline profile are measured. The behaviour of the liquid dispersion is analysed by dividing the drops
into size classes 5–10, 10–20, 20–30 and 90–100 lm. The gas velocity is obtained by averaging the
velocity measurements in the size class 0–5 lm, droplets of this size class have been verified to be
good tracers for the gaseous phase (Section 2.3). Moreover, very small oil droplets of about 2 lm
are added to the air pipe to seed the air jet. When the seeding in the chamber is dense, multiple
scattering disturbs the signals emitted by the drops contained in the jet and introduces errors in
the measurements of sizes. For this reason the tracers are only introduced in the jet nozzle. Only a
small amount of seeding recirculates in the chamber and a correction for the well-known bias due
to the ‘‘condition seeding’’ is applied (see Section 3.1).

The PLIF imaging technique is based on the UV planar laser-induced fluorescence. The pulsed
beam (k ¼ 266 nm, Dt ¼ 10 ns, I0 ¼ 40 mJ, f ¼ 10 Hz) provided by the fourth harmonic of a
Nd:Yag laser is focused into a vertical light sheet (20 cm height, 300 lm thick), passing through
the axis of the jet. Fluorescence emission scattered by the drops is imaged at 90� onto a gated
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intensified CCD camera (PCO Sensicam, 12-bit numeric, 1280� 1024 pixels) with a 58 mm-F =1:2
objective lens. The camera is equipped with a pass-band filter BG 25 that rejects contributions at
the laser wavelength (Mie scattering, reflection. . .). With a camera located 30 cm from the laser
sheet, the magnification is about 0.2. Despite the high dynamic range of the camera (12 bits), the
imaging system cannot completely cover the range of drop diameters, since the scattered inten-
sities scale as D3. With the present imaging system, the threshold of detection is reached for a
probed mass of liquid corresponding to that of a 15 lm droplet alone in the measurement volume
(440 lm� 440 lm� 300 lm). Statistically, this drastic condition is very improbable in the dense
region and fluorescence images provide reliable data, even though the mass contribution of the
smallest droplets remains a little bit underestimated. The video signal is stored in real time in a PC
before being post-processed with Matlab programs. The processing and the accuracy of the liquid
concentration measurement (estimated at 
6%), which are not the main subject here, are dis-
cussed in a previous paper (Ferrand et al., 2001).

2.3. Two-phase flow main characteristics

2.3.1. Liquid phase characteristics
The initial droplet size distribution is displayed in Fig. 2 for the centerline of the jet (r ¼ 0). The

corresponding number average and mass average diameters are D30 ¼ 20 lm and D10 ¼ 60 lm,
respectively. All effects resulting in a modification of droplet size, such as secondary break-up
effects, vaporization or coalescence due to collisions have been analyzed in (Ferrand, 2001) and
are negligible. Furthermore, the mass flow rate of each size class (evaluated with the phase
Doppler/PLIF coupling method) was verified to be constant along the measurement area (Fer-
rand et al., 2001). In consequence, we can consider that all droplets keep a constant diameter D
during their motion in the current flow.

In a turbulent flow, droplet motion is directly connected to the ability of the droplet to respond
to the large turbulent structures of the jet (Longmire and Eaton, 1992). The Stokes number, St, is
defined as the ratio of the droplet aerodynamic time constant sd to an appropriate turbulent time
scale st. st is chosen as the ratio of a large eddy length scale L1=2 (the half width of the jet, esti-

Fig. 2. Histogram of diameters of drops (X ¼ 2:5d0, r ¼ 0).
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mated from mean velocity profile) to the standard deviation of the centerline fluctuating velocity,ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
huGuGic

p
:

st ¼ L1=2ðX Þ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
huGuGic

q
sd is defined by

sd ¼
4DqL

3CDjUG � ULjqG

ð2:1Þ

where CD is the drag coefficient. A Stokes number of order of one separates the drops, which
follow the fluctuations of the fluid (St 
 1), from those that are unresponsive to any fluctuations
(St � 1). Droplets in the size class 0–5 lm present a Stokes number ranging from 0.03 at the jet
exit to less than 0.002 in the far field of the jet (Fig. 3). These droplets, able to follow the smallest
turbulent scales (Ferrand, 2001) will constitute good tracers for the continuous phase. The de-
crease in the Stokes number, when going far from the nozzle exit is due to the continuous increase
of st (proportional to X 2). So far, one can note that all droplets become at least partially re-
sponsive to gaseous fluctuations downstream of 20d0. The fact of working with a wide range of
partially responsive drops appears of first interest to analyse the gas–droplet turbulent velocity
correlations. These correlations are expected to be negligible for the big drops (St � 1). On the
contrary they are equivalent to the fluid Reynolds stress for the smallest droplets (tracers of the
gas phase, St 
 1). An intermediate behaviour depending on the size class is expected for partially
responsive drops.

