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less, stochastic analysis vielded best agreement with measurements. Effects of
enhanced drag (due to high relative turbulent intensities of particle motion) and
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of the investigation was completed. ¢
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in a water bath, where turbulence/particle interactions are the main mechanism in-
fluencing the turbulence properties of the continuous phase. The test arrangement
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discriminating laser Dopplier anemometer capable of providing spatial and temporai
correlations of continuous-phase turbulence properties. Measurements show the pro-
gressive strengthening of the turbulence field in the continuous phase with increased
particle loading, leading to particle-induced turbulent particle dispersion. Power
spectra of streamwise continuous-phase velocity fluctuations show that the particles
Create a very respectable turbulence field,involving: an energyv-containing range,
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NOMENCLATURE

Descrioti
a acceleration of gravity
Ch drag coefficient
¢ empirical constants
d injector exit diameter
dp particle diameter
E(f) power spectrum of velocity fluctuations
f frequency
f fluid passing frequency
£, Kolmogorov frequency
1’p particle passing frequency
fPk characteristic highest frequency
I relative turbulence intensity
k turbulence kinetic energy
2, Kolmogorov length scale
L, dissipation length scale of eddy
m, injector mass flow rate
m, particle mass
M, acceleration modulus
M, injector thrust
n, number of particles in group i per unit time
n" particle number flux
radial distance
Re Reynolds number
N source term
S ) source term due to particles
t time
t, eddy lifetime
t Kolmogorov time scale
u axial velocity
u, Kolmogorov velocity scale
1x
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3
R
S
e
N
< u difference between dispersed and continuous phase velocities
T v radial velocity
jl Vj volume of computational cell j
- ::'.:I w tangential velocity
o X streamwise distance
.
) Sij Kronecker delta function
’. . . . . .
Atp residence time of a particle in a computational cell
-‘f\
g A, correction of virtual mass force
e Ay correction of Basset history force
r T o
. € rate of dissipation of turbulence kinetic energy
- m viscosity
N My turbulent viscosity
.:::'.; v kinematic viscosity
. p density |
b S; turbulent Prandtl/Schmidt number
,'j.-f; o] generic property
o £ integration variable, equation (6)
.’/‘"
(  Subscripts
mad
Z:::I c centerline value
o in start of particle path in computational cell
out end of particle path in computational cell
e p particle property
e r relative value
v 0 initial condition
o oo ambient condition
P ',.4’,
o :
) time-averaged quantity
- (~) particle (Favre)-averaged quantity
®. ) time averaged root-mean-square fluctuating quantity
:-j:f (~) particle (Favre)-averaged root-mean-square fluctuating quantity
A
XA
"',
A
~ "
o
o ::$‘
o
-y X
o,
S ‘.
o T e L T D e e e R e e N e A T e




mlrar.r.r.:rwxwr..r.v'.r.r.-"'.“r."-". afigait: 2U0 oML AR S RE RIE R AP

T W75

ACKNOWLEDGEMENTS

The authors wish to acknowledge the assistance of T.-Y. Sun and J. P. Gore during the
initial phases of the investigation. We also wish to acknowledge the contributions of the staff
of the Gas Dynamics Laboratories at The University of Michigan: C. Iott, for help with
apparatus development and flow visualization; W. Eaton, T. Griffin and G. Gould, for
assisting apparatus development; and S. Bauerle for helping to prepare this report.

This research was supported by the Air Force Office of Scientific Research, Grant No.
AFOSR-85-0244, under the Tech ical Management of J. Tishkoff.

xi

l*,;.r.;f_".r,;.-.;.r R R RS R

LN

SRR A

N LI
\.[‘-




=y -,-’ s

SO COARLRE

v
v.'.l

-

e B

L}

~

Yy - . . -‘
AR NN

SRR Th bl IR

[

R A AP I N A A I
ORI TN LT

1. INTRODUCTION

The potential value of rational design procedures for liquid-fueled combustors has
motivated numerous efforts to develop methods for analyzing spray evaporation and
combustion processes. The goal is to reduce the time and cost of cut-and-try combustor
development. This investigation seeks to contribute to the development of this methodology,
by studying several fundamental phenomena associated with sprays — particularly the
dense-spray region near the exit of the fuel injector passage. The research has application to
airbreathing propulsion systems, e.g., liquid-fueled primary combustors and afterburners. The
results of the research are also relevant to other spray combustion processes, e.g., liquid-fueled
rocket engines, fuel-injected internal-combustion engines, diesel engines, furnaces, etc.
Finally, the research involves examination of turbulence/dispersed-phase interactions which are
present for a wider class of dispersed turbulent flows, including processes relevant to solid
rocket motors and particle-laden exhaust plumes.

The overall investigation is divided into two main tasks, as follows: (1) direct
consideration of the near-injector, dense-spray region of pressure-atomized sprays; and (2)
turbulence/dispersed-phase interactions in particle-laden liquid flows, which are related to
dense-spray processes, but provide a much simpler system for fundamental study. Findings
for the two tasks are reported separately, with this report limited to turbulence,dispersed-phase
interactions. Descriptions of the pressure-atomized spray study can be found in Parthasarathy
et al. (1986), Ruff & Faeth (1987) and Ruff et al. (1987, 1987a).

The investigation is planned for a three-year period, with this report covering the second
year of the study. Two experimental configurations were considered to study
turbulence/dispersed-phase interactions, namely: particle-laden liquid jets, consisting of glass
beads in water, injected into a still water bath; and homogeneous particle flows, consisting of
glass beads falling through a stagnant (in the mean) tank of water. The particle-laden jet
experiment highlights the dynamics found in spray processes at high pressure, typical of
combustion in modern propulsion systems, where the densities of the continuous and
dispersed phases are comparable. The homogeneous particle flow provides conditions where
effects of turbulence modulation (the direct modification of continuous-phase turbulence

properties by the dispersed phase) can be studied without the complications of more
conventional turbulence processes.

The particle-laden jet and homogeneous particle flow studies are considered in the next
two sections of the report. The report concludes with a summary of articles, participants, and
papers associated with the turbulence/dispersed-phase task of this investigation.
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2. PARTICLE-LADEN JETS
2.1 Introduction

Particle-laden turbulent jets in liquids are encountered in industrial and natural processes.
Furthermore, these flows provide a useful simulation of sprays in high-pressure environments,
since they have comparable phase-density ratios. The present study considers particle-laden
turbulent water jets in still water, motivated by these applications. The work involved both
measurements of flow structure and analysis to help interpret the measurements and to initiate
development of predictive methods for these flows. The study was limited to nearly
monodisperse particles and dilute particle concentrations (particle volume fractions less than
5%).

A complete discussion of earlier studies of particle-laden jets will not be undertaken since
reviews of these flows have recently appeared (Faeth, 1983, 1987). The present study extends
earlier work on multiphase jets in this laboratory, which included: particles in gases (Shuen et
al. 1983, 1983a, 1985), drops and sprays in gases (Solomon et al. 1985, 1985a; Shuen et al.
1986), and bubbles in liquids (Sun & Faeth, 1986; Sun et al. 1986). The earlier flows
involved either very large or very small phase-density ratios, yielding different response of the
dispersed phase to the motion of the continuous phase. However, conditions where phase
densities are comparable were not considered; therefore, the present study was designed to help
fill this gap in the literature. Comparable phase densities are of particular interest, since all
effects of interphase momentum transfer are important — particle inertia, virtual mass, drag, and
the Basset history force. Furthermore, these flows also exhibit high relative turbulence
intensities for particle motion, which influences particle drag properties (Clift et al. 1978).

Thus, they represent a good test of methods used to predict particle motion in turbulent
environments.

The present experiments involved solid glass spheres (roughly 0.5 mm in diameter) in
water, yielding a phase-density ratio of 2.45:1. Mean and fluctuating phase velocities were
measured using a phase-discriminating laser-Doppler anemometer (LDA). Particle number
fluxes were measured by detecting Mie scattering from particles within a laser light sheet. Asa
baseline, measurements of flow properties in a pure water jet were completed, using the same
injector. Particle drag properties were calibrated, using separate single-particle experiments, in
order to reduce uncertainties in separated-flow analysis.

Analysis of flow properties was similar to recent work in this laboratory (Shuen et al.
1983, 1983a, 1985; Solomon et al. 1985, 1985a; Sun & Faeth 1986; Sun et al. 1986). Three
limiting approximations were considered, as follows: (1) locally-homogeneous flow (LHF)
where interphase transport rates are assumed to be infinitely fast so that the relative velocities of
the phases can be ignored: (2) deterministic separated flow (DSF), where the relative veioctties
between the phases are considered, but particle/turbulence interactions are ignored: and (3)
stochastic separated flow (SSF), where effects of both relative velocities and particle/turbulence

28]
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interactions are considered using random sampling for turbulence properties, in conjunction
with random-walk computations for particle motion. Exact numerical simulation of multiphase
turbulent jets is not feasible for Reynolds numbers encountered in practice, due to the large
range of length scales in the flow. Thus, continuous-phase turbulence properties were
analyzed using widely-adopted methods of k-€ turbulence models, while averaging over
phenomena on the scale of particle size, similar to past treatments of multiphase jets in this
laboratory. All empirical aspects of the turbulence model, however, were established by early
work with constant density single-phase shear flows (Lockwood & Naguib 1975) and
subsequently verified by comparison with measurements in constant- and variable-density
single-phase round jets (Jeng et al. 1984). Two extensions of analysis were also undertaken,
as follows: (1) consideration of effects of anisotropy of continuous-phase turbulence on the
anisotropy of fluctuating particle motion, since Shuen et al. (1985) suggested that this
phenomenon was important; and (2) consideration of effects of particles on the turbulence
structure of the continuous phase, called turbulence modulation by Al Taweel & Landau
(1977).

