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Experimental Investigation of Confined Turbulent Jets
Part II: Particle-Laden Flow Data

C. J. Park* and L.-D. Ghent
University oj'Iowa, Iowa City, Iowa

A particle-laden coaxial jet in a sudden expansion flow environment was studied. Spherical glass beads (40 jim
in diameter) were added to the central jet of the injector. Two flow conditions at two particle mass loadings
(mass loading ratios of 0.065 and 0.13) were studied. Mean and fluctuation velocities were measured for the gas
phase and particles employing a laser Doppler anemometry technique. The results were compared to the single-
phase flow data at comparable conditions. The presence of particles was found to reduce the rate of velocity
decay and to increase the recirculation zone length. The velocity fluctuation of particle-laden jets was higher in
the near-injector region but lower at downstream locations. The slip velocity between particles and the gas phase
existed over the flow domain examined. The gas phase had a higher mean velocity in the near-injector region but
a lower mean velocity at downstream locations. The effects of particles on the flow were more pronounced as the
particle mass loading was increased.

Nomenclature
d = annular jet outer diameter, 25.6 mm
D = chamber diameter, 101.6 mm
L = chamber length, 1016 mm
MLR = particle mass loading ratio at injector exit
p = static pressure
r = distance along radial direction
Re = Reynolds number
u = axial component of fluctuation velocity
U = axial component of mean velocity
x = distance along axial direction

Subscripts
c = centerline
g = gas phase data of particle-laden flow
m - volumetric mean value at injector exit
p = particle phase data of particle-laden flow
0 = injector exit

Introduction

F LOW measurements of particle-laden jets in a sudden
expansion flow environment are reported. The objective

of the research was to study the effects of particles on the
single-phase flow reported in a companion paper.1 In the pres-
ent study, spherical glass beads were added to the central jet of
a coaxial jet nozzle. The particles had a nearly uniform size
and a mean diameter of 40 /mi. Two particle mass loadings
were considered. The gas- and particle-phase velocities were
measured employing a laser Doppler anemometry (LDA) tech-
nique. The results were compared with the baseline data,1 and
the effects of particles on the flow were discussed.

Particle-laden flows are common in many engineering
systems. Some examples are gas-turbine combustors, rocket
exhaust plumes, and pulverized coal furnaces. Data on
particle-laden jets were reported—see Refs. 2-4 for free jets
and Refs. 5 and 6 for ducted jets and the references cited
therein. Earlier studies showed that there exists a velocity lag
between particles and the gas phase near the nozzle exit. The
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spread of the gas phase was faster than particles; as a result,
the particle velocity was higher than the gas-phase velocity at
downstream locations. The radial velocity profile of the gas
phase was found to be narrower than a single-phase jet at
comparable conditions. The profiles became narrower when
the initial particle mass loading was increased. Particles were
also found to increase as well as to decrease the velocity fluc-
tuation, depending on the particle size as compared to turbu-
lence length scales. Small particles tend to suppress the velo-
city fluctuation, whereas large particles tend to increase the
fluctuation.

Studies of particle-laden pipe flows were reported. For ex-
ample, Tsuji and co-workers conducted LDA measurements
of particle-laden flows in horizontal7 and vertical8 pipes. The
studies7'8 were concerned with pneumatic conveying of large
particles. Solid particles having a mean diameter ranging from
0.2 to 3.4 mm were added to the pipe flow. Detailed measure-
ments of the flow structure were made. The results showed
that the gas-phase velocity fluctuation was decreased when
small particles were added to the flow, but the fluctuation was
increased when large particles were used.

The present work differed from earlier studies2'8 in that
flow recirculation was present in the gas phase. The flow con-
dition was similar to that reported by Stock et al.9 Their work,
however, was concentrated on the development of an LDA
technique for gas- and particle-phase velocity measurements;
particle mass loading was not specified. The lack of particle
mass loading excludes the possibility of using the data for
model evaluation. The present work was intended to provide a
database for particle-laden jets in recirculation flow and to
serve as a database for model evaluation.

