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The particle dispersion characteristics in a confined swirling flow with a swirl number of 
0.47 have been studied in detail by applying the phase-Doppler technique, which allows 
the measurement of particle size and velocity. Furthermore, simultaneous measurement of 
the gas velocity was performed with some improvements in the data processing technique 
that allowed the gas velocity in presence of the dispersed phase to be obtained. From the 
particle velocity and size measurements the behavior of different sized classes out of the 
whole size spectrum ranging from about 20 to 80/~m could be studied, and the response 
of the particles to the mean flow and the fluid turbulence could be characterized. As a 
result of the complexity of the flow field and the very different time scales involved, the 
particle behavior was found to be a result of different phenomena. Due to the combined 
action of turbulent diffusion, radial particle transport, and centrifugal forces exerted on 
the particles, a separation of the particle phase was observed, resulting in a streamwise 
increasing particle mean number diameter in the core region of the flow. 
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I n t r o d u c t i o n  

Swirling two-phase flows are encountered in a variety of forms 
in many engineering applications. In industrial processing 
plants, for example, cyclone separators are used to clean a fluid 
stream from solid particles. The mechanism for the separation 
of the particles is the strong centrifugal force exerted on the 
particle in the swirling flow of the cyclone. In combustion 
systems the special features of swirling flows are used to 
establish high mixing rates between the fuel (oil spray or coal 
dust) and the swirling air stream and to enhance flame stability. 
Flame stabilization is obtained by a central recirculation zone, 
the resulting upstream convection of hot reaction products, and 
the mixing with the oncoming fuel and air stream. The 
occurrence of a central recircnlation zone, observed at a certain 
critical swirl intensity, is usually referred to as vortex breakdown. 

Due to the importance of swirling flows in combustion 
systems and their effect on combustion efficiency and pollutant 
emission, both reacting and nonreacting swirling flows have 
been the subject of research for many years.l-s In some of these 
publications 6'8 the major difference between isothermal and 
reacting flow has been reported, indicating that great care must 
be taken to simulate a reacting flow by an isothermal flow. 

Compared to the large body of publications dealing with 
reacting and nonreacting swirling flows, only a few publications 
deal with particle or droplet motion and dispersion in swirling 
flows. 9-13 In a recent publication by Bliimcke e t  al.  11 the 
understanding of droplet dispersion in a turbulent confined 
swirling flow was improved by both experimental and numerical 
examinations considering single droplet motion. 

The velocity-size correlation of droplets in a liquid-fueled 
swirl burner was recently studied by Hardalupas e t  ai .  13 using 
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a phase-Doppler system. Their results demonstrate the different 
behavior of different sized droplets in a swirling free jet 
emanating from a quaff-type burner nozzle. Only the use of 
such modem flow-diagnostic techniques like phase-Doppler 
anemometry allow detailed information on particle motion in 
such complex flows to be obtained. This information is necessary 
to improve swirl-flow-based combustion systems in order to 
increase efficiency and reduce pollution. 

A dispersed phase consisting of droplets, which may evaporate, 
however, does not allow the separation of aerodynamic and 
thermodynamic effects in a swirling flow. Therefore a stepwise 
increase in complexity was desired in the present study. In a 
preliminary study, the effect on the dispersion of solid particles 
in a confined swirling flow was studied in comparison to the 
nonswirling case. 14 In these experiments, spherical glass beads 
with a mean number diameter of 108/~m and a narrow size 
distribution were used. This implies that all the particles behave 
in the same way, namely, that of a monodisperse phase. 

The simulation of a more realistic condition as, for example, 
found in coal-dust burners requires the use of a particle with 
a wide size distribution between 0 and about 100/Lm. This 
article reports on measurements in a confined swirling two- 
phase flow by using glass beads with a mean number diameter 
of 45/~m distributed between 20 and 80/~m. For the character- 
ization of the particle dispersion, an improved phase-Doppler 
system was established, thus allowing the simultaneous measure- 
ment of particie-size-velocity correlations and the velocity of 
seeding particles, which are used as indicators of the gas flow 
field. 