Parthasarathy et al. (1986) describe the initial phases of this investigation, while
Parthasarathy and Faeth (1987, 1987a) present more abbreviated accounts of present findings.
The report begins with a description of theoretical and experimental methods. This is followed
by discussion of the particle drag calibration, measurements of near-injector flow properties to
establish initial conditions for structure computations, and baseline results for single-phase
water jets in still water. This portion of the report concludes with a description of structure
measurements in particle-laden jets and their comparison with predictions.

2.2 Experimental Methods
2.2.1 Apparatus

The test arrangement has already been described (Parthasarathy et al. 1986); therefore.
the following description will be brief. A sketch of the apparatus appears in figure 1. The
flow was observed within a windowed test tank (410 x 530 x 910 mm high) used during
earlier studies of bubbly jets (Sun & Faeth 1986; Sun et al. 1986). The injector was a
constant-area passage, 5.08 mm in diameter and 350 mm long, injecting vertically downward.
This arrangement yielded nearly fully-developed pipe flow at the exit, for single-phase flow
conditons. Instrumentation was mounted rigidly; therefore, the injector was traversed in three
directions to measure flow properties. Positioning accuracies were 100 um in the honzontal
plane and 500 itm in the vertical direction.

Filtered water was supplied to the injector by a rotary gear pump. A valve, bypass and
surge tank in the pump exhaust line were used to control and smooth the flow. Water flow
rates were measured with a rotameter, which was calibrated by collecting water for timed
intervals. Water injected into the test tank was removed by an overflow pipe and returned to a
reservoir at the pump inlet.

---------
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Dried particles were fed by a screw feeder (maximum feed rate variations of 4%) to a
standpipe located directly above the injector. While falling under the influence of gravity, the
particles mixed with the water and entered the injector flow at a tee. After pac<ing through the
jet, the particles collected naturally at the bottom of the tank, where they were removed
periodically by a suction system.

2.2.2 Instrumentation

Particle velocities, Mean and fluctuating particle velocities were measured with a
laser-Doppler anemometer (LDA) which is sketched in figure 2. A dual-beam arrangement was
used, based on the 514.5 nm line of an argon-ion laser operated at 200 mW optical power.
Off-axis (45°) forward-scatter light detection was used for particle velocity measurements in
order to control the size of the measuring volume. Directional bias and ambiguity were
eliminated by use of a 40 MHz Bragg-cell frequency shifter. Output signals were downshifted
to convenient frequency ranges for filtering and signal processing.

Signal amplitudes from the naturally-seeded water were much smaller than from
particles; therefore, particle signals were identified by reducing the gain of the detector circuit
until only signals from particles were recorded. This procedure was verified by stopping the
flow of particles, which invariably resulted in no further signals being processed. Particle
velocities were found using a burst-counter signal processor (TSI Model 1990C). The output
of the burst counter was stored and subsequently processed by a microcomputer (IBM 9002) to
yield particle-averaged mean and fluctuating velocities. Predictions of particle velocities were
averaged in the same way, for comparison with the measurements. Streamwise and radial
particle velocities were measured by appropriately orienting the optical plane of the LDA.

The LDA measuring volume for particle velocities was relatively large (0.6 mm diameter
and 0.7 mm long) since grazing collisions of particles with the measuring volume were
recorded. Nevertheless, gradient broadening was small and uncertainties of these
measurements largely resulted from finite sampling times. Estimates of experimental
uncertainties (95% confidence) are as follows: mean streamwise velocities, 5%; fluctuating
streamwise and radial velocities, 10%; and mean radial velocities, 50%. Uncertainties of mean
radial velocities are high due to their small magnitude.

Liquid velocities, Light scattered by natural seeding in the water yields lower-amplitude
signals than light scattered by the glass beads; therefore, simple amplitude discrimination can
help to distinguish between liquid-phase and particle velocity signals. As Modarress et al.
(1984) point out, however, particles grazing the LDA measuring volume also yield

low-amplitude signals, which can be interpreted as coming from the liquid phase, biasing the
liquid velocity measurements.
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A phase-discriminator system sketched in figure 2 was used to avoid biasing from
grazing particle collisions with the LDA measuring volume, similar to Modarress et al. (1984).
The basic LDA arrangement was similar to the particle velocity measurements; but with on-axis
forward-scatter light detection. The phase discniminator involved a third beam, from a 5 mW
HeNe laser (18° from the LDA axis) which was focussed at the LDA measuring volume and
observed by off-axis (32°) detection through a laser-line filter. The discriminator optics were
adjusted so that all grazing collisions were observed. The region viewed (0.6 mm diameter and
1.2 mm long) by the discriminator is illustrated in figure 3, yielding a discriminator volume
with a diameter greater than the sum of the diameters of the LDA measuring volume and the
largest particles. The discriminator signal was recorded simultaneously with the velocity signal
from the burst counter. The data processing system was programmed to eliminate all velocity
records where a pulse on the discriminator signal indicated the presence of a particle. The time
between valid liquid velocity measurements was small in comparison to the integral time scales
of the flow; therefore, the velocity signal was time averaged, ignoring periods when particles
were present, to obtain unbiased time-averaged mean and fluctuating liquid velocities. Natural
seeding in the water was sufficient to yield high data rates (3-8 kHz). Various velocity
components and the Reynolds stress were obtained by rotating the optical plane of the LDA, as
described by Durst & Whitelaw (1971).

The LDA measuring volume for liquid velocities was 0.1 mm in diameter and 1.3 mm
long. Gradient broadening was negligible and experimental uncertainties were dominated by
finite sampling times. Estimated experimental uncertainties (95% confidence) are as follows:
mean streamwise velocities, 5% fluctuating streamwise and radial velocities, 10%; turbulence
kinetic energy, 20%: and Reynolds stress, 30% at its maximum and proportionately higher
elsewhere.

Particle number fluxes. Mie scattering was used to measure particle number fluxes in the
streamwise direction. A sketch of this system appears in figure 4. A small light sheet, having
nearly uniform intensity, was produced at the measuring volume by passing the beam froma S
mW HeNe laser through an aperture. The measuring volume was observed in the horizontal
plane, normal to the laser beam. Particles passing through the measuring volume generated
pulses in the detector output. The pulses were shaped and recorded by a pulse counter which
had an adjustable threshold to control spurious background signals. Grazing collisions of
particles with the optical measuring volume were recorded; therefore, the radius of the region
observed was roughly the sum of the optical radius and the particle radius (total size roughly
0.75 x 0.75 mm). The actual area of observation, however, was calibrated by collecting
particles in a uniform flow. In general, more than 1000 particles were counted in order to find
the mean particle number flux.

Experimental uncertainties for the particle number flux measurements were due to
variable particle diameters, which influences the area actually observed; gradient broadening;
and finite sampling times. The latter dominated the measurements, yielding uncertainties (95%
confidence) of less than 15% along the axis and proportionately higher elsewhere.
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2.2.3 Test Conditions

Test conditions are summarized in Table 1. Three flows were considered, a pure water
jet, as a baseline, and two particle-laden jets. The particle-laden jets were dilute, having initial
particle volume fractions of 2.4 and 4.8%. The flows were reasonably turbulent, with initial
Reynolds numbers of roughly 8500. Initial flow velocities (ca. 1.6 m/s) were relatively low in
comparison to terminal particle relative velocities (ca. 0.05 m/s); therefore, effects of buoyancy
were significant. The size distribution of the particles. which were more-or-less round glass
beads, is illustrated in figure 5. The particles had a number of mean diameter of roughly 500
um, with a standard deviation of 45 pum (other particle properties are noted in Table 1).
Particle properties were not distinguished by size during the measurements. The predictions
were obtained by averaging calculated results over all particles. in the same manner.

Table 1. Summary of Test Conditions*

Flow Single-Phase Particle-Laden Jet
Jet [ I
Mass loading ratio (%)Jr 0 5.9 11.8
Particle-volume fraction (%) 0 2.4 4.8
Water flowrate (ml.s) 32.7 327 32.7
Inial average velocity (mus) 1.61 1.66 1.72
Jet Reynolds number? 8530 8795 9115

“Imual conditions for a particle-laden water jet injected vertically downward in still water.
Injector 15 a constant-area passage (diameter of 5.08 mm and length of 350 mm). Water
temperatures of 298 + 2K.