Fig. 3. Longitudinal evolution of the Stokes number of for different droplet size classes (X ¼ 20d0).
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Radial profiles of the initial mass concentration (X ¼ 2:5d0) corresponding to four different size
classes are presented in Fig. 4. The precision of measurements has been estimated at 7% (Ferrand
et al., 2001). Whereas the concentration of each class seems to be weak, the cumulated concen-
tration of all the size classes present in the flow reaches 2.2 kg/m3 in the central zone of the jet.
This value of the total liquid concentration, directly provided by PLIF measurements, corre-
sponds to a volume fraction of the dispersed phase (a ¼ 2:2=qL) of 0.3%. For such volume
fractions, it is well known that the dispersed phase can induce significant modifications of the
carrier phase by exchange of averaged and turbulent momentum. Particle inertia and mass
loading are the crucial parameters that control the mean and turbulent momentum exchange
between the phases. To analyze the effect of liquid concentration on gas properties, the continuous
phase of the two-phase case / ¼ 0:73 is compared to the single-phase jet / ¼ 0, with equivalent
exit Reynolds number.

2.3.2. Liquid and gas phases interaction: two-way coupling

Mean gaseous velocity fields given by the phase Doppler measurements for the cases / ¼ 0 and
/ ¼ 0:73 are presented in Fig. 5a and b respectively. Quantitative information are displayed in
Table 1. The main effects of the liquid phase are the increase in the centerline mean gas velocity
and the decrease in the spreading rate of the jet ()26% compared to the single-phase jet, see Table
1). These observations are in agreement with previous experimental studies on particle-laden jets
(Modaress et al., 1983; Fleckhauss et al., 1987; Hardalupas et al., 1989; Mostafa and Mongia,
1988).

One can note that the slope (k ¼ 0:205) of the linear curve fitting the inverse of the axial velocity
of the single-phase jet velocity ðU0=UÞc (see Table 1 and Fig. 6a), is comparable with previous
studies on single-phase round jets (Wygnanski and Fielder, 1969) and is about twice the slope

Fig. 4. Radial profile of the initial mass concentration of the different droplet size classes (X ¼ 2:5d0).
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obtained for the two-phase jet / ¼ 0:73. It has been shown that this longitudinal mean velocity
increase results from a combined action of mean momentum transfer from the drops to the
airflow and decrease in turbulent diffusion intensity (Ferrand et al., 2001).

The two-way coupling clearly observed here on the mean velocity field cannot be dissociated
from modifications that occur on the turbulent field of the carrier phase. In such flows, gas
turbulence has been found to be significantly attenuated when droplets are fine enough (Par-
thasarathy and Faeth, 1990; Yuan and Michaelides, 1992; Sakakibara et al., 1996; Kenning and
Crowe, 1997).

Fig. 6b reports the axial evolution of the normalized turbulent kinetic energy
k ¼ 1=2ðu02G þ 2v02GÞc, both for the single-phase case and the two-phase case. These measurements
indicate a reduction of the turbulence intensity when droplets are added to the gas flow. Droplets
effect is shown to decrease slowly when the distance from the exit increases and the droplet
concentration decreases. At the position X ¼ 20d0 (profile more particularly analyzed in Sections

Fig. 5. Mean gas velocity field obtained from phase Doppler measurements: (a) single-phase jet (/ ¼ 0); (b) two-phase

jet (/ ¼ 0:73).

Table 1

Penetration and spreading of the single-phase and two-phase jet

Single-phase jet / ¼ 0 Two-phase jet / ¼ 0:73

Mean velocity centerline decrease
ðUGCÞ0
UGCðX Þ ¼

k
d0

ðX � X0Þ k ¼ 0:205 k ¼ 0:12

Half-jet width
UGðL1=2;X Þ
UGCðX Þ

¼ 1

2
L1=2 ¼ 0:105X L1=2 ¼ 0:078X
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3 and 4), the dispersed phase induces a reduction in turbulence intensity of 19% compared to the
single-phase jet.