Test facility 

For the detailed study of swirling two-phase flows, a vertical 
test section with a downward flow was chosen (Figure 1). The 
complete test rig consists of two flow circuits (5 and 6) for the 
primary and secondary annular flow, respectively. A blower (1) 
with variable flow rate supplies these two pipe systems via a 
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T-junction and a throttle-valve (2), whereby the flow rate of 
the primary inlet may be adjusted. The flow rates of the primary 
and annular flows are obtained from two orifice flow meters 
(3). The swirl intensity of the annular flow may be adjusted 
continuously by turning the swirl vanes in the radial swirl 
generator (8) to a certain degree. 

The inlet configuration and the dimensions of the test section 
are also shown in Figure 1. The test section consists of a 1.5 m 
long Plexigias tube with an inner diameter of 194 mm. The end 
of the test section is connected to a stagnation chamber (11), 
because previous measurements T M  showed that an area con- 
traction at the end of the test section has a significant influence 
on the flow structure in the test section. This was caused by 
the subcritical nature of isothermal swirling flow, where the 
area contraction at the outlet may result in inertial waves 
propagating upstream against the flow, considerably influencing 
the flow structure. 

The stagnation chamber is connected to a cyclone separator 
(13) and an additional filter to separate both the large particles 
and the seeding particles. To guarantee that the flowrate in the 
test section is independent of the pressure loss in the filter 
system, an additional blower (12) is used in connection with a 
bypass valve at the stagnation chamber (11). The particle flow 
rate in the primary jet is controlled by a feeding system 
consisting of a particle feeder (4) and a particle reservoir (7). 

Particle size and velocity measurements are performed by a 
one-component phase-Doppler anemometer (PDA) at several 
cross sections in the test section, including the inlet. To allow 
for the measurement of the three velocity components (axial 
velocity u, radial velocity v, and tangential velocity w) the 
PDA-system (9) is mounted on a 3-dimensional (3-D) traversing 
system. To avoid strong laser beam deflections and a realign- 
ment of the receiving optics for every measuring point the 
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Plexiglas test section has several slits that are closed by thin, 
100/an glass plates. This results in negligible beam distortion, 
especially when the radial and axial size-velocity correlation is 
measured, where the receiving optics has to be mounted in such 
a way that the optical axis is oblique to the walls of the test 
section. 

Measuring technique 

The phase-Doppler system used for the present experiments is 
shown in Figure 2 together with the data processing system. 
The transmitting optics is a conventional system with two bragg 
cells and a front lens with 485 mm focal length. The phase- 
Doppler receiving optics is mounted at 30 ° off axis from the 
forward scattering direction. For the measurement of the axial 
velocity and the radial and tangential velocity, the receiving 
optics has different positions, and test sections with different 
slit locations are used. 

By using a system of three lenses the scattered light from the 
particles is focused onto the pinholes in front of two avalanche 
photodiodes (Figure 2) with a separation of 40 mm. This results 
in a measurable particle size up to 123.8/an. A summary of 
the optical parameters and the dimensions of the measuring 
volume are given in Table l. 

The signals from the two avalanche photodiodes are band- 
pass filtered and stored in a 200-MHz two-channel transient 
recorder (type: Le Croy 8013 A). The transient recorder is 
operated in a sequential mode, where the total storage of 
32 Kbyte for each channel was divided into 400 segments by an 
external trigger unit. After storage of the 400 burst pairs, the 
data are transferred to a Compaq 386/25 persdnal computer 
by an IEEE-488 interface card. While the data are processed 
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in the PC, the next 400 burst pairs are stored in the transient 
recorder. By this procedure it is possible to achieve effective 
data rates of about 50 Hz. The data processing used to evaluate 
phase and frequency is based on the cross-spectral density 
function in connection with a fast-Fourier transform (FFT), is 
which was recently modified to give higher accuracy for the 
velocity estimation by using improved Gaussian interpolation 
functions. ~6 

The FFT length was set to 64 points, with a sampling 
frequency of 12.5 MHz. This rather short FFT length gave high 
processing speeds, and accuracies between 0.07, and 0.15 m/s 
could be achieved for velocity estimation. The accuracy for size 
measurements was in the range of 0.8 to 0.25 #m. These values 
cover the range of the signal-to-noise ratios measured in the 
present situation. More details about the accuracy, which 
strongly depends on the signal-to-noise ratio, are given in 
Reference 16. 

