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Abstract--Axisymmetric particle-laden jets were measured using three different devices: a Pitot tube, an 
LDV (laser Doppler velocimeter) and a specially designed optical fiber probe. Particle sizes in the present 
experiment ranged from 170 to 1400#m, which is larger than in most previous works. Results are 
presented for particle and air velocities, particle concentration and air turbulence. Particle diffusion was 
unexpectedly large. A delay in the decrease of the centerline air velocity and a reduction in the jet width 
were observed, as in jets laden with fine particles, but the magnitude of such particle effects on the air 
flow is less with large particles than with small particles for the same loading ratio. 
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1. INTRODUCTION 

Recently, the structures of particle-laden jets, closely related to industrial uses such as injection of 
pulverized-coal and spray combustion, have been revealed in detail using laser Doppler veloci- 
meters (LDVs) (Modarress et al. 1984; Hishida et aL 1985). Also, flow predictions have improved 
considerably due to progress in numerical simulation (Shuen et al. 1985; Mostafa & Elghobashi 
1985; Chen & Wood 1986). 

In almost all previous work on particle-laden jets, particle sizes have been < 200 #m. Works with 
particles > 200 #m are very rare, and it is the case of such large particles that we investigate here 
using three different measuring devices: a Pitot tube, an LDV and an optical fiber probe. We 
consider an axisymmetric jet flowing downward in the vertical direction. Results on particle 
diffusion and the effects of particles on the flow development are presented. The purpose of the 
work is to provide experimental information for theoretical workers attempting to establish 
universal models applicable to a wide range of multiphase flows. 

2. EXPERIMENTAL ARRANGEMENT 

2.1. Experimental rig 

Figure la shows the experimental rig used. Air supplied by a blower passes the flow-adjusting 
valve and orifice meter, and is then separated into two lines. In one line, solid particles are supplied 
by an electromagnetic feeder. The other line is connected to a smoke generator for LDV 
measurement. The two lines then re-join and the flow exits from the vertical pipe into a chamber 
as a particle-laden jet. The air and particles are sucked to the bottom of the chamber by another 
blower. Solid particles separated by the cyclone are weighed by a load cell set under the receiver 
tank. The inner and outer diameters of the vertical pipe are 20 and 28 mm, respectively. The line 
from the feeder to the nozzle is shown in detail in figure lb. 

Although we assume the flow to be a free jet, actual measurements were made in the chamber, 
300 mm wide x 1300 mm long. This was because of the health hazards of the ammonium chloride 
smoke used as tracer for the measurement of air flow by the LDV. The upper part of the chamber 
was covered with a nylon mesh, through which the air surrounding the jet flowed in accordance 
with the flow rate of the suction blower. In the experiment, the suction flow rate was adjusted to 
be about 4 or 5 times that of the nozzle. 

2.2. Test particles 

Four kinds of polystyrene particles were used in the experiment, the properties of which are given 
in table 1 (the terminal velocity values were calculated from the standard drag curve). 
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Table 1. Particle properties 

Mean dia, d(/zm) 170 243 500 1400 
Density, ps(kg/m 3) 1020 1020 1020 1020 
Terminal velocity (m/s) 0.60 0.90 2.07 5.29 
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2.3. Measuring system 

The air flow rate in the vertical pipe was measured by the orifice meter and the particle flow 
rate by weighing the particles in the receiver tank. The loading ratio/z is defined as the ratio of 
the above air to particle mass flow rates. 

A Pitot tube, an LDV and an optical fiber probe were used to measure air velocity (mean and 
turbulent), particle velocity and concentration. The LDV was a conventional fringe-type, forward- 
mattering mode system. The optical arrangement for this system is shown in figure 2. In order to 
obtain the air velocity in the presence of large particles, the signal from fine tracer particles must 
be distinguished from that of large particles. The signal processing used for this discrimination was 
based on the method used in Tsuji & Morikawa (1982). This method makes use of the different 
amplitudes in the pedestal and Doppler components of scattered light from small and large 
particles. Tracer particles were not used in the measurement of particle velocities. 