Two-way coupling is then effective in that experiment and we propose to measure the exchanges
of turbulent kinetic energy between the two phases. To access this quantity following Eq. (1.3), the
gas–droplet turbulent velocity correlations appear to be one of the more critical term to determine
from both an experimental (Sakakibara et al., 1996; Pr�eevost et al., 1996; Bor�eee et al., 2001) as for a
numerical (Simonin et al., 1995; F�eevrier and Simonin, 1998) point of view. Next sections are
dedicated to the measurement of these correlations (Section 3) and to their contribution in the
two-phase coupling term (Section 4).

3. Measurement of the gas–droplet turbulent velocity correlations

3.1. Measurement methodology

The measurement methodology of the gas–droplet turbulent velocity correlations introduced
by Pr�eevost et al. (1996) is based on the temporal reconstruction of the gas phase velocity from the
phase Doppler data. The velocity reconstruction is performed by using the method proposed by
Veynante and Candel (1988) based on the Shannon interpolation of the non-regularly sampled
turbulent signal of the gas phase. Knowing the arrival time of the droplets in the measurement
volume, it is then possible to estimate the fluid velocity properties when each droplet crosses the
measurement volume. This velocity refers to the fluid velocity ‘‘seen’’ by the droplet, that means
the instantaneous fluid velocity surrounding a droplet whose diameter is ideally assumed to be
much smaller than the smallest scales of turbulence. Fig. 7 shows a sample of the reconstructed
signal of the continuous phase. The velocity of the droplets has been superimposed and the in-
stantaneous velocity of the fluid ‘‘seen’’ by the droplets can be deduced. The mean relative velocity
‘‘seen’’ by the particles hUG � Udid, is important to predict accurately the mean interfacial

Fig. 6. Centerline evolution of gas properties for the single-phase jet (/ ¼ 0) and the two-phase jet (/ ¼ 0:73): (a)
inverse of the mean velocity ðU0=UÞc; (b) intensity of the turbulent kinetic energy ðk=U 2Þc.
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transfers of momentum (Simonin, 1991). This value can be directly calculated from our mea-
surements while models for the corresponding quantities are very important for the numerical
predictions of turbulent two-phase flows. In the same way the gas–droplet turbulent velocity
correlations ‘‘seen by the particles’’, that appear in the turbulent energy transport equation, are
obtained with statistical calculations on each size class.

The measurement accuracy depends directly on the quality of the reconstructed signal of the
continuous phase velocity. To assure a correct interpolation of the instantaneous turbulent gas
velocity, measurements must be performed with a sufficient data rate when compared to the
characteristic frequencies of the turbulent flow. This point becomes particularly critical when
working with non-dilute jet such as encountered in the present study. According to the experi-
mental configuration and the instrumentation used, the reconstruction technique was applied at
the radial location X ¼ 20d0 to assure an acquisition frequency on the seeding particles larger than
10 times the characteristic frequency of the more energetic eddies (Fi ¼ 1=st 	 350 Hz). To reach
such a data rate, the jet was seeded with a high density of flow tracers and acquisition parameters
(laser power, photomultiplier high voltage) were optimized. Moreover, at this section X ¼ 20d0,
all droplets are partly sensitive to gaseous fluctuations (St 	 Oð1Þ, see Fig. 3) and contribute to the
kinetic energy exchange between phases.

The convergence statistics of the reconstructed velocities has been checked. In that goal, the
energy density spectra have been plotted keeping successively all data of the flow tracers, one out
of two and one out of five (Ferrand, 2001), as performed by Pr�eevost et al. (1996). Results were
shown to be stable demonstrating the good quality of the air seeding and the capacity for re-
constructing correctly the turbulent gas velocity for turbulent frequencies larger than the more
energetic ones.

Fig. 7. Temporal evolution of the air velocity and the associated fluid velocities ‘‘seen’’ by the droplets obtained by

reconstruction of the phase Doppler signal at X ¼ 20d0 (r ¼ 0).
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Moreover, to evaluate correctly the fluctuations of the fluid velocity ‘‘seen’’ by the droplets, we
have to solve the different turbulent scales that droplets interact with. Each droplet size class is
characterized by a relaxation time sd (defined by (2.1)). The particle response function to the
dragging by the fluid turbulence leads to a filtering effect of the turbulence spectrum. Hinze (1975)
showed that the ratio of the particle energy spectra to the fluid energy spectrum is:

Edðf Þ
EGðf Þ

¼ 1

1þ ð2pf sdÞ2

Fig. 8 represents the reconstructed temporal spectrum of the streamwise turbulent energy
huGuGi. The frequencies fd pointed in Fig. 7 correspond to a ratio of Ed=EG ¼ 0:1, ðfd ¼ 3=ð2psdÞÞ
indicating the maximum frequencies that droplets can follow. One can observe that the recon-
struction method applied here allows to solve the turbulent scales up to these frequencies fd for
the considered size classes 20–30, 50–60 and 80–90 lm.

