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Abstract

The Phase Doppler Anemometry (PDA) technique is suitable for spherical particle concentration and
local flux measurements in dispersed two-phase flows. When particles have three-directional paths, accurate
measurements can be achieved if an integral method of calculation over the effective probe volume and an
efficient auto-calibration process are employed. An experimental study is carried out on an axisymmetric
two-phase jet. A post-processing of the measurements has been developed to obtain a quite complete
characterisation of the particle dispersion throughout the flow. The axial local flux distribution is nor-
malised on the transversal sections with the injected mass rate for each particle size class (by means of
correction coefficients). Particle concentration and radial fluxes are calculated from the axial flux and ve-
locity results. A balance of particles over a cylindrical volume permits to calculate further estimates of the
particle radial flux, used for testing of the results. The detailed study of the spatial distribution of particles
has been made up to 10 nozzle diameters (10D) from the jet exit, in five transversal sections. The local axial
flux profiles show two development sub-zones: (i) the near to nozzle zone is dominated by the exit con-
ditions. Mainly, a wide distribution of particle path directions produces a strong radial particle transference
(directional classification); (ii) the second sub-zone shows a more regular development controlled by the
drag of the mean gas velocity field together with radial particle transport by gas turbulence, rebounding
crashes of particles and other effects. � 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

There is an increasing interest in the detailed measurements of the particle spatial distribution
in industrial two-phase flows (e.g. combustion, powder production). In fact, the physical fields
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that describe the particle distribution along the flow (e.g. mean particle concentration and mean
flux) are some of the most important quantities of the multiphase problems.
Since the beginning, Phase Doppler Anemometry (PDA) has been considered as a use-

ful technique for the concentration and flux measurements of spherical particles (Durst and
Umhauer, 1975; Saffman et al., 1984). Several elements are necessary to obtain reliable results.
These are:

(i) Accurate measurements of particle parameters (as velocity, diameter, transit time, etc.).
(ii) Suitable algorithms for flux and concentration calculation as well as auto-calibration tech-
niques of probe volume geometry.
(iii) Correction techniques for errors caused by an inaccurate validation of the particle signal.
Multiple effects (burst splitting, multiparticle signals, low SNR and so on) cause this variation
of the signal number.

The reliable measurement of particle parameters is the subject of numerous basic works about
the technique and, therefore, this topic is not analysed in this paper.
Concentration and particle flux calculations need either the number of particles that cross

the effective cross-section of the probe volume or other equivalent procedures (e.g. the so-called
integral methods). As well as the calculations, probe volume size must be calibrated for each
measurement point. A few fundamental studies have been devoted to this subject (Saffman, 1987;
Qiu and Sommerfeld, 1992; Zhu et al., 1993; Sommerfeld, 1997).
Sometimes, the quasi one-directional particle movement hypothesis is used to simplify the

calculation and calibration procedure. This approximation leads to significant errors when par-
ticle paths deviate from the direction of the velocity component measured by the PDA (Garc�ııa,
2000). We have called this effect the directional bias. So, only the methods based on the inte-
gration of the Doppler envelope (integral methods) are discussed. Theoretically, these algorithms
can measure one component of the particle flux without errors. The residual bias induced by a
wrong auto-calibration of the probe volume size is analysed and bounded in Section 2.
Under the common denomination of ‘‘validation errors’’ (in a broad sense), one refers to all

those errors that change the number of particles counted by the PDA and alter the measure of flux
and concentration. In particular, this includes phenomena that cause the multiple count of a single
particle (e.g. burst splitting) (Van Den Moortel et al., 1997). Likewise, other errors that imply the
loss or rejection of the signal generated by a particle are considered: the presence of several si-
multaneous particles in the measurement volume, signals with low SNR and others. In any case,
different papers report strong bias in the flux integrated in the section normal to the stream
preferential direction regarding the injected one (Dullenkopf et al., 1998; McDonell and
Samuelsen, 1998). In the experimental part of this work, the measurements obtained by the PDPA
are post-processed in order to reduce the underestimation of the flux. The developed correction is
applicable to flows without breaking or particle evaporation.
Several experimental works about particle-laden jets or sprays include profiles of local axial flux