The phase-Doppler anemometry (PDA) allows the simul- 
taneous measurement of size and velocity of spherical particles, 
droplets, or bubbles. Until now this measuring technique has 
been mainly applied to characterize spray systems, 17as where 
only the size and velocity of the droplets are of interest. In 

complex two-phase flows and at higher particle loadings, 
however, we are interested in measuring the velocity of the 
continuous phase in presence of the dispersed phase in addition 
to the size of the particles. Although such applications of the 
phase-Doppler technique are still rare, some suggestions are 
given in the literature. 19,2° 

The principal idea in the present study is to use the phase 
information to distinguish between signals from seeding particles 
and dispersed-phase particles. A necessary condition for allowing 
seed measurements by the phase-Doppler method is that the 
seeding particles are spherical and have the same optical quality 
as the big particles, namely, the refractive index must be 
identical. Therefore in the present experiments small spherical 
glass beads (Ballotini type 7000) are used. The size distribution 
of the seeding particles is shown in Figure 3. Other conventional 
seeding materials, such as MgO or A12Oa are not adequate for 
phase-Doppler measurements, since even for small nonspherical 
particles there will be a cross-talk with the big particles, 
resulting in size and velocity measurement errors. 

The size distribution of the seeding glass beads ranges 
from about 0 to 10 pm, but only particles up to about 4 #m 
are sampled for the seeding measurements by the phase 
discrimination procedure. 

The main problem encountered for this discrimination is the 
occurrence of oscillations in the phase-size relation in the range 
of particle sizes below 10 pro. A solution to this problem was 
suggested by Hardalupas and Taylor, 19 where a phase limitation 
was applied in order to avoid counting larger particles as 
seeding particles. This method has also been used in the present 
experiments. The phase-size relation obtained from a Mie 
calculation 21 for the present optical configuration including 
integration over the circular apertures, is shown in Figure 4. 
Here Ore, is the maximum of the phase for validating seeding 
particles with a diameter of less than about 4 pm. Since the 
probability of sampling particles of less than 2.5 #m is much 
higher (Figure 4), the mean diameter of the validated seeding 
particles is about 1.5 #m. 

For simultaneous measurement of seeding and dispersed- 
phase particles, one additional problem arises, stemming from 
the use of a definite trigger level and gain. Since the amplitude 
of the seeding signals is much lower than that of the big particles, 
a simultaneous measurement would require a low trigger level. 
This implies that the signals of the big particles are triggered 
at the very beginning of the burst, which results in a poor 
signal-to-noise ratio and some phase errors resulting from 
trajectory dependent effects. 22 

Therefore the measurements are performed in the following 

Table  I Parameters of the optical system 

Transmitting optics 
Wave length of the laser 
Diameter of laser beam 
Focal length of front lens 
Beam separation 
Diameter of measuring volume 
Length of measuring volume 
Fringe number 
Conversion factor 

Receiving optics 
Off-axis angle 
Focal length of receiving lens 
Detector separation 
Diameter of pinhole mounted in front of 

the photodiodes 
Length of measuring volume imaged 

onto the photodiodes 
Phase conversion factor 

632.8 nm 
1.0 mm 

485 mm 
30 mm 

391 #m 
12.6 mm 

38 
10,24 m/s/MHz 

30 ° 
310 mm 

40 mm 

200 #m 

775/~m 
- 2 . 9 3  ° #m-1 
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Figure 4 Mie calculation of phase-size relation 

procedure. In the first stage only the required number of seeding 
signals are sampled using a low trigger level and a high gain 
at the transient recorder. The signals from the big particles with 
a phase larger than 7 ° are rejected during this measuring period. 
Thereafter the trigger level and the gain of the transient recorder 
are automatically increased and reduced, respectively, and the 
required number of samples for the big particles are acquired. 
The signals from the seeding particles (phase smaller than 7 ° ) 
are either below the trigger level or rejected by the software 
during this period. This procedure allowed the measurement 
of the gas phase in presence of the dispersed phase and the use 
of variable gain ensured a good amplitude resolution of the 
signals. 