To evaluate the gas–droplet turbulent velocity correlations, we performed ensemble averaging
ranging from 400 samples for the largest size class 80–90 lm to 6000 samples for the 20–30 lm
class (see Table 2). The expected statistical errors on the correlations for each size class are

µ

µ

µ

Fig. 8. Energy spectrum relative to the ‘‘reconstructed’’ longitudinal velocity component and the associated ‘‘cut of ‘‘

frequencies fd for the dispersed phase.

Table 2

Statistical errors estimated for the gas–droplet turbulent correlations for the different size classes

Size class 0–5 lm (gas tracers) 20–30 lm 50–60 lm 80–90 lm

Mean number of samples 35,000 6000 3000 400

Estimated statistical errors 0.8% 1.2% 2.5% 7.3%
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reported in Table 2. The size class 80–90 lm appears to be penalized by a lack of samples resulting
in statistical errors reaching 7%. Nevertheless, gas–droplet turbulent velocity correlations of the
other size classes are obtained with a reasonable accuracy.

3.1.1. Fluid velocity ‘‘seen’’ by the drops, validation of the measurements
We now propose to check the coherence of the results obtained at X ¼ 20d0, by analysing the

mean transverse velocity of the fluid (eVVG) ‘‘seen’’ by four different size classes of drops. The ve-
locity of the continuous phase, (VG), is calculated from the corrected data of the size class 0–5 lm.

As the sampling of the tracers in the measurement volume is non-regular, statistics directly
carried out on rough data can involve a bias on the velocity measurement (Petrie et al., 1988).
Moreover in our configuration, this bias is coupled with the effects of the conditional seeding of
the gas phase (see Section 2.2). This conditional seeding is a well-known source of bias in the
velocity measurements. Previous experimental studies (Lehman, 1986; Sautet, 1992) showed that
the lack of seeding of the surrounding air implied an overestimation of the mean velocity of the
gas phase at the edges of the jet (r=X > 0:11). The transverse mean velocity is most sensitive to the
conditional seeding and can be overestimated up to 200% at the edges of the jet (Lehman, 1986).

In the present case, the flow being confined laterally, a small recirculation due to air entrain-
ment brings oil droplets close to the edge of the jet. Therefore there is a clear difference of seeding
between the jet and the surrounding air.

We proposed a method (Ferrand, 2001) to correct both the statistical bias due to the non-
regular sampling of the tracers and the errors introduced by the conditional seeding.

This correction is based on the temporal reconstruction of the turbulent signal of the contin-
uous phase. The statistics, which are now calculated from regularly sampled data, are not affected
by the arrival time of the tracers in the measuring volume. In the same way these statistics are less
sensitive to the non-homogeneous distribution of the tracers.

Radial profiles of the mean transverse velocity of the fluid ‘‘seen’’ by the drops (eVVG), calculated
for four different size classes, can be found in (Ferrand, 2001). These radial profiles exhibit a
maximum value located around r=x ¼ 0:1. For the sake of brevity we will focus on this maximum
value of eVVG and VG (the mean transverse velocity of the fluid), which contain basic information
useful for the discussion. All the results are reported in Table 3.

The fluid velocity ‘‘seen’’ by the drops is clearly different from the gas velocity (last column in
Table 3) and this gap is more pronounced for the small droplets (a factor 3 for the size class 5–10
lm). This property is linked with the non-homogeneous distribution of the drops injected only in
the jet fluid. The small drops, responsive to the gas fluctuations (see Stokes numbers in Fig. 3)
follow the turbulent structures of the jet. We therefore find them preferentially in the outgoing
structures (eVVG > VG), while the external fluid entrained by the jet contains no drop. This effect is
all the more pronounced as the Stokes number of the drops is small. On the contrary, the drops of
the class 80–90 lm, insensitive to most of gas fluctuations, are located indifferently in the outgoing

Table 3

Maximum value of the mean transverse velocity of the fluid seen by different drop size classes (X ¼ 20D0, r=X 	 0:08)

Size class 5–10 lm 20–30 lm 50–60 lm 80–90 lm Air (tracers corrected)

ðeVVGÞmax (m s�1) 0.6 0.45 0.3 0.2 0.18
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or re-entering turbulent structures. Thus, there is no correlation between the location of these
drops and the gas velocity and the averaged velocity ‘‘seen’’ by the large drops should be equal to
the local mean velocity of the carrier phase (eVVG 	 VG). Table 3 shows that eVVG tends toward VG as
D increases. This validates the statistical reconstruction of the fluid velocity ‘‘seen’’ by the particles
presented here.