or particle concentration. These data are applied to the description of the spatial particle distri-
bution, calculations of dispersion parameters or comparisons with numerical models (Hishida and
Maeda, 1990; Hishida et al., 1989, 1992; Pr�eevost, 1994; Heitor and Moreira, 1994; Sommerfeld,
1997).
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In Section 3, a more complete characterisation procedure of the distribution and dispersion of
spherical glass particles in a turbulent air jet is exposed. Particle local axial flux and velocity data
supplied by a TSI-Aerometrics PDPA are post-processed to calculate a corrected axial flux (with
minimised validation errors), the particle concentration and the radial flux. The measurement
algorithm for the radial flux is one of the novelties of this paper. In this section also, a complete
description of axial flux profiles (for five jet cross-sections and each size class) is expounded. The
flux correction is made in order to reduce the measurement error as well as to improve the de-
termination of particle dispersion parameters. Finally, several characteristic radii are proposed, as
the radius that contains a percentage of the total injected flux and radius averaged over the jet
cross-section.

2. Measurements on two-phase flows with multidirectional particle paths

For a one-component PDPA, concentration and particle flux calculation methods based on the
counting of particles that cross the probe volume effective cross-section are suitable only with the
one-directional particle movement hypothesis. Nevertheless, when particle path directions deviate
from the direction of the velocity component measured by the PDPA, concentration and flux
calculations are biased. This effect is called the directional bias by us. Particle trajectory deviations
could be caused by several effects, as changes of the mean movement direction along the flow or a
wide distribution of particle directions induced by the continuous phase turbulence (see Fig. 1).
When particles deviate significantly, methods that evaluate without bias flux and concentration

of three-directional two-phase flows (derived from the first ones) must be used. So, only these
integral methods are discussed in this paper. Following the technique developed by Sommerfeld,
1997, concentration and flux are calculated by means of the integration of an arbitrary function of
the Doppler envelope over the effective probe volume. The effective probe volume size must be
estimated by a previous calibration stage. Again, the calibration procedure could be affected by
the directional bias effect. Errors induced by a wrong calibration are calculated and bounded.

Fig. 1. Scheme of the directional bias phenomenon.
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2.1. Calculation methods

The direct formulation based on the effective cross-section Aik of particles of diameter Di and
path direction nk is defined by these formulae:

uNxi ¼
1

Dt

X
8k

Nik

Aik
~nnx~nnk
� �

� Number flux for particles of ith size class;

CNi ¼
1

Dt

X
8k

1

Aik

X
8j

1

Uikj
� Number concentration for particles of ith size class;

ð1Þ

where Dt is the measurement time, Nik is the number of detected particles with direction nk and size
Di that cross the cross-section Aik and Uikj is the velocity modulus of the jth particle of the class
ði; kÞ.
Sommerfeld and Qiu (1995) have developed a method derived from formulation (1) to evaluate

particle concentration and flux efficiently and accurately. The work of Sommerfeld exposes the
method by means of the integration of the Doppler envelope of particles that cross the probe
volume. A more general formulation of the integral methods is proposed in this paper. The
Generalised Integral Method (GIM) (Calvo et al., 2000) comprises all formulations of these
methods and is expressed by means of an arbitrary function of the Doppler signal envelope. The
calculations are given as:

CNi ¼ 1
Dt

P
8kj

IfikjR R R
Voli

f ðViðx;y;zÞÞ dVol

uNxi ¼ 1
Dt

P
8kj UxikjIfikjR R R

Voli
f ðViðx;y;zÞÞ dVol

with Ifikj ¼
Z
tikj

f Vijkðt
� �

dt; ð2Þ

where VikjðtÞ is the Doppler envelope of the particle ði; k; jÞ, Ifikj is the concentration integral
parameter (a temporal integral of the function over the particle transit time, tikj), Uxikj is the
measured velocity x-component and

R R R
Voli

f ðViÞdVol is a spatial integral over the effective
probe volume for particle diameters Di.
These integral methods are valid for any probe volume shape. For a PDA, the spatial distri-

bution of the laser light intensity causes the probe volume to be an ellipsoid.
Once the arbitrary function f ðV Þ is defined and the probe volume Voli is calibrated for each

point and particle size Di, the temporal integral of each signal Ifikj can be easily evaluated, as well
as the spatial integral. So, all the necessary information to evaluate the averaged concentration
and flux can be obtained by a PDA of one component. This allows one to make the equipment
easier and cheaper at the cost of a more complex signal processing system.
Integral methods developed on commercial systems can be formulated as particular cases of

GIM. The Integral Value Method (IVM) (Sommerfeld and Qiu, 1995; Qiu and Sommerfeld, 1992)
is obtained when the function of the Doppler envelope is equal to the envelope signal f ðVikjÞ ¼ Vikj.
The Transit Time Method (TTM) (Zhu et al., 1993) is obtained from the GIM formulation

when the function is equal to 1, f ðV Þ ¼ 1. As one can see easily, the concentration integral pa-
rameter is equal to the particle transit time tikj, and the spatial integral is the probe volume Voli.
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TTM has been implemented on the TSI-Aerometrics PDPA. Reduced expressions of these par-
ticular methods are given in Table 1.