“Mass of particles per unit mass of water. Particles are round glass beads having a number
mean diameter (NMD) of 501 um, a standard deviation from the NMD of 45 um. a Suauter
mean diameter (SMD) of SOS pm, and a density of 2450 kg m’

S . : .
"Re = u d v, where d 1s the injector diameter and v is the kinematic viscosity of water.
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2.3 Theoretical Methods
2.3.1 General Description

The analysis considers steady, round, dilute, particie-laden turbulent jets, satisfying the
boundary-layer approximations. in an infinite stagnant environment. Similar to past treatments
of particle-laden jets in this laboratory (Shuen et al. 1983, 1983a, 1985; Sun & Faeth 1986
Sun et al. 1986)., a k-¢ turbulence model was used to find continuous-phase turbulence
properties. For present conditions, flow velocities were low and Reynolds numbers were
reasonably high: therefore, the kinetic energy and viscous dissipation of the mean flow, as well
as molecular transport, were ignored with little error. Both particle and liquid densities are
constant, simplifying separated-flow analysis; however, variable-density effects must be
considered during LHF analysis since changes in parucle concentrations change local densities.
Due to relatively low flow velocities, and density differences between the particles and water,
buovancy must be considered. The flows were dilute, with particle volume fractions never
exceeding 5¢: therefore. the dispersed-phase volume was ignored in the governing equations
tor the continuous phase, dunng separated-tlow analysis.

The LHF and DSF formulations were very similar to Shuen et al. (1983, 1983a, 1985)
and these methods will be described only briefly. However, the SSF approach was modified
to treat anisotropy and turbulence modulation; therefore, the new formulation will be presented
to tactlitate later discusston.

2.3.2 Continuous Phase (SSF Formulation)

The turbulent tlow analysis 1s similar to Lockwood & Naguib (1975), but employs
mass-weighted (Favre) averages. tollowing Bilger (1976). However. use of Favre averages is
only important for LHF analvsis, since the density of the continuous phase is constant.

resent methods use the specific formulation and empincal constants of Jeng & Faeth (1984),
which huas been evaluated successfully for a varniety of constant- and variable-density
single-phase jets Constants used. however. are not very different from Lockwood & Naguib
(1975).

We use an axisymmetnic coordinate system. The streamwise direction 1s vertically
downward. aligned with the gravitational acceleration vector. With this arrangement, the
generdl form of the governing equations s as follows:

daxpuor-rldarrpvo) = rladnr My Og dOdr) « Sy - Spo (1
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b o = po/p (2)

!
“-f- derotes a Favre average, while an overbar denotes a conventional time average. Governing
‘_"';Z equations are solved for conservation of mass (¢ = 1), conservation of momentum 0 =u).

4

~

turbulence kinetic energy (¢ = k), and the rate of dissipation of turbulence kinetic energy (0 =
g €). The source terms, S, and Spo‘ are summarized in Table 2, along with the empirical
'-‘_ constants, C,, used during the computations. The S, terms are conventional for a single-phase
X jet (Lockwood & Naguib 1975); the particle source terms, Spo, will be discussed later. The
H turbulent viscosity was computed as usual:

v 2,

he = Cypkie (3)

..- Table 2. Source Terms and Empirical Constants in Separated-Flow Analysis*

1 0 0

~ -t

-. u 0 Spu'

:’ -~ } 2 —— _

’ k Hy(Quidr)=- pe u Spu -u Spu

€ (C51|.11(8u/8r)2 - Ceapeleik Ce3Spk £k

- €y Cel Ce2=Ce3 Ok ¢
0.09 1.44 1.87 1.0 13

__\

b ’Spk only used for SSF-KMOD and SSF-EXT versions; Spe only used for SSF-EXT
. version.

- i n
® Spu = Zl My(Upin - Ypout) * a(l - P/Pp) Atg); / V

::; =

o

S

R x",

& The flow leaving the injector was similar to fully-developed flow and had no potential
9 core. Initial conditions for the computations were prescribed from measurements near the injec-
- tor, as described later. Ambient values of u, k and € are zero, while gradients of these quanti-
':. 13
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ties are zero at the axis of the flow, from symmetry.
2.3.23 Dispersed Phase (SSF Formulation)

The particle phase was treated by solving Lagrangian equations for the trajectories of a
sample of individual parucles (n groups defined by initial position. velocity, direction, and
sample) as they move through the flow and encounter a random distribution of turbuient
eddies. Results of these computations were averaged over all particle groups. to provide meun
and fluctuating particle properties as well as the particle source terms, Spo‘ needed to solve the

continuous-phase governing equations.

Several vanations of the SSF analysis were considered. in order to examine effects of
anisotropic turbulence properties and effects of particles on continuous-phase turbulence
properties (turbulence modulation). The baseline version follows Shuen et al. (1983, 19834,
1685). which 1s a modification and extension of a method proposed by Gosman and loannides
(1981). In all cases, properties are assumed to be uniform within each eddy and to change
randomly from one eddy to the next. At the start of particle/eddy interaction, the velocity of the
eddy is found by making a random selection from the probability-density function (PDF) of
velocity. A particle is assumed to interact with an eddy for a time which is the minimum of
either the eddy lifetime or the time required for the particle to cross the eddy. Characteristic
eddy sizes, L, and lifetimes, t_. are estimated from the following expressions (Shuen et al.

19834, 1985):
oen 332 e, te = L, Syl 4)

Particles and eddies are assumed to interact as long as the time of interaction and the relative
displacement of the particle and eddy are both less thant, and L.

During baseline SSF analysis, the velocity PDF was taken to be isotropic and Gaussian,

having standard deviations (2k/3)!’2 and mean values u,v with the tangential mean velocity w
= 0. However, the streamwise velocity fluctuations of particles in particle-laden jets are
generally underestimated using this approach, an effect which has been attributed to ignoring
the anisotropy of turbulent fluctuations generally observed in these flows (Shuen et al. 1983:
Sun & Faeth 1986). For present initial considerations, anisotropy levels in the multiphase
tlows were correlated directly from the measurements and applied to the velocity PDFs, to
minimize uncertainties in evaluation of the phenomenon.

Initial conditions for separated flow analysis were specified at x’d = 8, which was the
position nearest the injector where all needed measurements could be made with acceptable
spatial resolution and accuracy. Downstream of this position, particle volume fractions were
less than 3% therefore, particle collisions and effects of adjacent particles on particle transport

14
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nroperties are negligible (Faeth 1986). Particle dimensions were less than 10% of the flow half
width; therefore, particles were assumed to be in a locally uniform environment, based on
liquid properties at their center. Particles were assumed to be spherical, and Magnus and
Saffman-lift forces and static pressure gradients were neglected, similar to Shuen et al.
(1983a).

Under these assumptions, particle motion was found using the formulation of Odar &
Hamilton (1964), reviewed by Clift et al. (1978), as follows:

(pp/p+AA/2)duri/d[ = a(pp/p—l)Sli-3CD\ur\un-/(4dp)

t
- Ay@lv / wdyH)12 I (-8)"V2(d uyy s dE)dE, (6)
(o}

where a Cartesian reference frame has been used with i=1 denoting the vertical direction. The
terms of the left-hand side of equation (6) represent accelerations due to particle and virtual
mass, while the terms on the right-hand side represent buoyancy, drag and Basset-history
forces.

The parameters A, account for particle acceleration; they were empirically correlated by
QOdar & Hamilton (1964), as follows:

,
Ap = 21-0.123M, %/ (1 +0.12M, %) M)

Ay = 048 +0.52M, %/ (1+M,)° 8)

where M, is the particle acceleration modulus
M, = ur/dt)dp/urz )

The values of A, and A, vary in the ranges 1.0-2.1 and 1.00-0.48, the former values being the

correct limit for the Basset-Boussinesq-Oseen (B-B-O) formulation of equation (6) (Chftet al
1978).

For baseline computations, the B-B-O limit was used. Particle Reynolds numbers,
based on the relative velocity of the particle and fluid, did not reach the supercritical flow
regime: therefore, the standard drag coefficient for solid spheres was approximated as follows
(Faeth, 1983):

-
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Cp = 24(1+Re*3/6)/Re,  Re < 1000: Cp=044, Re>1000  (10)

where Re denotes the particle Reynolds number.

Computations revealed that turbulent fluctuations of the continuous phase were o‘ten
large in comparison to relative velocities; therefore, the extended version of the SSF analysis
accounted for this effect following Clift et al. (1978) and Lopes & Dukler (1986). The
expression for the drag coetfictent in this case is as follows:

Cp = 162117 /R, Re < 50:

Cp = 0.133(1 - 150 /Re)! 303 1 41 50 < Re < 700 (11)

r?
where 1_is the relative turbulence intensity of the particles, taken as follows:

1/2
Ir = (2k/3) am (1)

assuming isotropic turbulence. These expressions were developed for [ < 0.5; however, they

were used during the present calculations for I ranging up to 1.5. for lack of an alternative.

2.3.4 Particle Source Terms (SSF Formulation)

The interaction between the particle and liquid phases yields source terms, Sp¢ in the

governing equations for the liquid phase. For the baseline SSF analysis, this interaction is
limited to the particle source term in the mean momentum equation (Spu in Table 2). ignoring

effects of turbulence modulation. The flow rate of particles along a given trajectory is con-

served: therefore,n is a constant specified near the injector to satisfy total particle flow rate
requirements. The last term in Spu accounts for effects of buoyancy on the flow; here Atp 1s the

residence time of a particle in a computational cell (Sun & Faeth 1986).