3.2. Results and discussion

3.2.1. Radial profile of the gas–droplet turbulent velocity correlations (X ¼ 20d0)
Once the fluid velocity ‘‘seen’’ by the drops is extracted from the temporal reconstruction of the

gas phase velocity, it is then possible to calculate the gas–droplet turbulent correlations. First we
present radial profiles (X ¼ 20d0) of the turbulent correlations for four different size classes and
give some comments on the behaviour of these different correlations. Then, the results are ex-
ploited in the high shear zone of the jet in order to analyse the simplified form of the particle
kinetic stress equation.

The radial profiles of the fluid–particle correlations huGudid, hvGvdid, huGvdid and hvGudid are
plotted respectively in the Fig. 9a–d. From a general point of view, we observe that the droplets
responsive to the turbulence of the fluid (see the longitudinal evolution of the Stokes number)
present strong turbulent correlations with the continuous phase (close to the Reynolds stresses of
the fluid), contrary to the big drops of stronger inertia. The longitudinal, radial and shear fluid/
particles correlations huGudid, hvGvdid, hvGudid and huGvdid decrease when increasing the Stokes
number.

Moreover one can note that the longitudinal and the shear turbulent correlations (huGudid,
huGvdid) are comparatively higher than the transverse turbulent correlations hvGvdid. These
properties are well highlighted by the Table 4 indicating the values of the turbulent correlations in
the high shear zone of the jet (details concerning this region are given in the following section).
One can note that the behaviour of the normalised coefficients huGvdid=huGvGi, huGvdid=huGvGi
and hvGudid=huGvGi is strongly linked with the Stokes number: as soon as St 	 Oð1Þ, these co-
efficients tend towards the unity. Table 3, Fig. 9c and d show also that the turbulent correlations
hvGudid are more sensitive to the turbulence of the fluid than huGvdid so that hvGudid are slightly
higher than huGvdid (Simonin et al., 1995). The fluid–particle correlation tensor is therefore non-
symmetrical.

3.3. Particle kinetic stress equation: analysis in the high shear region of the jet and validation of the

gas–droplet correlation measurements

The data relative to the dispersed phase, provided by the phase Doppler technique, lend
themselves well to a physical analysis related to the Eulerian approach. In this approach, the
dispersed phase is considered as a continuous field and transport equations of the volume frac-
tion, the momentum and kinetic stresses are solved for each size-class, as for the gas phase. From
now, the operator h�id will denotes an average on the statistic properties of the size-class d.

According to the Eulerian model presented by Simonin et al. (1995), the kinetic stress equation
of the dispersed phase (hududid, hvdvdid, hudvdid) can be simplified in the shear region of the jet. The
resulting equations provide simple relations between the kinetic stress of the drops and the tur-
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bulent fluid/particle correlations. The simplifications of these equations are based on several as-
sumptions. The objective of this section is to show that these assumptions are correctly validated

(a) (b)

(c) (d)

Fig. 9. Radial profiles of the gas–droplet turbulent velocity correlations for the different droplet size-classes, X ¼ 20d0:
(a) longitudinal fluid–particle correlations huGudid; (b) radial fluid–particle correlations hvGvdid; (c) shear fluid–particle
correlations huGvdid; (d) shear fluid–particle correlations hvGudid. Correlations of the size-class (0–5 lm) are corrected

by the �reconstruction� technique and correspond to the respective gas Reynolds stresses huGuGiG, hvGvGiG and huGvGiG.

Table 4

Gas–droplet correlation coefficients according to the Stokes number, on the high shear region r=X ¼ 0:08

Size class 5–10 lm 20–30 lm 50–60 lm 80–90 lm

Stokes number 0.012 0.51 2.10 3.30

huGudid=huGuGi 1 0.91 0.63 0.54

hvGvdid=hvGvGi 0.93 0.72 0.46 0.22

huGvdid=huGvGi 1 0.86 0.61 0.57

hvGudid=huGvGi 1 0.99 0.7 0.64
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by the experimental results and that the measured turbulent fluid/particle correlations satisfy these
equations.