The particle mass flux was measured separately with a single 
detector receiving system. This receiving optics was positioned 
90 ° off axis from the forward scattering direction in order to 
obtain an exact demarcation of the measuring volume. At each 
measuring point the number of particles N traversing the 
control volume were counted within a certain time period, At. 
Simultaneously, the particle velocity was measured. For these 
measurements the transient recorder was also operated in the 
sequential mode, which ensured a fast enough data acquisition. 
During the storage of the 400 events, an internal clock was 
used to determine the effective measuring time, At. The total 
particle mass flux is then obtained with the cross section of the 
control volume Ac, which was calculated from the optical 
configuration: 

f _  Nrhp 
AtA~ 

The mean particle mass at a certain measuring location is 
obtained from the phase-Doppler measurements. Due to the 
uncertainties in the determination of the cross section of the 
control volume, the measured mass flux was corrected using 
the global mass balance. Therefore the total particle mass flow 
rate at the inlet was obtained by integrating the mass flux 
profile. In comparison with the global mass flow rate obtained 
by weighing the particles collected during a certain time period, 
a correction factor was determined and applied to the mass 
flux measurements in all other cross sections. 

Furthermore, the particle mass flux was separated to give 
the positive and negative fluxes, which provides additional 
information about the amount of particles having negative 
velocities. For this separation the particle mean diameter for 
particles with only positive and negative axial velocity was 
determined from the PDA measurements. 
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F l o w  c o n d i t i o n s  

For the present experiments the flow rates in the primary and 
and the annular inlet are adjusted to give maximum velocities 
of 12.5 m/s and 18 m/s, respectively. The associated mass flow 
rates, the flow Reynolds number, the swirl number, and other 
experimental conditions are listed in Table 2. The mass flow 
rates of the primary and annular, secondary jets are calculated 
from the pressure drops across the orifice flow meters. The flow 
Reynolds number was obtained with the total volume flow rate 
at the inlet and the outer diameter of the annulus. The swirl 
number was calculated as the ratio of the axial flux of angular 
momentum to the axial flux of linear momentum, which is 
obtained by integration across both the primary and annular 
inlet. The following definition of the swirl number is used: 

f: 
312 

2 flwur 2 dr 

S= 

f: 
312 

D 5 pu2r dr 

The properties of the glass beads and the particle flow rate 
also are given in Table 2. The particles have a smooth surface 
and are spherical in shape. Less than 2% of the particles are 
nonspherical or fragments (Figure 5a), which results in only 
small errors in sizing the beads. Therefore this particle material 
is ideal for phase-Doppler measurements. The particle-size 
distribution obtained by a phase-Doppler measurement (20,000 
samples) is given in Figure 5b. 

Since during the experiment some of the smaller particles 
were not collected in the cyclone separator but got caught in 
the paper filter, the particle material was frequently renewed 
in order to guarantee that the particles always have the same 
size distribution. This was ensured by controlling the particle 
size distribution at the inlet from time to time. Effects of particle 
damage as reported by Hardalupas et al. 23 could not be 
observed in the present measurements. 

E x p e r i m e n t a l  resu l ts  a n d  d i s c u s s i o n  

Measurements ofthe three velocity components were conducted 
at seven cross sections downstream of the inlet. At each 
measuring location 2,000 samples were taken to obtain the gas 
velocity and the associated rms values. In order to achieve 
reasonably accurate velocity statistics for the particle phase in 
the different size classes, 20,000 samples were acquired. The 
total measuring time for each location was between 15 and 
30 rain, which was strongly dependent on the local particle 
concentration. The particle size distribution in the range 
between 0 and 123.8 pm was resolved by 40 classes of 3.1/~m 
width. 