Two approaches were examined to treat effects of turbulence modulation, denoted
SSF-KMOD and SSF-EXT, similar to the limiting cases considered by Reitz & Diwakar
(1987). Both versions adopt the source term Spk given in Table 2, which is the same as Shuen

et al. (1985). This term can be computed exactly from the SSF analysis and does not require
modeling. The analogous term in the € equation has to be modeled. This term is simply
ignored for the SSF-KMOD version, ie., SPE: 0. For the SSF-EXT approach, Spt 1S

modeled by assuming that 1t 15 proportional to the source term in the k equation, similar to
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treatments of this term by Reitz & Diwakar (1987) and in single-phase flows (Lockwood &
! Naguib 1975). This introduces a new empirical constant C€3. The value of C£3 was chosen by

N considering equilibrium requirements in a homogeneous stationary flow where turbulence is
R only generated by particle motion; this implies that CE3 =C e

"y
t 2.3.5 Numerical Solution

Calculations for the liquid phase were performed using the GENMIX algorithm of
Spalding (1977), which uses a second-order implicit central-difference scheme. The
" computational grid was similar to Shuen et al. (1983, 1983a, 1985): 33 crosstream grid nodes,

{ with streamwise step sizes limited to 6% of the current flow width or an entrained flow
-;Zj- increase of 5% — whichever was smaller. The particle phase was computed by a second-order
;r_i'_‘ finite-difference algorithm employing 7200 and 9600 trajectories for the case I and II flows.

3 J-:"

b 2.3.6 Simplified Analysis

o
o DSF method. All turbulence particle interactions are ignored using the DSF approach.
Particle trajectories are found by integrating equations (5) and (6) with local mean liquid

3 velocities replacing instantaneous eddy velocities. Thus, each initial condition yields a single
b2 deterministic trajectory and only Spu is considered in the solution for liquid-phase properties.

S Particle drag was computed from equation (10), similar to the baseline SSF approach. The

oy number of particle trajectories was also the same as for the SSF computations.

LHF method, This approximation implies that both phases have the same instantaneous

velocity at each point; therefore, the flow corresponds to a vanable-density single-phase flow

- whose density changes due to changes in particle concentration. Turbulent dispersion of

R particles is then equivalent to the turbulent diffusion of liquid, and particle inertia fully

:f(:j influences turbulence properties. Thus, the method allows for turbulence modulation, to the

ey extent that negligible relative velocities between the phases is correct.

o

j:'_:'_ The formulation in this case is identical to Shuen et al. (1983, 1983a, 1985) and Sun and

o coworkers (1985, 1986). The procedure follows the conserved-scalar formalism which is

<o widely-used for flows having vaniable scalar properties (Bilger 1976; Faeth 1986).

‘} 2.4 Results and Discussion

Al _

o 2.4.1 Drag Calibrations

..-;:.:

j,.'-,' Particle drag was calibrated by measuring the terminal velocities of single particles in still
o water. This was carried out by positioning a plate containing a small aperture below the
..o particle feeder. The aperture plate collected most particles, allowing only an occasional particle
:;".j to pass into the liquid and fall through the LDA measuring volume. The LDA was positioned
L% %
b3
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200 mm below the liquid surface; therefore, the particles were isolated and essentially at their
terminal velocity condition when their velocity was measured.

Roughly 200 particle velocities were measured. Measurements yielded a mean terminal
velocity of 0.05 m/s with a standard deviation of 0.01 m/s. Analysis showed that the particle
drag coefficient was generally 1.5 times larger than the standard drag correlation provided by
equation (10); therefore, C, was increased by this amount for all separated-flow calculations.

A possible reason for the increased CD was the irregular shape of some of the particles (only

roughly 60% were true spheres).
2.4.2 Near-Injector Properties

Initial conditions for separated-flow calculations were measured at x/d = 8, since high
particle densities nearer to the injector tended to block LDA signals. The following measure-

-~

ments were made: u, u’, v'and u'v' for the liquid phase; up, ;p’ Jp- and ;p' for the particles,

where the Favre-average denotes a particle-weighted average; and n", the particle number flux.

The symbols u’, v/, W', V'p represent root-mean-square fluctuating velocities.

The measurements at x/d = 8 were supplemented by other estimates in order to complete
the specification of initial conditions. The tangential components of the mean liquid and
particle velocities were assumed to be zero, since the particles gave no indication of swirling
motion. Tangential velocity fluctuations of both phases were assumed to be equal to their
respective radial velocity fluctuations. This approximation provided initial values of k for the

liquid. Given the distributions of u, u'v’ and k, profiles of € were estimated from the expres-
sion for the turbulent viscosity, equation (3), e.g.

e=Cuk28T1/ar/W (13)

Liquid-phase properties for the single-phase and two particle-laden jets are illustrated in
figure 6. Since the particle-laden jets were dilute, the values of u, u’ and v' are not very differ-
different for the three flows. However, k and u'v' are quadratic quantities which are more

sensitive indicators of effects of particles. Near the axis, u'v' becomes smaller in the particle-
laden jets, while velocity fluctuations and k are increased. These effects tend to increase with
increased particle loading and are evidence of turbulence modulation due to additional
dissipation of potential energy of particles.

Mean and fluctuating particle velocities at x/d= 8 are illustrated in figure 7. The proper-

roughly parallels u, while v_ increases near

ties of the two flows are essentially the same. u p

P

13
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near the axis and then remains relatively constant near the edge of the flow. Unlike mean radial

liquid velocities (Wygnanski & Fiedler 1969), there is no tendency for v~p 10 become negative

near the edge of the flow, since particles are not entrained from the surroundings. up' 1S
greater than vp‘ near the axis, exhibiting greater anisotropy than fluctuating liquid velocities in

this region (cf. figure 6). Similar to u" and v', however, u, and v, are comparable near the
edge of the flow.

Particle number flux distributions for the two particle-laden jets are illustrated in figure 8.
The distnbutions are reasonably symmetric about the axis. The half-widths of the distributions
are roughly r;x ~ 0.09 and 0.10 for the case I and II flows.

In contrast to the separated-flow calculations, initial conditions for the LHF approach
were specified at the injector exit. The flow was assumed to be fully developed at the exit, with

the distribution of u obtained from Schlichting (1979), and the distributions of k and € obtained
from Hinze (1975). all at the Reynolds number range of the present experiments.

2.4.3 Properties Along Axis

Predicted and measured mean streamwise velocities along the axis are illustrated in figure
9. Results are shown for all methods of analysis — LHF, DSF, SSF-BASE (the baseline
version), SSF-KMOD (accounting for turbulence modulation in the k equation), and SSF-EXT
(accountung for turbulence modulation in both the k and € equations).

Only LHF calculations, initiated at the jet exit, were carried out for the single-phase
flow. Since the initial flow was fully developed pipe flow, there is no potential core, although
velocity changes along the axis are small for x/d < 3. Farther downstream, centerline velocities
decay according to x'!, which is expected for single-phase round jets. The comparison
between predictions and measurements is excellent — well within experimental uncertainties.
This was true for other properties of the single-phase flow, as will be discussed subsequently.
These findings are typical of past experience concerning the performance of the present
turbulence model for round jet flows (Jeng and Faeth 1984; Shuen et al. 1985; Sun & Faeth
1986), establishing a baseline for analysis of the particle-laden jets.

Mean liquid phase velocities along the axis are also illustrated for the two particle-laden
jets in figure 9. The measurements are nearly identical to the single-phase jet, which is
expected since the particle-laden tflows were very dilute. The DSF, SSF-BASE and SSF-EXT
predictions are the same and are represented by a single line for the particle-laden jet results
illustrated in figure 9. Except for the SSF-KMOD version, all methods of analysis agree
reasonably well with each other and with the measurements. However, mean
continuous-phase properties are not strongly influenced by the dispersed phase in dilute
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:f;ﬁ: multiphase jets; therefore, this observation is a relatively weak indicator of the performance of
b these methods (Shuen et al. 1983, 1983a, 1985).
" In contrast to other methods pictured in figure 9, the SSF-KMOD predictions substan-
\\ tially underestimate the rate of decay ofﬁc with distance along the axis. This behavior is similar
to the findings of Sun et al. (1986) and Reitz & Diwakar (1987) for treatments of turbulence
\ modulation limited to a source term in the governing equation for k. This term acts like a sink,
e reducing the turbulence kinetc energy of the flow, and thus, the rate of turbulent mixing. The
o problem appears to be an effect of scale, where the particles generally only influence the higher
f;j:] wave number end of the turbulence spectrum, rather than the large scale turbulence which is
- primarily responsible for turbulent mixing (Hinze 1972). The SSF-EXT approach avoids the
H problem through the use of a particle source term in the governing equation for €, which
- apparently results in unchanged gross mixing levels in the present flows. The SSF-BASE
o method achieves the same objective (more crudely) by neglecting turbulence modulation
- entirely, which is tantamount to assuming that these phenomena occur on scales that don't
- influence the low wave-number range of the turbulence spectrum which is responsible for
® mixing. This has been satisfactory for particle-laden flows considered in this laboratory
.:}_. (Shuen et al. 1983, 1983a, 1985: Sun & Faeth 1986), but it is clearly not a reliable approach.
:::-' Earlier studies by Al Taweel & Landau (1977), Elghobashi & Abou-Arab (1983) and others
‘:_'- (cf. Faeth 1986), have sought to include effects of scales on turbulence modulation. Based on
o present findings, additional theoretical and experimental work along these lines is clearly
. needed.