The particle kinetic stress equation for discrete solid particles suspended in a turbulent flow can
be found in Simonin et al. (1995). In a stationary axisymmetric particle laden jet, equations for
hududid, hvdvdid, read respectively:

Ud

ohududid
oX

þ Vd
ohududid

or
¼ �2 hududid

oUd

oX

�
þ hudvdid

oUd

or

�
� 1

ad

oadhudududid
oX

�

þ oradhududvdid
ror

�
� 2

sd
ðhududid � huGudidÞ ð3:1Þ
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þ Vd
ohvdvdid

or
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þ hvdvdid

oVd
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�
� 1

ad

oadhudvdvdid
oX

�

þ oradhvdvdvdid
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� 2adhvdwdwdid
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�
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sd
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The first term on the right-hand side of (3.1) and (3.2) represents the production from the particle
mean velocity gradient. The second term is the transport of kinetic stress by the particle velocity
fluctuations. The third term is an approximate form of the turbulent momentum transfer rate
from the fluid turbulent motion. The first part of this contribution, proportional to the particle
kinetic stress hududid and hvdvdid, respectively, is a sink term due to the drag force. Conversely, the
second part of this contribution, proportional to the fluid-particle turbulent correlation huGudid
and hvGvdid, respectively is a source term representing the dragging of the particle by the fluid
turbulence.

Using the classical boundary layer assumption and experimental observations on statistics of
the radial particle velocity, Simonin et al. (1995) and Pr�eevost et al. (1996) demonstrated that Eq.
(3.2) can be significantly simplified and reads:

hvdvdid 	 hvGvdid ð3:3Þ

Eq. (3.3) indicate that the dragging of the particles by the fluid turbulence controls the transverse
kinetic stresses of the particles.

The measured quantities in the high shear region (r=X ¼ 0:08) of the profile X ¼ 20d0 are
shown in Fig. 10a. The expected statistical error bars are reported on the graphs. Fig. 10a indi-
cates the behaviour of the radial droplet kinetic stress hvdvdid versus droplet sizes. Its value re-
mains smaller than the corresponding fluid Reynolds stress hvGvGi and decreases progressively as
the droplet diameter increases. One can observe, moreover, that the measured radial kinetic stress
hvdvdid lies very close to the measured transversal gas–droplet correlation hvGvdid, in accordance
with the simplified Eq. (3.3).

Eq. (3.1) cannot be so easily simplified as transport and production term are not negligible all
over the radial profile of the jet. Nevertheless, one can show that the production term is dominant
in the high shear region (Hussein et al., 1994). In that region, the longitudinal kinetic stress
equation (3.1) can be simplified in Simonin et al. (1995):

hududid 	 huGudid � sdhudvdid
oUd

or
ð3:4Þ
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Fig. 10b represents the evolution of the longitudinal droplet kinetic stress hududid for the dif-
ferent size classes. It is observed, in contrast to the transverse fluctuations, that hududid remains
equivalent to the corresponding fluid Reynolds stress huGuGi for droplet diameters smaller than
50 lm (St 
 1 or St ¼ Oð1Þ) and grows for the larger size classes (St � 1).

We saw (Fig. 9a) that the correlations huGudid decrease continuously when the droplet size
increases. Therefore, the difference between the longitudinal droplet kinetic stress hududid and the
corresponding gas–droplet correlation huGudid increases as droplet size increases. Following Eq.
(3.4), this difference is expected to be due to the mean gradient production term
ð�sdhudvdidoUd=orÞ. One can observe that the experimental measurements are in good agreement
with that prediction. In the high shear region of the jet, the production of the longitudinal kinetic

(a) (b)

(c)

Fig. 10. Evolution of the droplets kinetic and shear stresses and the corresponding gas–droplet correlations according

to the droplet size. Validation of the simplified Eqs. (a) (3.3), (b) (3.4) and (c) (3.5) in the high shear region (r=X ¼ 0:08)
of the jet, X ¼ 20d0.
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stress by the mean particle velocity gradient is then the main contributor to the difference between
hududid and huGudid. This production term, absent from the radial droplet kinetic stress hvdvdid
determination, is the source of the strong anisotropy observed for the droplet fluctuating motion
in such shear flows (Hishida et al., 1992; F�eevrier and Simonin, 1998).

As phase Doppler measurements are performed with a two-component laser, information are
also available for the droplet shear stress hudvdid. Using a comparable simplification than for Eq.
(3.4), valid for a stationary high shear flow, the particle shear stress equation can also be written:

hudvdid 	
1

2
ðhuGvdid þ hvGudidÞ �

sd
2
hvdvdid

oUd

or
ð3:5Þ

However one can observe in Fig. 10c that the droplet shear stress hudvdid estimated from the
gas–droplet correlations (huGvdid and hvGudid) and the production term (Eq. (3.5)) overestimates
the magnitude of hudvdid for large particle classes (D < 50 lm).