2.2. Auto-calibration techniques

Integral methods and GIM expressions provide efficient concentration and flux evaluation
algorithms. Indeed, all information can be obtained by a PDA of one component. However, as
shown in Fig. 2, probe volume geometry must be known to do the spatial and temporal averaging
process.

Fig. 2. Probe volume geometry.

Table 1

Particular integral methods for concentration and flux measurements

Measurement technique Expressions

Integral Value Method (IVM) (Sommerfeld, 1993)
CNi ¼

1

Dt

P
8kj IntikjR R R

Voli
Viðx; y; zÞdVol

and

uNxi ¼
1

Dt

P
8kj UXikjIntikjR R R

Voli
Viðx; y; zÞdVol

;

where

Intikj ¼
Z
tikjVikjðtÞ dt

andZ Z Z
Voli

Viðx; y; zÞdV ¼ pr20LZ

2
VT exp 2

r2Ti
r20

	 
�
� 1

�

Transit Time Method (TTM) (Zhu et al., 1993) CNi ¼
1

Dt

P
8kj tikj
Voli

; where Voli ¼ pr2TiLZ
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The particle signal level depends on several variables, such as the particle diameter Di,
photomultipliers excitation, system gain, reception optics, light attenuation through the flow and
others. This complex dependency suggests to make a probe volume calibration for each mea-
surement point. It must be noted that for a measurement point and a fixed trigger level VT , the
probe volume radius is a function only of the particle diameter rT ðDiÞ. The probe volume length LZ

is determined only by the reception optics.
Different auto-calibration methods for rTi that use measured particle signal parameters have

been developed for each PDA model.
A very simple and stable method is implemented on the PDPA of TSI-Aerometrics (Zhu et al.,

1993) used in the experimental part of this work. It estimates the probe volume radius as one half
of the largest burst spatial length Likj ¼ Uikjtikj.

2.3. Evaluation and bounding of directional bias

When particle directions are not the ones assumed by the concentration calculation methods
and auto-calibration stage, these techniques are affected by the named directional bias. These
errors have been evaluated for the most common measurement systems and one-directional
particle motion by Calvo et al. (2000). In this paper, only TTM and Aerometrics calibration errors
are given in order to bound the Aerometrics PDPA measurement bias.
For a PDPA of one component and a one-directional flow with particle path direction nðh;wÞ

(see Fig. 3), Aerometrics’ calibration measure a biased probe volume radius rTiM . It is related to
the actual one rTi by the expression

rTiM ¼ rTij sinwj: ð3Þ

This error could happen when particles have a directional distribution with a maximum deviation
of p=2� wmin.
The decrease of the estimated radius creates a bias of the concentration calculated by TTM

(Calvo et al., 2000) equal to

Fig. 3. Definition of particle path direction nðh;wÞ.
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eCi ¼
r2Ti
r2TiM

� 1: ð4Þ

Error eCi is plotted vs. the angle w in Fig. 4. It must be noted that if the probe volume calibration is
accurate, TTM (and GIM formulation) have no directional bias. This error evaluation is used to
bound measurement errors of flows with a known particle direction distribution. The deviation
p=2� wmin is estimated as the angle such that there is a significant percentage of particles in the
interval of wðwmin; p=2Þ.

3. Experimental study of a particle-laden jet

3.1. Experimental set-up

Concentration, particle flux and other variables have been measured in an axisymmetric air jet
laden with glass spheres of density qP ¼ 2450 kg=m3. The jet is discharged through a pipe of
about 1 m length ending in a nozzle of diameter D ¼ 12 mm, area contraction ratio rAo=Ai ¼ 5:14
and length 75 mm. The detail of the nozzle geometry is shown in Fig. 5.
Airflow is measured by an orifice meter and controlled by a computer that drives a pneumatic

valve. In order to measure the gas velocity, air is seeded with alumina powder whose mean di-
ameter is 0.5 lm. A vibrating device controls carefully the injection of spherical particles with
an error of 1.5%. Both air and glass spheres are injected through the upper intake of the pipe.
The flow develops in a square transparent chamber of dimensions 480� 480� 1000 mm3. A low
velocity secondary air flow (co-flow) of velocity 0.2 m/s is supplied into the confinement chamber.
A detailed scheme of the chamber, reference and air control appears in Fig. 6.
Particle velocity and diameter are measured by means of a two-component TSI-Aerometrics