Experimental Methods
The experimental setup was modified from that described in

Ref. 1. The modification provided an access for large particles
to the central jet of the coaxial jet injector. A brief description
of the apparatus is provided here. The apparatus consisted of
a coaxial jet injector, a Plexiglas chamber, and particle
feeders. The coaxial jet injector was mounted vertically down-
ward at the top of the Plexiglas chamber. The injector has an
inside diameter of 12.7 mm, an outer diameter of 25.4 mm,
and a wall thickness of 3.1 mm between the inner and outer
jets. The Plexiglas chamber has an inside diameter of 101.6
mm and a length of 1016 mm. The apparatus provided satis-
factory inlet conditions for the present study, i.e., uniform
mean velocity and low turbulent intensity at the injector exit.1

Nearly spherical glass beads (Plotter Industries Inc.) having
a specified mean diameter of 45 ^m were used. Prior to each



1512 C. J. PARK AND L.-D. CHEN AIAA JOURNAL

experiment, the glass beads were sieved carefully using a Ro-
Tab Shaker for narrow size distribution, and the particles were
then characterized by a particle sizer (Micrometrics Sedigraph
Model 5000 ET). The results showed that the sieving yielded a
mean diameter of 40 ptm and a tight size distribution. A den-
sitometer (Autopsycomometer Model 1320) was used to mea-
sure the density of the glass beads, and a density of 2470
kg/m3 was obtained. The glass beads were spherical in shape,
as seen from scanning electron microscope (SEM) micro-
graphs. The SEM micrographs and the particle size distribu-
tion can be found in Ref. 10. To introduce the glass beads to
the flow, an auger screw particle feeder was designed and in-
stalled above the injector section of the test apparatus. The
particle feeder was driven by a dc motor, and the rotational
speed was monitored by an optical system. The particle mass
loading was obtained from the weight measurements using a
load cell (Statham Model UC2).

A dual-beam forward-scattering LDA system was used for
velocity measurements. The system components and data ac-
quisition were described in Ref. 1. A Bragg cell frequency
shifter was used and operated in the 2-10 MHz range. Typical
sampling rates were 10-20 kHz for gas-phase measurements
and about 5 kHz for particle velocity measurements. Eight
thousand data points were taken at a 50 Hz rate for all of the
data reported in this paper. Due to particle deposition on the
chamber wall, the signal quality deteriorated after 1 h of oper-
ation. At this point, experiments were discontinued and the
enclosure wall was cleaned.

Compressed air was used in the experiments, and special
care was taken to ensure a stable air supply and the same injec-
tor exit conditions, e.g., see Ref. 1. Two flow conditions were
studied. One condition had an equal velocity at the injector
exit of the central and annular jets (flow I), and the other had
a higher velocity (twice that of the annular jet) at the central
jet exit (flow II). Flow I had a Reynolds number of 9400 at the
central jet exit (based on the air viscosity, mean velocity of
11.4 m/s, and a diameter of 12.7 mm) and a Reynolds number
of 6900 at the annular jet exit (mean velocity of 11.4 m/s and
hydraulic diameter of 9.6 mm). The corresponding Reynolds
numbers for flow II were 18,800 and 6,900 for the central and
annular jets, respectively. Two particle mass loadings—mass
loading ratio (MLR) = 0.065 and 0.13—were considered. The
particle MLR was defined as the ratio of particle mass flow
rate to air flow rate.

When measuring air flow velocity, submicron alumina par-
ticles were seeded to the flow. When particle velocities were
desired, only glass beads were added to the flow. At this con-
dition, the burst counter and photomultiplier were set at low
gain settings to remove signals from residual and dust particles
in the air supply. When the gas-phase velocity was desired,
both LDA seeding particles and glass beads were present in the
flow. As a result, a measure was needed to reject signals from
large particles. The LDA system was operated at high gains of
the burst counter and photomultiplier. The amplitude limit of
the burst counter was adjusted to reject signals from large par-
ticles while validated signals from alumina seeding particles
were recorded. To reduce the uncertainty in gas-phase meas-
urements, different combinations of gain setting and ampli-
tude limit were tested. Combinations were determined to be
successful when no LDA signals were realized by the counter
at the termination of the alumina seeding, although glass
beads were still present in the flow.