Table 2 Flow conditions 

Air flow 
Mass flow rate of primary jet 9.9 g/s 
Mass flow rate of secondary jet 38.3 g/s 
Inlet Reynolds number (obtained with 

D = 64 mm) 52400 
Swirl number 0.47 

Particles 
Particle mean number diameter 45.5 pm 
Particle material density 2500 kg/m = 
Particle mass flow rate 0.34 g/s 
Particle loading 0.034 
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Figure 5 (a) Photograph of glass beads; (b) particle size distribution 
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Besides the information on the change of the particle-size 
distribution throughout the flow field, the stored data of particle 
size and velocity could be reprocessed after the measurement 
to give the particle velocity in a certain size range. In Figure 6 
(and later in Figures 10 and 11) the axial, tangential, and radial 
velocities together with the associated rms values are shown 
for the air flow and three particle size classes (30, 45, and 60 pin) 
of 10/~m width. 

Considering the axial air velocity (Figure 6), it is seen that 
the central rccirculation region ranges from about 80 to 330 mm 
downstream of the inlet. Due to the rapid expansion of the 

annular air jet, which is a special feature of swirling flows, T M  

the recirculation region in the edges of the pipe expansion only 
extends to about 100 mm. 

A clearer picture of the gas flow field may be obtained by 
calculating the gas-phase stream functions by integrating the 
axial velocity profiles and applying an interpolation procedure. 
The plot of the gas-phase stream function is shown in Figure 7. 
The highest negative velocities within the recirculation bubble 
are found at the location z= 120 mm and y=  +35 mm (see 
Figure 6). This location (z= 120 mm) is associated with the 
maximum width of the central reverse flow region. Farther 
downstream the diameter of the rccirculation region is con- 
tinuously reduced. 

The particles that initially have about the same velocity as 
the air flow arc not able to follow the rapid expansion and 
deceleration of the air jets. Therefore the particles have much 
higher velocities than the air flow in the core of the test section 
and almost penetrate the central rcvcrsc flow region. Due to 
their higher inertia, the larger particles have the higher velocities. 
Only the smaller particles in the size spectrum (Dp=30/~m) 
attain slightly negative mean velocities in the core region at 
about 195 mm downstream of the inlet. At the edges of the 
central recirculation of the air flow, however, an annular-shaped 
particle recirculation region develops at about 50 mm down- 
stream of the inlet and increases in width further downstream. 
This annular area of negative, axial mean particle velocity is 
within the mixing region between the primary and annular jet, 
where the particle motion is strongly controlled by turbulent 
diffusion. In the region of the coflowing, swirling air stream, 
which initially has a higher velocity as the primary jet, the 
particles have about the same velocity as the air flow up to 
about z = 200 mm. 

The axial turbulent velocity fluctuation of the particles is 
initially lower than the fluid fluctuation, and the smaller 
particles in the size spectrum exhibit the higher fluctuations 
that are closer to the values of the air flow (z = 52 and 85 ram). 
From about 85 mm downstream of the inlet, the particles' 
velocity fluctuation becomes higher than the fluid turbulent 
fluctuation in the core region of the test section, which is in 
the center part of the central recirculation bubble. 

This is caused by the fact that particles with completely 
different histories throughout the flow field pass a measunng 
location within the central part of the recirculation region. 
Obviously a number of particles that issue from the primary 
inlet traverse rather straight through the recirculation bubble 
and, additionally, particles recirculatc with the air flow. Ad- 
ditionally, particles r~irculating in the region of flow reversal 
at the edge of the pipe expansion may pass through the central 
rccirculation bubble due to inertial effects. This rather compli- 
cated particle behavior could be explained in detail only by 
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using a two-component PDA system, which allows determi- 
nation of the correlation between axial and radial Velocity and 
hence the orientation of the particle trajectories. Unfortunately, 
such a system was not available for the present studies. 

However, a more detailed consideration of the experimental 
results may assist in understanding and explaining the presence 
of the historical effects mentioned. Therefore in Figure 8 the 
measurements of the particle size distribution with the associated 
axial mean velocities and velocity fluctuations in the respective 
size classes are shown for two representative locations in the 
flow field. Furthermore, the joint velocity distribution of all 
classes of the dispersed-phase particles is given. Separation of 
this velocity PDF allows us to distinguish between those 
particles having positive and negative velocities. The corre- 
sponding size distributions of particles with only positive and 
negative velocities are also given in Figure 8. 