I g

The vanation of streamwise mean particle velocities along the axis of the two
particle-laden jets is illustrated in figure 10. The measurements clearly show that mean particle
velocities do not decay according to x'! like the liquid, which is the rate given by the LHF
predictions. This behavior is caused by the finite inertia of the particles, which only
separated-flow analysis can treat. As before, the SSF-BASE and SSF-EXT methods yield
very similar predictions which are in reasonably good agreement with the measurements.
Other separated flow predictions are deficient to some extent. The SSF-KMOD approach
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underestimates the rate of decay of Uper largely since it underestimates the rate of decay of u_.
The DSF approach allows for particle inertia, but significantly underestimates the rate of decay

of u_pc, even though this approach yielded acceptable estimates of liquid velocities along the
axis (cf. figure 9). This is an effect of the nonlinear drag law for present conditions. Drag is
almost a quadratic function of the relative velocity for present conditions; therefore, when
S linearized, by using mean properties to represent the liquid phase properties, its magnitude is
biased toward smaller values. This deficiency of DSF analysis has also been observed for
nonevaporating sprays (Solomon et al. 1985).

-, Predictions and measurements of particle number fluxes along the axis are illustrated in
figure 11. The measurements roughly follow an x’

1 2

variation, rather than an x ' variation that
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would be expected for a passive contaminant in a round jet (which is similar to the LHF
predictions illustrated in figure 11). This difference is due to effects of particle inertia, which
inhibits particles from diffusing like the fluid. Particle number fluxes along the axis are
sensitive indicators of capabilities for predicting the turbulent dispersion of the particles:
therefore, it is encouraging that the SSF-BASE and SSF-EXT methods yield predictions which
are in reasonably good agreement with the measurements. The DSF method yields good
results for a short distance after x/d = 8, where initial conditions are specified. This is due to
the imposition of measured mean particle radial velocities at the initial condition.
Subsequently, the DSF method fails once these velocities decay in response to the mean liquid
motion, due to neglect of particle/turbulence interactions responsible for turbulent dispersion.
The SSF-KMOD results are even worse, due to poor predictions of liquid phase mixing and
turbulence levels — both of which reduce particle spread rates.

2.4.4 Liquid Properties
Radial profiles of u, u', v’ and u'v' were measured at x/d = 16, 24 and 40. Predictions

of u' and v' were estimated from k, assuming u'2: v'2 = k:k/2, which are the ratios usually ob-
served near the axis of single-phase jets (Wygnanski & Fiedler 1969). Similar to results along

the axis, measured values of k were found by assuming v'=w' (since w' was not measured)
which is also reasonable for jets (Wygnanski & Fiedler 1969). In the following, flow
vanables are plotted as a function of r/x, which is the similarity variable for fully developed jets
and plumes (Hinze 1975), in order to indicate estimates of flow widths.

Predictions and measurements for the single-phase jet are illustrated in figures 12-14 for
x/d = 16, 24 and 40. The comparison between predictions and measurements of most
properties is quite good, suggesting reasonable baseline behavior of the turbulence model for

present test conditions, as noted earlier. Exceptions are k, and to a lesser degree u' and V',
near the axis at x/d = 24. These measurements were rechecked several times, since they were
unusual based on past experience, without resolving the difficulty. As a result, greater
emphasis will be placed on results at x/d = 40, in the following, when drawing conclusions
concerning flow phenomena.

Predictions and measurements of liquid properties for the two particle-laden jets at x/d =
16 and 40 are illustrated in figures 15-20. LHF and SSF-BASE predictions are shown on the
plots; however, SSF-EXT and DSF predictions were essentially identical to the latter. The
LHF predictions appearing on the figures are essentially the same as results for the
single-phase jet, due to the light particle loading of the present flows.

LHF and SSF predictions and the measurements at x/d = 24 and 40, are all in reasonably
good agreement. This performance is similar to earlier results for particle-laden jets in gases
(Shuen et al. 1983, 1983a, 1985) and bubbles in liquids (Sun & Faeth 1986). The LHF
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method also performs reasonably well at x/d = 16; however, SSF predictions are not as
satisfactory at this position, particularly for the case I jet. This problem is probably due to
errors in the specification of initial conditions at x/d = 8. The approach used to estimate ¢ is
particularly problematical, since it involves several quadratic variables and the evaluation of a
mean velocity gradient, leading to substantial uncertainties (the correctness of equation (3)
aside). This view is supported by evaluation of the sensitivity of predictions to uncertainties in
initial conditions, to be discussed later. In addidon, LHF computations suggest relatively small
effects of particles on liquid properties and yield better predictions, using initial conditions
farther upstream, which provides more distance for errors in initial conditions to decay.
Separated-flow predictions initiated at the injector exit (using estimated initial conditions),
improve as well.

Another feature of the liquid-phase measurements is the progressive increase of k (above
predictions) near the axis as distance and initial particle loading are increased. This
phenomenon does not influence the gross mixing properties of the flow and is felt to be due to
turbulence modulation. The effect on the turbulence spectra is probably limited to wave
numbers somewhat higher than the energy-containing range, but direct measurements are
nieeded to assess this hypothesis. The effect is most evident near the axis, since conventional
turbulence production by shear forces in the continuous phase is small in this region. The
enhancement of k grows with increasing distance from the injector, since liquid velocities are
decreasing and becoming more comparable to velocity differences between the phases. Similar
behavior has been observed in bubbly jets, far from the injector (Sun & Faeth 1986; Sun et al.
1986). Additional analysis and measurements concerning turbulence modulation are clearly
needed in order to gain a better understanding of this type of particle/turbulence interaction.

2.4.5 Particle Velocities

Predicted and measured mean and fluctuating particle velocities for the two particle-laden
jets are illustrated in figures 21-26. Results are shown for x/d = 16, 24 and 40. Since
deficiencies of the DSF and SSF-KMOD approaches have already been discussed, predictions
are only shown for the LHF, SSF-BASE and SSF-EXT methods. LHF predictions are
virtually identical to predictions of liquid properties for all methods.

The LHF method generally provides reasonably good predictions of particle properties,
when normalized in the manner of figures 21-26. This is fortuitous, since the centerline
velocities used to normalize the results are underestimated by the LHF approach, cf., figure 10.
The separated-flow predictions are in best agreement with unnormalized particle velocities.

Both separated-flow methods tend to overestimate u, / Une at x/d = 16, which is unusual
since profiles of mean dispersed-phase velocities have generally been predicted reasonably well
in the past (Shuen et al. 1983, 1983a, 1985; Sun & Faeth 1986). However, this difficulty
disappears at greater distances from the injector, cf. figures 23 and 26 for x/d = 40, suggesting
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that the discrepancy is probably due to deficiencies in specifying initial conditions at x d = 8.

S Of the two separated-flow analyses, the SSF-EXT version provides best agreement with
measurements. This 1s not due to inclusion of effects of turbulence modulation, both
= SSF-BASE and SSF-EXT give very similar predictions of mean and fluctuating liquid-phase

properties. The improvements are largely due to consideration of anisotropic liquid-phase
Caay velocity fluctuations and enhanced drag (resulung from large relative velocity fluctuatons) by
using equations (11) instead of equation (10) for particle drag predicuons. For both particles in
gases (Shuen et al. 1985) and bubbles in liquids (Sun et al. 1986). the assumption of 1sotropic
velocity fluctuations for the continuous phase, dunng random-walk computations, was
proposed as the reason for consistent underestimation of streamwise dispersed-phase velocity
" fluctuations. The present good predictions of the streamwise and radial parucle velocity
N fluctuations, using the SSF-EXT method which allows for anisotropy of liquid velocity
' fluctuations, appears to confirm this hypothesis.

s
S0

C The predictions of the SSF-BASE method in figures 21-26, not only underestumate the
; anisotropy of parucle tluctuations, by 1gnoring the anisotropy of liquid velocity fluctuations,
e but underestimate radial velocity tluctuations as well. This has not been observed during past

work with particles in gases and bubbles in liquids. using the SSF-BASE approach, where
radial velocity fluctuations of the dispersed phase have been predicted reasonably well -
consistent with reasonably good predictions of the turbulent dispersion of the dispersed phase

- (Shuen etal. 1985; Sun et al. 1986). This effect is probably due to the unusually high relative

velocity fluctuations encountered by particles in liquids, in companison to the other cases where
terminal relative velocities of the dispersed phase were roughly an order of magnitude larger
(reducing relative velocity fluctuations by a similar amount). A measure of the predicted effect
of enhanced drag due to large relative velocity fluctuations can be seen by comparing predic-

L predictions of ~vp' u.. for the SSF-BASE and SSF-EXT methods. since the latter allows for
v::}: the phenomenon. It 1s seen to be quite significant, roughly yielding a 40% increase in radial
':-'_j} particle velocity fluctuations. However, the reasonably good results obtained here with the
:-.';:: SSF-EXT method does not provide an adequate justification of the drag expression of equation
o (11). The character of the continuous-phase turbulence spectrum and the size and response
. properties of the dispersed phase prohably play a role in drag enhancement, and these
}.;—'.'- properties are not considered in the drag correlation of equation (11). Rather, present results
o show that drag enhancement due to large relative velocity fluctuations can be important in
.,

particle-laden flows, and that this phenomenon deserve further study. Lopes & Dukler (1986)

also find enhanced drag etfects, at high relative turbulence intensities, in annular two-phase
S tlows

2.4.6 Particle Number Fluxes

‘e
\
.