Fig. 10a–c provide a satisfactory validation both for the phase Doppler measurements and for
the post processing of the data: temporal reconstruction of the turbulent signal, correction of the
bias due to the conditional seeding and extraction of the fluid velocity ‘‘seen’’ by the particles.
Moreover these experimental measurements confirm the assumptions used to write the simplified
form of the particle normal stresses equations in the high shear region of the jet.

4. Contribution of the fluid–particle correlations on the turbulent interaction between phases

This section is dedicated to the attenuation term, P, which complements the classical expres-
sion of the transport equations for single-phase flows (see Eqs. (1.1)–(1.3)). More precisely the
objective is to provide the radial evolution (X ¼ 20d0) of the terms PGhuui , PGhvvi and PGhuvi , and to
estimate the weight of the fluid–particle correlations on the ‘‘direct’’ turbulent interaction between
the particles and the surrounding fluid.

Following the Eulerian approach proposed by Simonin et al. (1995), the direct interaction
terms between the fluctuating flow of the gas phase and the drops of a given size class d, are
written as:

PGhuuid ¼ � adqL

qG

2

sd
½huGuGid � huGudid � huGidhUG � Udid� ð4:1Þ

PGhvvid ¼ � adqL

qG

2

sd
½hvGvGid � hvGvdid � hvGidhVG � Vdid� ð4:2Þ

PGhuvid ¼ � adqL

qG

1

sd
½2huGvGid � ðhuGvdid þ hvGudidÞ

� ðhuGidhVG � Vdid þ hvGidhUG � UdidÞ� ð4:3Þ

One can note the competitive roles played by the drop time constant (sd) and the local concen-
tration of its size class (hCmdi ¼ adqL): the drop distribution used in our configuration implies that
hCmdi decreases (see Fig. 4) whereas 1=sd increases when the size class decreases.

The terms between brackets (for instance in Eq. (4.1)) correspond respectively to the Reynolds
stress of the fluid ‘‘seen’’ by the particles, huGuGid and to the turbulent correlations between the
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velocity of the drops and the continuous phase huGudid. The term huGidhUG � Udid, relative to the
exchange with the mean flow, can be neglected in our configuration (Ferrand, 2001).

Owing to the temporal reconstruction of the fluid velocity we verified (Ferrand, 2001) that the
Reynolds stress of the fluid ‘‘seen’’ by the particles can be correctly approximated by the ‘‘clas-
sical’’ fluid Reynolds stress (huG;iuG;jid 	 huG;iuG;ji), as generally assumed in the models (Simonin
et al. (1995)).

Since the fluid–particle correlations are lower than the corresponding fluid Reynolds stress
(Section 3), PGhuuid , PGhvvid and PGhuvid are negative terms that contribute to a decrease in the
turbulence intensity of the continuous phase. This observation is consistent with the expected
behaviour of the drops present in the jet, insofar as their size is low compared to the integral scales
of turbulence, and their Reynolds numbers remain always small (Rep < 100) (Hetsroni, 1989;
Gore and Crowe, 1989).

For each size class, the results concerning the local liquid mass fraction and the fluid–particle
correlations have been gathered to calculate the terms of direct interaction between phases. Radial
profiles of PGhuui , PGhvvi and PGhuvi are presented in Fig. 11a–c respectively, after summing on all the
size classes.

(a) (b)

(c)

Fig. 11. (a–c) Radial profile of the turbulent attenuation terms
P

classesPGhuui ,
P

classesPGhvvi and
P

classesPGhuvi (X ¼ 20d0).
Comparison with the estimation obtained when neglecting the contribution of gas–droplet correlation.
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The attenuation terms PGhuui , PGhvvi play an important role near the jet centreline where the
liquid concentration reaches a maximum value (see Fig. 4), whereas PGhuvi is maximum in the high
shear regions of the jet. To check that P is significant when compared to the production term, the
ratio ðPGhuuiÞmax=ðPGhuuiÞmax has been calculated on the radial profile (Ferrand, 2001) and reaches
a maximum value of 20%. This value is quite moderate because of the decrease in liquid con-
centration at this axial location, but its proves that direct interaction with turbulence has to be
taken into in the models, especially for a correct prediction of the dense regions of such a two-
phase flow.