The measurement obtained at z = 112 ram, y = 20 mm indicates 
that there must be at least two preferential particle trajectories 
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and histories. The recirculating particles have almost constant 
velocities in all classes and are smaller than the particles with 
positive velocities. The size distribution of the particles with 
positive velocities is wider and the mean diamoter is higher 
than for particles with negative velocities. Due to i n e r ~  effects, 
a correlation between particle size and velocity still is present, 
indicated by the increasing velocity with size. 

Similar phenomena are observed at (z= 195mm, yffi0mm). 
At this location the particles with positive velocities are even 
larger as a result of the separation effect, which will be described 
later. Also at this location, the probability of larger particles 
having negative velocities exists. Finally, it should be mentioned 
that the scale ofthe particle number in Figure 8 is only a relative 
measure: It is different for particles with negative and positive 
velocities. 

Also the higher velocity fluctuations of the larger particles 
compared to the smaller ones at z--112 and z=  155mm is a 
result of the historical effect, since the majority of larger 

Figure 8 
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locations in the flow field 

particles have the tendency to pass straight through the 
recirculation zone with a rather high velocity due to their 
inertia. Additionally, however, larger particles, which respond 
to the flow reversal only farther downstream, are moving 
upstream with the flow (see Figure 8). This results in much 
wider velocity distributions for the larger particles compared 
to the smaller ones, which fairly soon--after issuing from the 
inlet--are decelerated by the air flow and hence have lower 
positive axial velocities. 

These effects may be identified by considering the measured 
correlation between particle size and velocity (Figure 9), where 
each plotted point represents one sample of the 20,000 total 
samples. It is evident from these plots that the velocity 
distribution for the larger particles is wider than for the smaller 
ones at the locations (z= l l2mm,  y=20mm),  (z= 155mm, 
y=30mm),  and (z= 195mm, y=0).  Especially at the location 
(z = 112 mm, y-- 20 mm) the number of particles with negative 
velocities is about the same for particles in the range between 
20 and 60 #m. The motion of even larger particles is dominated 
by inertial effects, and they have mainly positive axial velocities 
of about 5 m/s. 

Therefore these results are a clear indication of the phenom- 
enon described. The measured velocity fluctuation of the 
particles is not a result of  the inlet conditions and the interaction 
with the fluid turbulence alone but also exhibits the uncorrelated 
particle motion, since particles with different histories through 
the flow field are sampled at one measuring location. 25'26 

Additionally, Figure 9 shows the development of the corre- 
lation between particle size and velocity along the centerline. 
These results indicate clearly that the smaller particles rather 

soon respond to the rccirculation of gas flow. Furthermore, the 
velocity distributions of the smaller particles are much wider 
at z = 58 mm and z = 112 mm than for the larger particles, which 
indicates their response to the fluid turbulence. This results in 
higher rms values of the axial velocity for the smaller particles 
at these locations (see Figure 6). 

Outside the core region of the recireulation bubble, the 
turbulence intensity of the fluid is higher than the velocity 
fluctuation of the particles, where the smaller ones have the 
higher fluctuations (see Figures 6 and 9). 

The measurements of the tangential velocity (Figure 10) 
reveal the typical vortex structure observed in swirling flows. 
The maximum of the tangential air velocity at the secondary 
inlet is about 14 m/s, rapidly decays to about 2 m/s at z = 112 ram, 
and again increases to about 3 m/s at the end of the central 
recirculation zone. From the beginning of the central recircu- 
lation region the gas velocity profiles show an almost linear 
increase of the tangential velocity in the core region of the test 
section, which is similar to solid-body rotation. Outside this 
area free vortex behavior may be identified. 

The particles are not able to follow the rotation of the air 
flow and therefore have lower tangential velocities throughout 
the test section. The slip between particles and air flow increases 
with particle diameter. Except for the inlet and at z = 52 mm, 
the rms values of the tangential air velocity are rather constant 
in the radial direction and decay slightly in the downstream 
direction. 

Only the radial velocity could be measured for half a cross 
section (Figure 11). However, since the symmetry of the flow 
is reasonably good (see Figures 6 and 10), it may be expected 
that the radial velocity profiles are symmetric. 