PDPA with FFT signal processors mod. 3100. Light to the optical transmitter and from the

Fig. 4. TTM concentration bias vs. path direction.
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receiver is conducted by an optical fibre. A 2D mechanism controlled by computer moves the
whole optical system. Forward scattering is detected, with direction detection at 30� from the
transmitter optical axis.
The PDPA software measures particle flux and concentration by means of the TTM algorithm.

The measurement volume calibration is performed by the Aerometrics auto-calibration.
The experimental study has been carried out in a domain extending from the exit nozzle to 10

nozzle diameters downstream (10D). This zone includes the initial development of the two-phase
jet. Flow magnitudes have been measured in sections xþ ¼ x=D ¼ 0:5; 2.5; 5.0; 7.5 and 10. Particle

Fig. 6. Scheme of the experimental facility and reference system ðx; rÞ.

Fig. 5. Nozzle geometry.
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concentration and flux are obtained for five diameter classes from 50 to 100 lm with width equal
to 10 lm. For each measurement point, the number of samples is greater than 15,000 particles in
order to obtain more than 1000 measured particles for each particle diameter class. The char-
acteristic Stokes number ðStÞ for the air–particle interaction goes from 6 to 30. The flow time scale
used to estimate the Stokes number is the characteristic time of turbulent large scales.
All measurements of dispersal phase quantities (e.g. velocity, size, flux and concentration of

glass spheres) have been made in the absence of tracers for the gas phase (not alumina powder
present at all).
Just the gas velocity field measurements of the two-phase jet have been made seeding the air

with alumina. These measurements are included in Figs. 8 and 22 to state the study conditions.
Since there is no glass spheres of diameter less than 10 lm (see Fig. 7), signals with measured size
under 10 lm are considered as alumina Doppler bursts.
Jet injection conditions are defined by an air velocity of 15 m/s and a particle–air mass ratio of

rM ¼ 0:3. Sphere size distribution, air and dispersed phase velocity profiles and particle flux at the
nozzle exit are given in Figs. 7–9. More than the 90% of particles are quite and perfectly spherical.

3.2. Particle flux and concentration measurement procedure

Starting from the measurements of the local volume axial flux of each particle size class
uXi (supplied by the PDPA system), a procedure to obtain the most complete description of
particle distribution in the studied domain is developed. The corrected volume local axial flux
gxi, the particle volume concentration CVi and the corrected volume radial flux gri are obtained
for each particle diameter class. The measurement procedure is detailed in the following para-
graphs. A test of consistency has been made through the comparison of two different evaluations
of radial flux.

Fig. 7. Number pdf of particle size.
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3.2.1. Axial flux
Particle axial flux uXi has been measured over the radius of each jet cross-section. The most

exterior point of the jet periphery corresponds to a measurement time longer than 30 min. Flux
profiles have been tested to detect problems. In particular, the particle mass conservation along
the jet is examined. The total mass flux of particles with size Di throughout each jet section x ¼ xj
is calculated as the integral of the local axial flux profile uXi over the section (applying the axi-
symmetric hypothesis). The integrated mass flux over the section xj is compared with the con-
trolled injected mass per unit time Gi. This allows us to detect an axial flux underestimation.
Particle mass conservation for each particle diameter must happen in this flow, without particle
breaking and mass transfer between both phases (glass spheres and air).

Fig. 8. Exit velocity profiles ðx=D ¼ 0:5Þ.

Fig. 9. Profile of volume axial flux at nozzle exit ðx=D ¼ 0:5Þ.
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There are several effects that alter the flux and concentration measurements, as:

(i) Losses of signal due to an inaccurate validation process:
(a) Signals of low SNR.
(b) Multiparticle signals.

(ii) The ‘‘burst splitting’’ phenomenon.
(iii) The ‘‘directional bias’’ effect.