Predictions and measurements of particle number flux distributions, for the two
particle-laden jets, are 1llustrated in figures 27 and 28. Results are shown for x d - 16, 24 and
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40. Predictions are presented for the LHF, DSF, SSF-BASE and SSF-EXT methods:
however, the two separated-flow predictions were essentially the same and are simply denoted
SSF on the figures.

Measurements on either side of the axis, illustrated in figures 27 and 28, are reasonably
symmetric, indicating good uniformity of particle distributions during the experiments. The
LHF and SSF predictions are in good agreement with the measurements. However, the
apparently good performance of the LHF method is an artifact of the method of plotting used in
figures 27 and 28. Centerline concentrations, illustrated in figure 11, clearly show that the
LHF approach overestimates the rate of turbulent dispersion of the particles, due to neglect of
their inertia. Similarly, the DSF method is also unsatisfactory, due to neglect of
particle/turbulence interactions. In contrast, the stochastic separated-flow methods yield
reasonably good results, consistent with their performance in figure 11. It appears that this
approach can effectively treat effects of turbulent dispersion in jets for a wide range of
conditions, e.g., the method has been reasonably successful for particles in gases, bubbles in
liquids and now particles in liquids, which involves density ratios, P, / p, in the range 107 -

10%,
2.4.7 Sensitivity Study

Evaluation of methods of predicting multiphase flows i1s always uncertain, since
numerous theoretical and experimental parameters must be specified. Therefore, in order to
place the evaluation of predictions in perspective, the sensitivity of predictions to changes in
theoretical and experimental parameters was investigated. This involved increasing various
parameters by 100% and finding changes in the dependent variables at x/d = 16 and 40 for the
two particle-laden jets.

Table 3 is a summary of the main results of sensitivity analysis. Changes in ﬁc, ke /—uc2

Uoe and u ' u, , the most sensitive output parameters, are tabulated for 100% increases in k,

€ .Cyand Le. Errors in specificaton of initial conditions, k_and € , are very significant, par-
ucularly at x.d = 16. This probably accounts for some of the deficiencies of SSF predictions
noted at this position. Estimates of Cj have a small influence on liquid properties, consistent
with the fact that present flows were dilute. Calso has relatively small effect on particle

velocities, largely due to the fact that relative velocities are not large in the present flows, and
drag 15 nearly a quadratic function of velocity. Cp has a much greater influence on particle
velocity fluctuations, 4 finding already evident from the discussion of the results illustrated in
figures 21-26. The parameter. L, was specified in a relatively ad hoc manner (Shuen 1983),
but has served rezsonably well for predictions of turbulent dispersion (Faeth 1986). Results

summarized 1n Table 3 indicate that most parameters of the flow are relatively insensitive to the
actual value of L,
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Table 3. Sensitivity Study of SSF Analysis*

PO S N snaf Sl P S M S

Output Parameter

Input
Parameter Ue ke / Ug2 ;pc Gpc' / Jpc
Case [
Ko -36. -24 219, 24 -21, 25 126, 17
€5 24,17 -58, -8 12, 16 -27, -1
Cp ~0,-1 ~0,-2 ~0,-3 15, 16
Le 1, -1 1. -6 -2,-4 12, 15
Case II:
Ko 35.-23 219, 14 -20, -23 117, 98
€o 22,15 -56, -5 16, 15 -32, -4
Cp -1,~0 1. -4 2,-3 4, -1
Lo 2,-2 1, -7 1, -2 21L,5

“Percent increase in output parameter for a 100% increase of the input parameter at x/d = 16,
40.

Conclusions

tJ
wn

The major conclusions of the study are as follows:

(1) Stochastic separated flow analyses yielded estimates of mixing and turbulent dispersion
for particle-laden liquid jets that were comparable to past performance for particle-laden
gas jets and bubbly jets — with no changes in the prescriptions for turbulence properties
and turbulence/dispersed-phase interactions. Thus, the cpproach appears to be useful for
a wide range of multiphase tlows and merits further development.

(2)  Effects of turbulence modulation were observed. evidenced by increased turbulence
levels near the axis. where turbulence production by conventional continuous-phase
mechanisms 1s small. The phenomenon did not appear to influence the overall mixing
and turbulent dispersion properties of the flow, since effects of particles on
continuous-phase turbulence properties are probably limited to wave numbers which are
higher than the energy-containing range of the turbulence spectrum which is largely
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responsible for mixing. Several proposals for treating turbulence modulation were
examined:; however, none was particularly successful since they did not incorporate
effects of turbulence scale and the response of the dispersed phase. Additional
measurements and analysis are clearly needed, in order to gain a better understanding of
turbulence modulation in muluphase flows.

(3)  Present flows exhibited higher relative turbulence intensities of the particles than in the
past. This resulted in significant increases in particle drag from estimates based on the
standard drag curve. An existing method, reported by Clift et al. (1978), exhibited some
capabilities to treat this phenomenon: however, since the method does not include effects
of turbulence scale and partcle response, its general use 1s suspect. Additional study of
drag. virtual mass forces. Basset history forces, and effects of particle acceleration rates
at high relative turbulence intensities is needed to gain a better understanding of this
phenomenon.

(4)  Earlier deficiencies in estimating levels of anisotropy of dispersed-phase velocity
fluctuations (Shuen et al. 1985; Sun & Faeth 1986, Sun et al. 1986) were eliminated by
considering measured levels of the anisotropy of continuous-phase velocity fluctuations.
While this deficiency did not influence predictions of turbulent mixing and dispersion to
a great degree for tlows considered thus far, consideration of anisotropy of the
continuous phase shouid be incorporated into stochastic separated methods, since this
may not always be the case.

(5)  Predictably. the locally homogeneous flow approximation yielded better results for the
present particle-laden liquid jets. than for past work with particle-laden gas jets and
bubbly jets, since relative velocities were smaller in comparison to continuous-phase
velociues. Similar conditions are frequently encountered in high pressure sprays. which
are difficult to treat using current present separated-flow analyses: therefore, LHF
methods merit further evaluation for such applications.

This concludes all work that is currently planned for the particle-laden liquid jets.
Subsequent work dealing with turbulence/dispersed-phase interactions has been limited to
homogeneous particle flow — to be discussed next.

3. HOMOGENEOLUS PARTICLE FLOW

3.1 Introduction

Work on this phase of the investigation has just begun. Thus far, the test arrangement
has been designed and assembled. test conditions have been established. and measurements
initiated. These activities will be discussed in the following, but findings at this stage are only
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- preliminary.

The study of homogeneous particle flows 1s a direct outgrowth of the investigation of
particle-laden liquid jets. This portion of the investigation seeks to gain a better understanding
of turbulence modulation, 1.e., the direct modification of continuous-phase turbulence
properties by transport from the dispersed phase.

Turbulence modulation effects have been anticipated for some time (Al Taweel &
Landau, 1977; Hinze, 1972). and effects attributed to turbulence modulation have been
observed during past studies of dispersed jets in this laboratory (Faeth, 1983, 1987;
Parthasarathy & Faeth, 1987, 1987a; Shuen et al., 1985; Solomon et al. 1985, 1985a; and Sun
et al. 1986), as well as during the study of particle-laden liquid jets, discussed in the previous
section. The difficulty with studying turbulence modulation in jets is that effects of turbulence
modulation are strongest where the particle concentration is high; however, measuring accuracy
also deteriorates at the same conditions.

Results illustrated in figures 15-20 show a way around the problem of measuring
turbulence modulation, which 1s exploited during the present investigation. It can be seen that
turbulence modulation effects actually are most evident far from the injector, where relative
velocities of the particles become large in comparison to liquid velocities. In this instance,
mechanisms of turbulence modification by particle motion begin to dominate the process, since
conventional mechanisms of turbulence production by shear forces in the liquid phase have
become small.

The previous observation suggests that turbulence modulation might best be studied
where production of turbulence by the continuous phase is formally zero, i.e. a homogeneous
continuous phase. This is the approach taken here: considering a uniform flux of particles
settling through a nearly stagnant liquid bath, at their terminal velocities. In this case. the
particles are the direct source of turbulence in the flow and all turbulence properties are an
effect of turbulence modulation. The problem becomes one of understanding the properties of
this turbulence field and the relationship between the turbulence field and the properties of the i
dispersed phase, e.g., particle terminal velocities, particle concentrations, etc.

Progress on this phase of the investigation is discussed in the following. The report
begins with a description of experimental methods, and concludes with a discussion of initial
(preliminary) findings.

3.2 Experimental Methods

3.2.1 Apparatus

Figure 29 is a sketch of the homogeneous particle-flow apparatus. The test
configuration involves nearly monodisperse round glass particles, settling with a uniform flux
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in a nearly stagnant water bath. Measurements include phase velocities, using a
phase-discriminating LDA, and particle number fluxes. using Mie scattering.