The strong spreading of the air jet caused by the swirl results 
in high radial velocities at z = 52 mm and z = 85 mm. At about 
112 mm downstream of the inlet, the location of the maximum 
width of the central recirculation region is reached (see Figure 
7), and the radial velocity becomes smaller. Due to the particles' 
inertia, they maintain--after an initial acceleration--a higher 
outward directed radial velocity. Farther downstream, where 
the width of the recirculation region is reduced, the air flow is 
directed inward toward the axis. Only some small particles 
are able to follow this inward motion (at z=155mm and 
z=195mm). Owing to the centrifugal forces exerted on the 
particles in a swirling flow, however, most particles are trans- 
ported outward and finally accumulate near the wall (Figure 
12). 
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Figure 10 Tangential mean velocity and rms values of air and 
particles, ( air; particles: [ ]  30 #m, (3 45 #m, and A 60/Lm) 
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Figure 12 (a) Particle mass flux (I-I total and A negative flux); 
(b) development of the particle mean number diameter 

In addition to the particle velocities in different size classes, 
the particle behavior in the swirling flow may be characterized 
by considering the particle mass flux distribution and the 
development of the particle mean number diameter throughout 
the flow field (Figure 12). In order to show the number of 
recirculating particles that have negative velocities, the particle 
mass flux is separated into a negative and a total flux (Figure 
12a). 

Only a small mass fraction ofparticies are recirculating within 
the central reverse-flow region, and the maximum of the 
negative flux appears at the edge of the particle jet. The majority 
of the particles penetrate the central reverse-flow region, and 
the maximum in the particle mass flux remains near the center 
(up to z=200mm).  From about z =  112ram the particle mass 
flux near the wall begins to increase, due to the effect of radial 
transport, turbulent diffusion, and centrifugal forces. At z =  
315 mm all the particles are removed from the core region and 
accumulate near the wall. 

The distribution of the particle mean number diameter 
(Figure 12b) demonstrates the separation effects in a swirling 
flow. In a region where the particles issuing from the primary 
jet have not yet achieved a considerable tangential velocity, the 
smaller particles are transported outward in the radial direction 
due to the high radial air velocities and the associated drag 
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force. Additionally, turbulent diffusion plays an important role 
for particles near the edge of the particle jet, since they pass 
through the shear layer between primary and annular jet. In 
this initial stage, centrifugal forces are not yet important since 
the particles did not acquire a considerable tangential velocity 
(see Figure 10). The larger particles maintain their initial 
straight motion due to their large inertia and penetrate a large 
part of the recirculation bubble. Only a few large particles are 
able to respond to the flow reversal and have negative velocities. 
However, due to increasing centrifugal force and radial transport, 
the large particles are finally removed from the core region. 
These effects result in an increasing particle mean diameter in 
the core region of the swirling flow (Figure 12b) and the 
presence of only smaller particles in the outer region. Even 
though a swirling flow is already very complex itself, it is 
believed that the present results may give a clear picture of the 
complex particle behavior and motion in such a flow situation. 

C o n c l u s i o n  

Detailed studies of the aerodynamics of a particle-laden, 
confined swirling flow using the phase-Doppler anemometry 
revealed the behavior of different sized particles in a complex 
flow. In addition, the spatial change of the particle-size distri- 
bution throughout the flow field was obtained. Due to the 
aerodynamic transport of the particles, turbulent diffusion, and 
centrifugal effects, a separation of the particle phase was 
observed. This resulted in a streamwise increasing particle mean 
diameter in the core region of the flow. 

From the particle flux measurements and the separation of 
the particle velocity distribution into particles with positive and 
negative velocities, it was found that only a small amount of 
particles recirculate within the closed central reverse-flow region 
of the gas. 

The measured axial particle velocity fluctuations in the core 
part of the recirculation bubble were found to be higher than 
the fluid turbulence. This phenomenon is associated with the 
uncorrelated particle motion, being the result of inertial and 
historical effects. This observation is typical for complex flows 
with flow reversal, where particles with completely different 
histories in the flow pass through the same measuring location. 

The experimental results are now going to be used for 
improving numerical prediction methods for turbulent, swirling 
two-phase flows. In a continuation of the present work, the 
dispersion of evaporating droplets will be studied, where the 
particle transport is influenced by heat and mass transfer in 
addition to aerodynamic effects. 
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