Flow characteristics as particle concentration, light path length crossing the flow, the probe
volume size and other PDA operation parameters set these effects.
Some of the error sources listed before have been estimated. Thereby, the error in the con-

centration due to the ‘‘directional bias’’ is less to one per cent in the most unfavourable point. On
the other hand, the burst splitting phenomenon amounts to less than three per cent of the signals,
according to thorough inspection of the acquired signals.
The relative weight of all effects can cause an over or underestimation. In this two-phase

jet, the axial flux is underestimated by around 20%. This deficit is slightly different in each
cross-section, but it goes from 26% at the exit section ðx=D ¼ 0:5Þ to 15% at the section x=
D ¼ 10.
Some of the errors that could modify the profile shape along the cross-section (burst splitting,

multiparticle signals, directional bias) generate a low bias value. Other validation errors that also
depend on the concentration could alter the flux profile shape. Because there is not available, at
the present day, suitable algorithms to correct all those effects, it is not possible to evaluate the
exact profile. Under these conditions, a post-processing which equates the integrated mass flux
over each section to the injected mass rate is applied (for each particle size class) in order to
correct the local flux profiles. This correction can be used in flows with low or medium single
phase density and without breaking particles or mass transfer between phases. On the other hand,
a test of the measurement quality is made in this paper, comparing two ways to obtain the inte-
gral radial flux.
The measurements of axial flux uxi of the ith size class have been normalised with the injected

volume rate Gi. The normalisation coefficients Kij of each transversal section of position x ¼ xj are
obtained as

Gi ¼ Kij

Z 1

0

uxiðr; xjÞ2prdr: ð5Þ

The local flux has been corrected, using the Kij coefficients.

gxiðr; xjÞ � Kijuxiðr; xjÞ: ð6Þ

In the attached graphs, the results of the flux normalisation for the local axial flux in the trans-
versal section at x ¼ 2:5D from the nozzle are shown. Radial semiprofiles of the normalised
axial local flux are plotted in Fig. 10 for each ith size class. Fig. 11 shows the normalisation co-
efficients at this section. Profiles of corrected local axial flux are compared with the direct results of
the total particle distribution in Fig. 12. In this section, the flux deficit before normalisation is equal
to 19%.
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3.2.2. Particle concentration
Particle flux and concentration are related by the particle velocities. Indeed, flux can be cal-

culated as the concentration multiplied by an averaged velocity. This averaged velocity is the
spatial main velocity UXijS. From the GIM formulation, the ratio flux/concentration is equal to

uxi

CVi
¼

P
8kj UxikjIfikjP

8kj Ifikj
: ð7Þ

As one can see, each particle velocity is weighted by a factor proportional to the concentration
integral parameter. For the TTM, the particle spatial velocity is the one corrected by the transit
time (Eq. (8))

Fig. 11. Normalisation coefficients at x=D ¼ 2:5.

Fig. 10. Normalised axial flux profiles of each particle size class at x=D ¼ 2:5.
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uxi

CVi
¼

P
8kj UxikjtikjP

8kj tikj
¼ UxijS: ð8Þ

It must be noted that the total volume concentration and flux are obtained as the sum of all size
class concentrations and flux.

CV ¼
X
8i

CVi and ux ¼
X
8i

uxi: ð9Þ

Using this method, the corrected concentration is calculated from the normalised volume flux gxi
instead of the non-normalised. Corrected volume concentration profiles of the section x=D ¼ 2:5
are plotted in Fig. 13.

Fig. 12. Normalised and non-normalised flux profiles at x=D ¼ 2:5.

Fig. 13. Corrected volume concentration profiles of the section x=D ¼ 2:5.

L. A�ıısa et al. / International Journal of Multiphase Flow 28 (2002) 301–324 313



3.2.3. Radial flux
Two estimations of radial flux have been made. In the first evaluation, a balance of particle

conservation is applied in cylinders. These cylinders are centred on the jet axis and bounded
between two transversal sections as Fig. 14 shows. In the second evaluation, the relation with local
flux, concentration and mean velocity corrected by transit time is used.
The balance in the cylinder of radius r between transversal sections x1 and x2 leads to the fol-

lowing expression

Uriðr; x1; x2Þ ¼ Uxiðr; x1Þ � Uxiðr; x2Þ with Uxiðr; xjÞ �
Z r

0

uxiðq; xjÞ2pqdq; ð10Þ

which represents the evaluation of the integrated volume axial flux over a circle of radius r, using
the approximation of axial symmetry, at the transversal section xj. Radial and axial integral fluxes
obtained from the normalised axial flux gx (instead of the non-normalised one ux) are named Gr

and Gx, respectively.
In the second estimation, the local volume radial flux is calculated with the next expression:

uri ¼ CViUrijS: ð11Þ
Again, the local radial flux calculated with normalised axial flux gx is named gr.
In the approximation of axial symmetry and the linear evolution of the radial local flux with x,

the integrated radial flux Uriðr; x1; x2Þ over lateral surface is expressed by the expression