It is recognized that the cross-talk error in the present study
cannot be eliminated completely, and a better scheme was
described in Refs. 5 and 6. The dilute mass loading
(MLR = 0.065 and 0.13) and high alumina seeding levels pro-
vided a less stringent condition for the present study. The
worst cross-talk ratio was estimated at 30% at the injector exit
for flow II at MLR = 0.13 by following the method described
by Modarress and Tan.5 The uncertainty in gas-phase meas-
urements resulting from the 30% cross-talk ratio was 15% for
the mean velocity, assuming a 50% slip velocity based on

measured gas-phase quantities. The 30% cross-talk ratio was
the worst condition studied in this paper, i.e., flow II at the in-
jector exit. The cross-talk error was reduced at downstream lo-
cations, where the local MLR was lower. The cross-talk error
was also lower for flow I due to lower central jet velocity. The
worst repeatability of the measurements was found to be
within ± 10% of the data reported in this paper.

Results
Gas- and particle-phase velocities were measured for two

flow conditions (flows I and II) at two particle mass loadings
(MLR = 0.065 and 0.13). The single-phase data and prediction
at comparable flow conditions were also included in the
figures presented here. The single-phase results were taken
from Ref. 1 for comparison purposes. In the discussion
herein, the gas- and particle-phase data are referred to the gas-
and particle-phase measurements of particle-laden flows,
respectively.

Axial Profile
The axial velocity profiles are summarized in Figs. 1-4. The

presence of large particles had an immediate effect on the gas
phase at the injector exit, i.e., the chamber inlet. At that loca-
tion, the gas phase velocity (Ugc) was found to be lower than
that of the single-phase flow (Uc). This was due to particles
entering the injector at a velocity lower than the local gas flow.
While particles were accelerated through the injector section,
the gas phase was decelerated, resulting in a lower velocity at
the injector exit. However, kinematic equilibrium was not
reached at the injector exit. The particle-phase velocity (Upc)
was found to be lower than the gas-phase velocity. The non-
equilibrium between the two phases was confirmed by inte-
grating the equations of motion for 40-jnm spherical particles
passing through the injector section. The results showed that
particles entered the chamber at 8.2 and 13.0 m/s for flow I
and flow II conditions, respectively. The preceding calculation
assumed a zero particle velocity at the injector inlet and stand-
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Fig. 3 Axial profiles of flow II with a solid mass loading ratio of 0.065.

ard drag coefficients for spherical particles.10 The calculated
slip velocity (Ugc — Upc) agreed with the experimental data.
The slip velocity increased when the central jet velocity or par-
ticle mass loading was increased, e.g., see Figs. 1-4.

Leaving the injector, particles were accelerated by the gas
flow until the end of the potential core was reached. The slip
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Fig. 4 Axial profiles of flow II with a solid mass loading ratio of 0.13.

velocity was reduced gradually and reached a minimum near
the end of the potential core, e.g., x/d^5. Beyond the poten-
tial core, the gas-phase velocity was decreased due to the
spread of the central jet and entrainment of the lower velocity
annular air. Large particles, however, cannot follow the flow;
thus, the rate of the velocity decay was slower than the gas
phase. In the region 3<xxd<\5, the gas-phase velocity at the
centerline became higher than that of the single-phase flow at
comparable conditions. This was due to the reduced spread of
the central jet and momentum transfer from particles. In this
region, the particle phase has a higher velocity than the gas
phase. Further downstream, e.g., x/d>15, the velocities of
the particle phase and the gas phase approached that of a
single-phase flow. The particles, however, still had a higher
velocity than the gas phase.