In the present experiment, tracer particles were seeded only in the vertical pipe and not in the 
surrounding fluid. As a result, the bias error of the LDV in the outer part of the jet could not be 
neglected. Hence a Pitot tube was used also. In the experiment, the probability density distributions 
of particle and air velocities were obtained for all measurements using an LDV, and it was 
confirmed that the signals of particles and air were distinguished correctly. 

Particle concentrations were obtained initially by counting the pulse signals from the LDV. 
However, as the concentration increased, it was difficult to obtain the concentration precisely 
because the scattered light became weaker. Therefore, we designed a special optical fiber probe to 
measure the concentration. Figure 3 shows the probe, which is connected to the Pitot tube. The 
block diagram of the signal processing of the optical probe is shown in figure 4. As shown in figure 
3, the present probe consists of 7 optical fibers set together inside a metal tube. The central fiber 
injects light and the other 6 fibers surrounding the central fiber detect reflected light. The light from 
the central fiber is reflected by particles passing just in front of the probe head. The reflected light 
is collected and fed into a photo-amplifier which converts the light intensity into an electrical signal. 
A typical signal obtained by the photo-amplifier is shown in figure 5. The measuring volume of 
the probe depends on the geometrical arrangement of each fiber, the intensity of the injected light 
and the gain of the amplifier. The intensity of the signal from the amplifier decreases as a particle 
moves away from the probe head. In order to determine the characteristic properties of the probe, 
we performed a calibration experiment, where a particle was fixed on a disc rotating at a constant 
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Figure 2. LDV setup. 
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Figure 3. Optical fiber probe combined with a Pitot tube. 

angular velocity and the position of the probe relative to the particle could be changed at random. 
Figure 6 shows an example of the peak value plotted vs the distance, Z, between the probe head 
and a particle on the same axis as the central fiber. The value of Vp itself is not important in the 
figure as it depends on the gain of the amplifier. It is seen in figure 6 that Vp decreases sharply 
with increasing distance. Figure 7 shows the contours of the peak intensity, where Y is the distance 
from the central fiber but normal to Z. In the actual measurements of concentration, a suitable 
threshold value was determined by referring to these results and the number of passing particles 
was counted from the pulses. In the present experiment, lit = 2.6 V was given under the same 
conditions as in figure 7. It is possible to determine the measuring volume of the probe from figure 
7, if all the particles in the jet are the same size. However, it is actually difficult to obtain such 
particles, though the particles can be regarded as approximately monodisperse. Therefore, the 
concentrations presented in this paper are relative values obtained by fixing the threshold value. 
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3. R E S U L T S  A N D  D I S C U S S I O N  

3.1. Diffusion and concentration of particles 
The distributions of the concentration C of 500/~m particles in different streamwise sections are 

shown in figure 8; where the results are normalized by the concentration Co at the jet axis 
(centerline), the distance x from the nozzle is also normalized by the nozzle diameter D and the 
radial distance r by the nozzle radius R. Measurements of a vertical jet by Hishida et al. (1985) 
are also shown in the figure for comparison. Hishida et al. used smaller glass particles than in the 
present experiment and a pipe diameter of 13 mm. The loading ratio did not affectithe profile of 
the distribution as much in the present experimental condition. 

It is seen that the particles in the present experiment are more widely distributed~than those of 
Hishida et al. (1985). This is an unexpected result, because the inertia force of the present particles 
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Figure 8. Distribution of the particle concentration. Present experiment: d = 500 #m, U0 = 24 m/s. Hishida 
e t  al. 0985): d = 64.um, Uo = 30m/s. 
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was greater than that of the particles in Hishida's experiment. Due to the wide diffusion of  particles, 
the effect of large particles on the air velocity, which will be shown later, is quantitatively different 
from the case of smaller particles. The variation of the centerline concentration along the flow is 
shown in figure 9, where C0max is the value at the nozzle. It was confirmed that the particle mass 
flow rate measured by the optical fiber probe was nearly constant along the flow. 
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3.2. Time-averaged particle and air velocities 