Uriðr; x1; x2Þ ¼
Z x2

x1

uriðr; xÞ2prdx

� urmiðr; x1; x2Þ2prðx2 � x1Þ with urmiðr; x1; x2Þ ¼
uriðr; x1Þ þ uriðr; x2Þ

2
: ð12Þ

Fig. 14. Cylindrical box used for radial flux estimation.

314 L. A�ıısa et al. / International Journal of Multiphase Flow 28 (2002) 301–324



The two evaluations of the volume radial flux integrated over the lateral surface of cylinders
between transversal sections at x1 ¼ 2:5D and x2 ¼ 5D (Eqs. (10) and (12)) are shown in Fig. 15 for
the non-normalised results and in Fig. 16 for the normalised case. Both figures display data for
70–80 lm size class. Also, plots of the mean radial velocity corrected by transit time for each
particle size are given in Fig. 17.
The integrated radial flux (evaluated with Eq. (10) since it is more stable) exhibits some evo-

lution characteristics with the radius: in the internal layers, it is growing almost quadratically;
presents an inflexion point and a maximum; and is decreasing in the furthest radius.
The comparison of the evaluations of integrated radial flux, with and without normalisation,

leads to three conclusions:

Fig. 15. Integrated radial flux of the 70–80 lm size class before normalisation.

Fig. 16. Integrated radial flux of the 70–80 lm size class after normalisation.
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(i) The particles balance in a cylinder and the evaluation based on the concentration and mean
radial velocity give a similar evolution. Numerical differences are not important if one bears in
mind the particular approximations considered.
(ii) The differences between both estimations observed in the non-normalised case are caused by
different percentages of non-validated particles. Indeed, if the percentage of lost signals were the
same for sections x1 ¼ 2:5D and x2 ¼ 5D, the error between both estimations (expressed as a
percentage) would be equal for the normalised and non-normalised cases. The developed
post-processing corrects this effect.
(iii) The agreement between both evaluations is better in the normalised case.

These conclusions are considered as a test of consistency and they prove the validity of the
measurements and of the subsequent treatment.

3.3. Evolution of the axial flux

The detailed study of the spatial distribution of particles in the jet development zone has been
made by means of the particle axial flux. Five transversal sections xþ ¼ x=D ¼ 0:5; 2.5; 5; 7.5 and
10 have been studied. In this section, the evolution of the local axial flux profiles, the flux inte-
grated on coaxial circles centred at the jet axis and the curves of the particle distribution and
dispersion parameters are presented successively. Likewise, interpretations of these evolutions
(based on the action of several particle dispersion mechanisms) are suggested.

3.3.1. Local axial flux
The evolution of the normalised axial flux profile gxðrÞ for all particles and each studied cross-

section is shown in Fig. 18. Non-dimensional profiles are given in Fig. 19. The non-dimensional
flux is defined as gþx ðrÞ ¼ gx=gx0 with gx0 ¼ gxðr ¼ 0Þ. For the radial co-ordinate, the non-
dimensionalisation parameter is the radius R90 of the circle that contains the 90% of the total

Fig. 17. Mean radial velocities corrected by transit time at section x=D ¼ 2:5.
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particle flux GxðR90Þ ¼ 0:9 � Gxðr ! 1Þ. So, rþ ¼ r=R90. The comparison of dimensionless flux
profiles permits to establish two evolution zones:

(i) In the zone close to the exit nozzle, the central wedge-shaped curve smoothes down quickly,
and the flux becomes wider in the inner jet layers, despite the particle acceleration in this flow
zone. The radius rþ50 (defined as the non-dimensional radius where the local axial flux gX is equal
to a half of the axial flux at r ¼ 0) changes form 0.41 at x=D ¼ 0:5–0.68 at x=D ¼ 2:5. Particles
with a strong directional dispersion at the exit nozzle (caused by particle impacts on the nozzle
wall) are nearly parallel at locations downstream.
(ii) From the cross-section located at x ¼ 5D onwards the profiles show a different evolution.
The maximum dimensionless flux profile slope grows and moves to smaller non-dimensional

Fig. 18. Profiles of corrected volume axial flux for overall distribution.