The particle flow is initiated by a particle feeder (AccuRate, Model 310, with a 19 mm
diameter helix with center rod). The particles then fall through an array of 9 screens (0.58 mm
diameter wire, stainless steel square mesh wire cloth, spaced 1.52 mm apart, 52.4 mm percent
open area), each spaced 190 mm apart. The particles then fall into a windowed tank (410 «
535 x 910 mm high) which is filled with water, to a depth of 800 mm. After a deceleration
distance of 100-200 mm, the particles reach a steady (in the mean) terminal velocity.
Observations are made near the center of the tank (roughly at a depth of 400 mm). The
particles then collect naturally at the bottom of the tank, with little rebound upon impact. The
particles are removed from time-to-time using a suction system.

The test arrangement is conceptually simple, and yields a homogeneous dilute dispersed
flow where all turbulence in the system is produced directly by the particles. The particle feed
system was evaluated for dry operation, showing essentially uniform particle fluxes across the
exit, within experimental uncertainties. Results to be discussed later show that uniform particle
fluxes are preserved in the liquid phase.

Mean liquid motion in the test tank results from water displaced by particles which are
collecting at the bottom of the tank: this contribution is very small, ca. 0.01 mm/s. LDA
measurements of continuous-phase veiocities exhibit somewhat higher mean velocities, ca. |
mm's; however, these are still small in comparison to velocity fluctuations, ca. 10 mmys, and
are essentially zero within the uncertainties of velocity measurements. Based on these
findings, the test arrangement appears to be satisfactory with flow properties largely resulting
from effects of turbulence modulation.

The mean liquid motion that is observed, appears to be largely caused by effects of
buoyancy forces, due to thermal nonuniformities, rather than nonuniformities in the particle
fluxes. Buoyancy intrudes since the liquid bath has an appreciable thermal capacity while the
laboratory has relatively poor temperature control. As a result, the bath is invariably either
heating up or cooling down. These thermal motions are best seen when there is no particle
flow: mean velocity levels at this condition are on the order of 10 mmvs. However, once the
flow of particles is initiated. the thermal motions are nearly destroyed with particle effects
dominating the flow in the bath. The effects of buoyant circulation, however, prevent useful
operation at very low particle loadings. This is not a very sigmficant limitation, since
turbulence modulation phenomena are not very strong at these conditions.

Round glass beads, having a diameter of 1 mm and a density of 2450 kg,‘m} are used in
the tests. The size distributions 1s nearly monodisperse, with a standard deviation of 50 yim.
The particles are nearly round. with differences between the major and minor diameters of less
than 10 percent. This size was chosen to provide reasonable levels of velocity fluctuations in
the bath, e.g., calculations of terminal velocities in still water yielded a value of 149 mm .




The particles enter the bath dry: however, little difficulty has been encountered with particles
becoming trapped in air bubbles (less than 1 percent).

3.2.2 Instrumentation

Measurements are similar to those used for the particle-laden jet tests:
phase-discriminating LDA for phase velocities and Mie scattering for particle number fluxes:
therefore, the following discussion of instrumentation will be bnef.

Figure 30 is a sketch of the phase-discriminating LDA. This system is unique,. since it
exploits the properties of the present homogeneous flow while circumventing difficulues due to
the fact that the flow has negligible mean velocities. Desired quantities include phase
velocities, and one- and two-point velocity correlations of the continuous phase. Two-point
correlations are particularly sought, since turbulence scales produced by the particles are a
major issue, and scales cannot be found, even in the streamwise direction, since Taylor's
hvpothesis is not applicable when there is no mean motion. Streamwise and cross-stream
properties are not necessanly the same in a homogeneous flow; therefore, provision must be
made for two-point measurements in both directions — although azimuthal vanations in a
horizontal plane are irrelevant.

The LDA arrangement to execute these measurements involves one fixed channel and
one channel that can be traversed in both the streamwise and crosstream directions. A sketch
of the arrangement appears in figure 30. The two channels are based on the green (514.5 nm)
and blue (488 nm) lines of an argon-ion laser. Each channel has a separate phase discriminator
based on a HeNe laser (632.8 nm). with discrimination of these two beams found by amplitude
discnmination by operating one beam at higher power than the other. The orientation of beams
and detectors is still being modified as part of preliminary tests: therefore, specific details
concerning measuring volumes and orientations will not be given. The main objective,
however, 1s to achieve measuring volumes which are comparable in size, or smaller, than the
Kolmogorov microscales, which are ca. 300-500 um tor present test conditions. Such sizes
are achievable, by off-axis detection. using the components illustrated in figure 30.

The green and blue lines of the argon-ion laser are separated using a dichroic ’green)
mirror. The blue line, for the traversable channel, is then transmitted to the sending optics
using an optical fiber. This keeps the traversing portion of this channel relatively light,
simplifying the design of the traverse system, while maintaining optical alignment with little
difficulty. The sending and receiving optics of the traversing channel, including the
phase-discniminator for this channel, are all mounted on a single traversing optical breadboard,
to maintain alignment. The two channels are perpendicular to each other, in order to simplify
the arrangement of the components around the apparatus. This presents no problem for a
homogeneous flow, since flow properties are independent of direction 1n honzontal planes.
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Signal processing and the use of the discmmination signals 1s the same as the
single-channel instrument discussed earher. Burst counters are used for signal processing:
therefore, operation in the low burst density and high data density regime is desired. This
presents little problem. since seeding particles can be added to the fixed inventory of water unul
data samphing rates are optmum.

The Mie scattening syvstem for particle number flux measurements was 1dentical to the
arrangement used for the partcle-fuden jets. The details of this system were discussed 1n
Section 2.2.2

3.2.3 Test Conditions

Test conditions are summarized in Table 4. Three particle flow conditions have been
considered thus far, designated low, medium and high. Particle fluxes are roughly doubled
from one test condition to the next. Particle spacings are in the range 18-33 mm; therefore. the
flows are dilute, e.g., particle volume fractions are less than 0.009 percent. Streamwise
velocity fluctuations of the liquid are in the range 5-11 mm/s, which is roughly an order of
magnitude larger than mean streamwise velocities and roughly an order of magnitude smaller
than the terminal velocity of the particles in still water, which is 149 mmys.

Within the region where measurements are made, the mean velocity of the particles is
constant. Then the rate of dissipation of the flow as a whole is simply equal to the rate of loss
of potential energy of the particles as they fall, yielding

€ =7n"a d.p3(pp -p) 7/ (6p) (14)

where the small volume fraction of the particles has been neglected in deriving equation (14).
Knowing the rate of dissipation of turbulence kinetic energy, €, the Kolmogorov microscales
of length, time and velocity can be calculated as follows:

3,14

O = (v /g (15)
e = (v/e)l/2 (16)
U = (ev>1"4 (17)

The scales given by equations (15)-(17), the mean terminal velocity of the particles. u,,,
r

and the mean particle spacing, 2., can be used to find some of the frequency scales charac-
t . .

tenisuc of the particle turbulence field. Low-frequency scales are given by the Kolmogorov

frequency. f,, and the particle passing frequency. fp‘ as follows:

f
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Table 4. Summary of Turbulence Modulation Test Conditions™*

Flow Low Medium High
Particle flux (part. m=s) 3670 9160 20930
Particle spacing (mm) 32.7 241 18.3
Particle volume fraction (percent) 0.0015 0.0037 0.0085s
Streamwise velocity fluctuatons (mmys) 51 8.0 10.6
Rate of dissipation (mm>/s’) 27.3 68.2 155.8

Kolmogorov microscales

Length (mm) 0.422 0.336 0.273
Time (s) 0.178 0.113 0.075
Velocity (mmys) 2.37 2.98 3.66

Characteristic frequencies (Hz)

Kolmogorov 5.6 8.8 13.3
Fluid Passing 0.16 0.33 0.58
Particle Passing 4.6 6.2 8.2

High 355 445 545

“Glass beads. | mm diameter with a density of 2450 kg/m3, falling in a stagnant water bath at
298 £ 2K. Terminal velocity of particles in still water is 149 mmys.

]

fk - tk_ (18)
fp = Uy Qp (19)

Another low frequency scale 15 the tluid passing frequency, defined as follows:
f o ud (20)

p p
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The highest frequencies are represented by the terminal velocity of the particles, which is the
highest velocity in the system, and the Kolmogorov micro-length scale, which i
representative of the smallest length scales in the system. as follows

The various turbulence properties given by equations (14)-(20) are also summarized in
Table 4. Since the particle locations are random, the largest length scales in the system are
comparable to the particle spacing. The smallest length scales are comparable to the
Kolmogorov microscale of length, which 1s roughly two orders of magnitude smaller than the
particle spacing. Thus, the present tlows cannot be treated by current exact numerical
stmulatons. even if the details of the flow around each particle were ignored. The smallest
length scales are somewhat smaller than the particle diameter; therefore, it is probable that
turbulence produced by the particles influences the drag properties of the particles, aside from
the large-scale the large-scale effects of the time-varying velocity field seen by the particles
(Faeth, 1987). The Kolmogorov velocity scale is comparable to the streamwise velocity
fluctuations measured in the flows. The fluid passing frequency is the lowest frequency scale
of the system. The Kolmogorov and particle frequency scales are intermediate, having values
on the order of 10 Hz. The high frequency scale is roughly three orders of magnitude higher
than the lowest frequencv scale. on the order of 500 Hz. All frequency scales increase with
increasing partcle loading.