To be more complete, we compare these radial profiles of P with the estimation of the at-
tenuation terms usually found in the literature, when neglecting the fluid–particle correlations in
Eqs. (4.1)–(4.3). The graphs, superimposed in the Fig. 11a–c, clearly show that these estimations
really overestimate the magnitude of the attenuation terms (respectively by a factor 2.5, 1.6 and 3
for PGhuui , PGhvvi and PGhuvi). Following this assumption, a ratio ðPGhuuiÞmax=ðPGhuuiÞmax of ap-
proximately 50% would be predicted here for example. Any prediction based on such hypothesis
would therefore strongly fail.

Hence, these results demonstrate experimentally that one key point for the prediction of tur-
bulence attenuation by droplets is the prediction of gas–droplet correlations.

5. Concluding remarks

Analysis of gas–droplet turbulent velocity correlations and two-phase interaction in an axi-
symmetric jet were presented in this paper. The experimental configuration is a turbulent, droplet-
laden jet, where the initial liquid mass loading (73%) is large enough to modify the mean and
fluctuating velocity fields of the carrier phase. This effect, referred as ‘‘two-way coupling’’, has
been clearly observed and the turbulence attenuation by the dispersed phase was quantified ()19%
for the centreline turbulent kinetic energy at 20 diameters from the jet exit).

Statistics of the fluid velocity seen by the particle are particularly important in understanding
fluid–particle interaction. They have been determined owing the temporal reconstruction of the
gas phase velocity provided by phase Doppler data. This method was applied at 20 diameters
from the jet exit. Since the particle diameters cover a wide range, various behaviours have been
observed from the droplets that perfectly follow the fluid (St 
 1) to those non-responsive to most
of gas fluctuations (St � 1). The preferential association of the responsive particles with the
outgoing structures of the jet has been well detected: the mean transverse velocity of the con-
tinuous phase seen by the smallest droplets is locally 300% higher than the mean transverse ve-
locity of the fluid. On the contrary, the mean lateral velocity of the non-responsive particles is
close to the unbiased gas velocity. This result was expected and is a validation of the measurement
procedure.

Following an Eulerian approach presented by Simonin et al. (1995), the equations governing
the particle kinetic stresses were written. They can be simplified in the high shear region of the jet
and the resulting equations provide simple relations between the kinetic stresses of the drops and
the turbulent fluid/particle correlations. Our measurements are in good agreements with the
predicted trends. The radial droplet kinetic stress hvdvdid decreases progressively as the droplet
diameter increases. hvdvdid lies very close to the measured transversal gas–droplet correlation
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hvGvdid. The radial droplet kinetic stress is thus mainly controlled by dragging from fluid tur-
bulence. In contrast to the transverse fluctuations, the longitudinal correlation hududid remains
equivalent to the corresponding fluid Reynolds stress huGuGi for droplet diameters smaller than 50
lm and grows for the larger size classes. On the other hand the correlations huGudid decrease
continuously when the droplet size increases. Therefore, the difference between hududid and
huGudid increases with the droplet size. According to the theory, we showed that this difference is
mainly du to the production of longitudinal kinetic stress by the mean particle velocity gradient.
This production term, absent from the radial droplet kinetic stress hvdvdid, is the source of the
strong anisotropy observed for the droplet fluctuating motion in such shear flows.

The terms PG;ij, relative to the turbulent kinetic energy transfer from the particles to the gas,
have been calculated for the radial profile X ¼ 20d0. Such results require both the knowledge of
the fluid–particle correlations and the local concentration of the liquid phase per size class (these
data were provided owing a coupling method (Ferrand et al., 2001) between the phase Doppler
technique and laser induced fluorescence). PGhuui and PGhvvi are negative terms that contribute to a
decrease in the turbulence intensity of the continuous phase. The direct attenuation is propor-
tionally more pronounced for the transversal component and this anisotropy is probably linked to
the fact that the fluid–particle correlations are less important in that direction. PGhuvi is maximum
in the high shear region of the jet. This result confirms the marked effects of the direct interaction
between phases on the shear Reynolds stress and afterwards on the radial turbulent diffusion.

Finally, for the first time to our knowledge, the weight of the fluid–particle correlations on the
direct turbulent interaction between phases has been evaluated experimentally. Neglecting the
fluid–particle correlated motion leads to overestimate the magnitude of the attenuation terms
(respectively by a factor 2.5, 1.6 and 3 for PGhuui , PGhvvi and PGhuvi). Hence, these results demon-
strate that one key point for the prediction of turbulence attenuation by droplets is the prediction
of gas–droplet correlations.
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