Fig. 19. Non-dimensional profiles of volume axial flux for overall distribution.
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radius as the x coordinate increases. The shape of the profiles gets narrower again. Thus, rþ50 is
equal to 0.55, 0.45 and 0.33 at sections x=D ¼ 5; 7.5 and 10, respectively.

The radial dispersion of the particles in the first zone (close to the nozzle) seems to be domi-
nated by the jet exit conditions. Particles with large Stokes number and wide directional distri-
bution at the exit nozzle (caused by particle impacts on the nozzle wall) are nearly parallel at
locations downstream. This phenomenon is called the directional classification by us. This evo-
lution is shown in the particle directional distribution (Figs. 20 and 21) of the points r ¼ 0; x=
D ¼ 0:5 and r ¼ 0; x=D ¼ 7:5, respectively (Garc�ııa, 2000). The flux profile expansion of this zone
is associated with the directional classification. The rebounds of particles on the nozzle wall

Fig. 20. Particle directional distribution at the point r ¼ 0; x=D ¼ 0:5.

Fig. 21. Particle directional distribution at the point r ¼ 0; x=D ¼ 7:5.
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are discussed in several works about jets (Pr�eevost, 1994; Hardalupas et al., 1989). In a jet with
a similar nozzle, Longmire and Eaton (1992) explains the particle focalisation at the jet axis as a
consequence of the impacts on the nozzle. This generates the pointed local flux profile at the
nozzle exit section.
In the second zone (from x=D ¼ 5 onwards) the gas axial velocity profile evolves towards a

nearly Gaussian shape in section x=D ¼ 10 (see Fig. 22). The profile evolution of local flux is
caused by several simultaneous phenomena. The aerodynamic interaction with the mean gas flow
induces zones of particle acceleration and deceleration. A series of weak action factors that
generate radial transport are: the turbulence of continuous phase (with high Stokes number
values), the rebounding crash between particles and even the Magnus–Saffman effect acting on
rotating particles in zones of high gas radial gradient (Saffman, 1965). It is observed that the
evolution of axial flux profiles is smoothed and regularised towards the end of the domain studied.
It is not expected to find adequate scales that permit us to find self-preservations in the domain.
Despite this, it has been tried to make the radial position be non-dimensional with the length scale
LD ¼ Ugxðr ¼ 0Þ � sP inspired in the works of L�aazaro and Lasheras (1992a,b) about a shear layer.
In the definition of LD; sP is the particle response time and Ugx is the axial velocity of the gas. The
result is negative.

3.3.2. Integrated axial flux
Integrated axial flux GxðrÞ calculated with the normalised local flux gxðrÞ is shown in Fig. 23 for

each measured jet cross-section and all particles. Integrated flux has been made dimensionless
with its maximum value Gþ

x ðrÞ ¼ GxðrÞ=Gxmax. It must be noted that the maximum normalised
integral flow is equal to the total injected particle volume rate Gxmax ¼ GTotal ¼

P
8i Gi.

The final radius with presence of particles (in each section x ¼ xj) is defined as the radial po-
sition where the measurement time is longer than 30 min. So, the measurements are truncated in

Fig. 22. Mean gas velocity and RMS profiles at section x=D ¼ 10.
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the referred final point. This kind of truncation has been used by other researches (Hishida and
Maeda, 1990; Pr�eevost, 1994; Heitor and Moreira, 1994). On the other hand, the following con-
siderations about the truncation can be established

(i) In the first section x=D ¼ 0:5 (limited by the solid walls of the nozzle and the focalisation
effect), the deficit of the integrated total flux reaches a maximum value equal to 26%. Therefore,
the loss of particles cannot be attributed to the truncation and the non-measured external radial
flux, but to problems in the signal validation.
(ii) The contribution of the following annulus to the total integrated flux is, in all cases, very
inferior to the non-corrected flux deficit.
(iii) Finally, the outstanding improvement of the radial flux comparison calculated by both
methods (see Section 3.2) when the correction of local fluxes is used validates the usefulness
of the process.

Integral flux profiles reveal again the two zones of spatial distribution evolution. On the other
hand, characteristic radii RX that describe the particle spatial distribution are obtained directly.
RX parameter is defined as the radius of the circle that contains the X% of the total flux. In this
study, only R10, R50 and R90 have been used. These radii describe the growth of the jet core, the
middle layer and the jet edge. Their evolution along jet axis is shown in Fig. 24. It must be noted
that if particles had straight paths with the same origin, RX ðxÞ would be straight lines. The figure
shows that R90 has a monotonous evolution along x. At the beginning, its slope grows and from
station x=D ¼ 5 onwards it evolves linearly. R10 and R50 show a more complex evolution.