The presence of particles appeared to suppress the flow tur-
bulence, except at locations immediately downstream of the
injector. In the near-injector region, the particle-laden flow
showed a higher turbulence intensity for both the particle
phase and the gas phase, compared to single-phase flow data.
At downstream locations, e.g., x/d>2, the particle-laden flow
had a lower gas-phase fluctuation velocity than the single-
phase flow. The effects of particles on flow turbulence can be
explained as follows. The large slip velocity and the nonlinear
interaction between particles and the flow probably were
responsible for the high gas-phase turbulence intensity in the
near-injector region. The nonlinear interaction can be quanti-
fied following the model developed by Shuen et al.2 The tur-
bulence length scale in the near-injector region may be smaller
than the particle size since the length scale was limited by the
thin shear layer from the nozzle. The interaction between par-
ticles and the flow thus favored the production of flow turbu-
lence in the near-injector region. At downstream locations, the
growth of the shear layer resulted in a length scale approach-
ing the radius of the injector. As a result, turbulence modula-
tion was seen.

The data presented in Figs. 1-4 were rearranged and plotted
in Figs. 5-8 to illustrate the effects of particle mass loading on
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the flow. The mean velocities (Ugc or Upc) were normalized by
the single-phase axial velocity at the injector exit (t/0), and the
fluctuation velocities (ugc and upc) were normalized by local
center line velocities (Ugc or Upc). The variation in particle
mass loadings did not seem to qualitatively vary the gas-phase

and particle-phase velocities for the conditions examined.
Quantitative variations in velocities, however, were measured.
In the near-injector region, x/d<5, the slip velocity between
the two phases increased as the particle mass loading was in-
creased. The normalized fluctuation velocities (ugc/Ugc and
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Fig. 8 Effects on particle-phase mean and fluctuation velocities of
flow II due to different mass loading ratios.



NOVEMBER 1989 TURBULENT JETS PART II: PARTICLE-LADEN FLOW 1515

FLOW I MLR - 0.13
x/d

19.09

14.37

11.22

6.30

3.35

DflTfl PRSD.j
U/U0
U9/U9c
Up/Upo 0.59

0.0 0.5
2r/D

a) Mean

pflTP

u/Uc o

VV *

0.0 0.5
2r/0

PREO..

1

b) Fluctuation
Fig. 9 Radial profiles of mean and fluctuation velocities of flow I
with a mass loading ratio of 0.13.

upc/Upc) were similar to, but higher than, the single-phase
data. At downstream locations, 5<x/d<15, both the gas
phase and particle phase experienced a higher mean velocity
but a lower normalized fluctuation velocity when the particle
loading was increased. The reduced rate of the central jet
spread and reduced turbulent diffusion probably were respon-
sible for the measured higher mean velocities and lower velo-
city fluctuations.

Radial Profile
Radial profiles of the axial mean and fluctuation velocities

for flow I and flow II at MLR = 0.13 are shown in Figs. 9 and
10, respectively. In the figures, the gas-phase and particle-
phase velocities were normalized by the mean velocities of
each respective phase. Near the injector exit, x/d=Q.59, the
gas-phase velocity (Ug) exhibited a velocity defect similar to
that observed in single-phase flow.1 The wake effect was a
result of the finite wall thickness of the central jet injector.
The wake effect, however, was not observed in particle-phase
velocity, e.g., see Fig. 9. This was not surprising since particles
were added only to the central jet of the flow, and the particles
could not respond to the gas phase momentarily. In the
near-injector region, x/d<3.359 the normalized profiles for
the gas phase and particle phase were similar (Figs. 9 and 10);
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Fig. 10 Radial profiles of mean and fluctuation velocities of flow II
with a mass loading ratio of 0.13.

the slip velocity between the two phases was quite large, how-
ever. Recall that the velocities were normalized by the center-
line velocities of each respective phase. At the chamber center-
line, substantial slip velocities were measured. The flow I
radial profiles of normalized velocities Ug/Ugc and Up/Upc
were qualitatively similar for x/d, up to 11.22, suggesting that
the centerline mean axial velocity could be used as a scaling
parameter even for flows with recirculation. This was also ob-
served for flow II at x/d =3.35, although less satisfactory
results were obtained at radial locations where there existed a
steep velocity gradient, e.g., 0.2<2r/£><0.3.