Figure 10 shows the distributions of the time-averaged air and particle velocities, u and v, 
respectively, which are made dimensionless by the central air velocity U0 at the nozzle exit. 
Figure 11 shows the results of the centerline air and particle velocities, uc and vc, respectively, 
plotted vs the nondimensional streamwise distance x/D. Under the same loading ratio, the smaller 
the particle size, the larger the effect of the particles on the air velocity, which is clearly found from 
comparison between the results of d = 170 and 1400/~m. The velocities of large particles, e.g. 
500/~m particles, decreases only slightly in the range of the present experiment. Figure 12 shows 
the half width b of the air velocity. The same comments as for figure 11 can be made regarding 
the effects of particles on the half width. 

It is well-known that the decay of the centerline air velocity and the width of the jet are reduced 
by the presence of particles because, in general, the particle velocities are greater than the air 
velocity and particles do not diffuse so rapidly in the radial direction. Such differences between 
single- and two-phase flows are seen in the results of large particles, but not as much as expected. 
This small difference between single- and two-phase flows is thought to occur for two reasons. 
Firstly, the number density is comparatively small in the case of large particles with the same 
loading ratio. The second reason is related to particle diffusion, as described in section 3.1. The 
effect of particles on the distribution of the air velocity is more marked when the particles are 
confined near the centerline. However, in the present experiment, particles diffuse more widely in 
the radial direction than expected. As a result, the effect of particles in accelerating the air flow 
extends uniformly over the entire region and, therefore, changes in the air velocity profile due to 
the presence of particles cannot be observed clearly. Concerning the above disagreement, we had 
the following experience prior to the present work. 

As described in section 2.1, ammonium chloride particles were used as tracer for the air flow 
in this work. Initially, we were not aware that these small particles were deposited on the pipe wall, 
forming a rough-type surface. Measurements made in the two-phase flow under the above 
conditions showed that the jet width was increased by the particles, contrary to previous results 
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confirmed by many workers. This unexpected result was caused by the small particles deposited 
on the pipe wall near the nozzle. That is, particle motion was strongly disturbed by collisions with 
the wall, and thus each particle was issued from the nozzle with a large radial component of 
velocity, resulting in a large diffusion of particles in the jet. Once we became aware of this, we took 
more care regarding the presence of deposited particles and arrived at the present results. Therefore, 
it should be pointed out that particle collisions with a rough wall cause extensive particle diffusion 
on leaving the nozzle. If one extends this logic, it is possible that particle collisions with even a 
smooth pipe wall also affect particle diffusion in the jet, because the irregular bouncing motion of 
particles is an important factor when dealing with the motion of large particles in a pipe (Tsuji 
et al. 1987). 

3.3. Fluid turbulence 
In this paper, the turbulent intensity T, is defined as the root-mean-square of the x-component 

of the fluctuating velocity u, made dimensionless with the centerline velocity at the nozzle U0. 
Figure 13 shows the turbulent intensity distributions at x/D = 6 and x/D = 15. Observing the 
figure, one sees that the case of the 170/~m particle is strange. That is, the turbulence is reduced 
at x/D = 6, while it increases at x/D. However, if the centerline intensities are plotted vs the 
x-distance, as in figure 14, some trends can be seen. Regarding the variation of the turbulence 
centerline intensity along the flow, one finds that initially it increases near the nozzle, but after the 
flow moves along it begins to decrease. Therefore, the intensity takes a maximum value at some 
distance from the nozzle. This trend is clearly observed in the single-phase jet. Although, the same 
tendency is observed in the particle-laden jet, the particles have the effect of reducing the maximum 
value of intensity and moving the point corresponding to the maximum intensity farther from the 
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nozzle. Figure 15 presents results for different loading ratios of the same type of particles, 
d = 500/~m. The peak value of intensity is reduced at a high loading ratio. 
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