3.3.3. Dispersion radius
A few works (Pr�eevost et al., 1996; Hishida et al., 1992; Ishima et al., 1993) associate a particle

global dispersion parameter with each section of the flow. These parameters are defined as mo-
ments of the radius weighted by the particle distribution fields (e.g. flux or concentration).

Fig. 23. Profiles of non-dimensional integrated axial flux.
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In this work, the first moment of the radial coordinate weighted by the local axial flux is cal-
culated as a characteristic parameter of particle dispersion. The named dispersion radius rdi is
defined for each particle size as

rdi ¼
R1
0

r2uxi drR1
0

ruxi dr
: ð13Þ

Dispersion radius for overall particle sizes is defined by using the total volume local flux gx. It is
plotted vs. x in Fig. 25.

Fig. 25. Dispersion radius development of overall particles and 70–80 lm size class.

Fig. 24. Integral radii development.
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4. Conclusions

An experimental study of particle dispersion has been made with phase Doppler technique in
an air jet loaded with glass spheres. The used gas-to-particle mass ratio is 0.3. The study is
carried out in the first development zone of an axisymmetric jet, created by air exiting from a
nozzle.
First of all, the integral methods of flux and concentration evaluation (adequate for three-

dimensional movement of particles) are revised. It is remarked that under optimum conditions
and with efficient auto-calibration techniques (such as the implemented in the PDPA mod. 3100 of
Aerometrics) the bias introduced can be negligible. In this way, the errors in the concentration flux
measurement are limited to:

(i) The ones introduced by the errors of the particle parameter measurements (as particle veloc-
ity, diameter, transit time, etc.)
(ii) The so-called ‘‘signal validation errors’’ of multiple origin, with difficult solution and
responsible to a great extent for the measurement imprecisions.

The characteristics of the studied flow (defined by the injection conditions) lead to: (i) a
strong slip between continuous and dispersal phases; (ii) the initial focusing of particles at the
jet axis; (iii) a medium-high range of Stokes number (form 6 to 30, referred to the mean particle
diameter).
A methodology of maximum efficiency to characterise the spatial distribution of the flux and

concentration fields through the processing of the measured local axial flux by size classes has
been established. As a first step, the profiles of axial flux are normalised with the injected mass rate
for each size class in all measured transversal sections. The normalisation reduces the error caused
by low validation rates of signals and improves the consistency of the parameters of jet devel-
opment. This correction is applicable to flows with a predominating direction, medium or low
phase concentration, without breaking particles and in the absence of mass transference between
both phases. Then, the particle concentration is obtained from the corrected axial flux and the
axial velocity results for each size class.
Lastly, the concentrations of each size class together with particle radial velocity data generate

results for the local radial flux. The results of the obtained radial flux are integrated over the
lateral surface of coaxial cylinders centred at the jet axis. They are compared with the calculated
values by means of the particle conservation applied to these cylinders. The outstanding agree-
ment obtained in the comparison of both estimations of the integrated radial flux is considered
as a validation of the axial flux correction.
The detailed study of the spatial distribution of particles is made with the axial flux. The radial

profiles have been analysed in dimensional gxðrÞ and non-dimensional gþx ðrþÞ forms. There are
two sub-zones of axial development:

(i) Close to the nozzle, the focalised and pointed profile shape shows a quick smoothing. A
strong radial particle transport in the central region is produced by the exit conditions.
(ii) From the x=D ¼ 5–10 section, the profile development changes towards a new pointed
shape. On the one hand, the aerodynamic drag of the mean gas flow acts and the gas mean ve-
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locity tends to a Gaussian profile. On the other hand the radial transport is slightly influenced
by the gas turbulence (with Stokes numbers higher than 6.4), the collisions between particles
and even the Magnus effect. In the domain studied, adequate scales that make self-preserving
flux profiles have not been found.

The integration over transversal sections of the flux inside circles of radius r, centred in the jet
axis, is used to get the characteristic radii (R10, R50, and R90). In this way, it is possible to
characterise the development of the core, body and edge of the jet. Finally, the mean radius,
weighted with the local axial flux, is a parameter to characterise the whole dispersion.
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