At locations near the flow reattachment, x/d =14.31, the
deviation in normalized mean velocities (Ug/Ugc and Up/Upc)
was larger than that at other locations, e.g., see Figs. 9 and 10.
At x/d = 14.37, the single-phase flow had a flatter mean velo-
city profile than the particle-laden flow, suggesting the single-
phase flow had a shorter reattachment length. At x/d= 19.08,
a more uniform mean velocity profile was found in the single-
phase flow. This is reasonable, since at centerline locations the
particle-laden flow had higher velocities (both gas phase and
particle phase) than the single-phase flow. As a result, only a
narrower velocity profile can satisfy the conservation of mo-
mentum.

The normalized fluctuation velocities (u/Uc, up/Upc) were
qualitatively similar, as shown in Figs. 9 and 10. Near the in-
jector exit, x/d=0.59, the particle-phase velocity fluctuation
was higher than the gas phase. At downstream locations, the
presence of particles seemed to suppress the velocity fluctua-
tion similar to that observed at centerline locations. Turbulent
intensities, however, were quite high for particle-laden flows,
especially near the flow reattachment, e.g., at x/d- 14.37.
The velocity fluctuations at the centerline reached 0.6 (ug/Ugc)
and 0.5 (up/Upc) for flow I (Fig. 9) and 0.5 (ug/Ugc) and 0.45
(up/Upc) for flow II (Fig. 10). This level of fluctuation was
higher than that observed in free jets. It appeared that the cen-
terline mean velocities of each respective phase can be used as
the scaling velocities to yield similar radial profiles. The nor-
malized gas-phase and particle-phase mean and fluctuation
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velocities were similar, although substantial slip velocities ex-
isted between the two phases and a less satisfactory result was
seen near the flow attachment.

Summary and Conclusions
A particle-laden coaxial jet in a sudden expansion flow envi-

ronment was studied, and two flow conditions were con-
sidered. One condition had an equal velocity at the injector
exit of the central and annular jets (flow I), and the other had
a higher velocity (twice that of the annular jet) at the central
jet exit (flow II). Nearly spherical glass beads having a mean
diameter of 40 ^m were added to the central jet of the flow.
Two particle mass loadings were considered, MLR = 0.065 and
0.13. The mean and fluctuation velocities were measured for
both the gas phase and particle phase. The results were com-
pared with the single-phase data reported in a companion
paper.1

Adding particles to the flow was found to reduce the rate of
the velocity decay for the gas phase and to increase the recir-
culation zone length. Substantial slip velocities were observed
between the gas phase and particles over the flow domain
studied, especially at locations near the injector exit. When
compared to the gas phase, particles had a lower mean velocity
in the near-injector region but a higher velocity at downstream
locations. The presence of particles was found to increase the
velocity fluctuation of the gas phase in the near-injector re-
gion, x/d<5, but the fluctuation was reduced at downstream
locations. These effects became more pronounced when the
particle mass loading was increased. The effects of particles on
confined flows were similar to those observed in particle-laden
free jets.

To advance the understanding of particle-laden flows in
coaxial dump combustor environments, a higher particle mass
loading is of interest, although the mass loading ratio con-
sidered in the present study corresponds to a typical stoichio-
metric condition for hydrocarbon fuels (in terms of fuel-to-air
ratio) and also twice of that stoichiometric condition value. To
advance our knowledge of spray combustion, the experiment
can be extended to evaporating and combusting sprays. Fur-
ther experiments are needed to quantify the mixing between

the two streams, three-dimensionality of the turbulent struc-
ture, and evaporation and burning rates of fuel drops in high-
temperature recirculation flows.
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