3.3 Results and Discussion

3.3.1 XNumber Fluxes

Number fluxes. and their uniformity, are of major importance for the proper design of
the present experiment. Measurements of number fluxes for the present three test conditions
are illustrated in figure 31. The mean particle number fluxes vary less than 10 percent across
the central portion of the test tank. Even this variation, however, is comparable to the
experimental uncertainties of the measurements due to finite sumpling times and particle feed
rate variations over the lengthy test times needed to establish good mean values. Thus. 1t 1s
likely that particle number fluxes are more uniform at any instant, than the resulis illustrated in
tfigure 31. It is concluded that the particle feed system provides a sutficiently uniform spatial
distnbution of particles for pre<ent needs.

3.3.2 Flow Visuyalization

Two types of flow visuahzation have been used to characterize the present tests: particle
tracks and particle-wake tracks. The particle tracks were obtained by taking motion picture
shadowgraphs of the particles as they fall through the central region of the test tank.
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Typical projections of particle tracks for the three test conditions are illustrated in figure

' - 32. Shadowgraph insets of particles in 4.5 mm x 4.5 mm x 400 mm (width of the tank) are
N provided at each condition, to give a general idea of particle concentrations. The number of
2 racks shown for each test condition have also been varied proportional to the particle spacing.
:.. to suggest particle concentrations. The properties of the tracks shown, however, are
:.:j‘ representative of the behavior of the flow as a whole, for each test condition.

),

For the low particle loading condition, illustrated in figure 32, the particles generally fall
5 straight down, similar to isolated particles falling in a still liquid. As the particle loading
: increases, however, the particle paths become more erratic, with larger random deflections in
:jf.- the lateral direction. Such behavior is expected for particles moving in a turbulent continuous
(' . phase, and is a manifestation of turbulent particle dispersion. The remarkable feature of the
results illustrated in figure 32, however, is that the turbulence field causing turbulent dispersion
is entirely due to turbulence generated by the particles themselves (or turbulence modulation).
More often than not, particles are displaced randomly back and forth across the mean vertical
position of their projected trajectory. Occasionally, however, a particle undertakes a rather
o continuous deflection in a single lateral direction. We have not analyzed the flow as vet;
therefore, whether this effect is systematic cannot be quantitatively determined. Such behavior,
however, is relatively rare and is thought to be due to the finite probability of this type of
deflection duning any random-waik trajectory.

Pt Tk R 2uk NN AN
ST

S Turbulence modulation is often discussed as a mechanism through which dispersed
! phases add to the dissipation of turbulence in the continuous phase (Al Taweel & Landau,
' 1977, Faeth, 1983, 1987; Hinze. 1972). The results illustrated in figure 32, however, show
s . another manifestation of turbulence modulation: namely, the creation of a turbulence field by
particle motion, with the particles undergoing turbulent dispersion by their own turbulence. In
: fact, this phenomena must always be present in a particle (drop. bubble)-containing flow. If
shear forces, or turbulent diffusion in the continuous phase, are creating a turbulence field, the
particles will generally extract turbulence energy from the flow, since their sizes are usually
small in comparison to the largest turbulence scales. However, in doing this, they also create

- their own turbulence field, like the flows being studied here. Thus, particles act like a
_i,":. turbulence frequency shifter, extracting turbulence energy at large scales and feeding it back at
o small scales. The implications of this behavior can be very significant, once the process is

understood, since small-scale motion enhances micro-mixing which is important for many
° practical applications.

- The second type of flow visualization involved coating the particles with a fluorescein

?_:;:Z dye and observing laser-induced fluorescence (LIF) from the dye track left by the particle.
"' This was done by dissolving the powdered dye in water, wetting the particles with this solution
e and then allowing the solution to dry on the particle surface. This left a coating of the dye
-

solution on the particle, which would redissolve as the particle passed through the water bath,
.- leaving a dye track.
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- This LIF technique worked satisfactonly. Examples of the results will be deferred for a
T more complete later report of this phase of the investigation, after other measurements are
1 avatlable. In general, the dye tracks exhibited greater degrees of lateral deflection than the

particle tracks. This suggests greater degrees of turbulent dispersion for the liquid than the
_ particles. which 1s generally the case for particle-laden flows having large relative velocities
between the phases. Since the liquid is nearly stagnant, in the mean, the dye tracks remain
within the field of view and continue to disperse within the turbulent field.

3.3.3 Phase Velocities

Velocity fluctuations of the continuous phase are summarized in Table 4 for the three
{ ) particle loadings. As noted earlier, velocity fluctuations are comparable to the Kolmogorov
velocity scales, and both tend to increase as the particle loading is increased.

Another property of interest for characterizing the turbulence field produced by the
particles 1s the power spectrum of the continuous-phase velocity fluctuations. Measurements
'y of power spectra, based on streamwise velocity fluctuations, for the three flows are illustrated

’ in figures 33-35. Measured power spectra are plotted directly as a function of frequency on
each figure. The slopes of the power spectra in the inertial range of conventional turbulence,

E(f) ~ £33, are also shown on the plots, for reference. Finally, the various frequency scales,
: drawn from Table 4, are marked on the plots. It should be noted that these results are
- preliminary, with irregulanties of the spectra that are largely due to insufficient samples for
S fully representative results. Nevertheless, the findings provide some insight concerning the
: turbulence properties of these flows and will be considered in the following.

The power spectra illustrated in figures 33-35 are similar to spectra found in single-phase
flows. Maximum turbulence energy is found at low frequencies, characteristic of the fluid
- passing frequency. At somewhat higher frequencies, characteristic of the Koimogorov and
- particle-passing frequencies, the power spectra decrease with a slope that approximates the
o inertial range of conventional turbulence (Hinze, 1975). The inertial range is most prominant
s for the highest loading, which exhibits the highest effective Reynolds number of the flow, i.e.
this flow has the highest frequency scales. Finally, the magnitude of the power spectral

: density becomes small as the high characteristic frequency scale is approached. The spectrum
does not show a cut-off, typical of turbulence near the microscales, at high frequencies. but

_"l: actually trails off probably as a result of measurement noise. Additional work on the LDA
arrangement, and examination of higher seeding levels so that the smallest scales can be
" resolved, is being undertaken in order to improve the measurements at high frequencies.
v

g In spite of the preliminary nature of the power spectral density measurements, the
:'_fj: findings suggest that the particles are generating a very respectable turbulent flow and that the
° cascade of turbulence energy from large to small scales in this field is similar to conventional
turbulence. This behavior is expected, since the volume fraction of particles is very small, cf.
Table 4. For such conditions, once the particle produces the turbulence, the likelihood of the
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resulting turbulent fluid encountering another particle in the characteristic time of decay, the
Kolmogorov time scale, is relatively small. Thus, the main novel feature of the turbulence
being studied here is the mode of production, the rest of the decay process 15 probably
convenuonal.

3.4 Summary

The test arrangement for the homogeneous particle flow experiments has been
completed. Preliminary tests. to examine the performance of the arrangement. have also been
undertaken. These results show that a uniform particle number flux has been achieved, that the
bath 1s relatively stagnant in the mean. and that the particles generate a reasonably turbulent
flow field in the continuous phase, i.e., the turbulence has a significant band of frequencies in
the inertial range. The flows also produce effects of turbulent mixing in the continuous phase.
and turbulent dispersion of the dispersed phase. Thus, the apparatus and the test conditions
appear to be suitable for investigatuon of effects of turbulence modulauon.

Measurements and analysis conceming homogeneous particle flows will be completed
during the next report period. Measurements will include single-point phase velocities, single-
and two-point velocity correlations for the continuous phase, and power spectra for the
continucus phase. This data will be reduced to provide single point moments, two-point
correlations, and temporal and spatial scales of the flow. Turbulent particle dispersion can be
inferred from particle velocity fluctuations: however, particle deflections along projected
particle tracks will also be measured to yield direct information on turbulent particle dispersion.

Measurements and analysis concerning homogeneous particle flows will be completed
dunng the next report period. Measurements will include single-point phase velocities, single-
and two-point velocity correlations for the continuous phase, and power spectra for the
conunuous phase. This data will be reduced (o piovide single point moments, two-point
correlations, and temporal and spatial scales of the flow. Turbulent particle dispersion can be
inferred from particle velocity fluctuations: however, particle deflections along projected
particle tracks will also be measured to yield direct information on turbulent particle dispersion.
Other test conditions will be examined during subsequent work, once some insight concerning
these flows has been obtained from present tests.

The process will be analyzed to gain insight concerning the measurements. The first
phase of the analysis will involve stochastic simulation of the flow, using measured
continyous-phase properties to find particle phase velocities, etc., for comparison with the
measurements. This work should disclose the degree of approximation needed to predict
particle properties, e.g., whether first moments, like current stochastic separated flow models
are satisfactory, or whether higher moments are needed. The results should also provide
information on whether the particle drag properties are being influenced by the turbulence field,
since turbulence scales are smaller than the particle diameter. This is of interest, since effects
of turbulence on drag properties was suspected during earlier work with particle-laden jets
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(Parthasarathy & Faeth, 1987, 1987a). The second phase of analysis will be more difficult:
namely to quantify the turbulence field of the continuous phase. Plans for this phase of
analysis will be undertaken after a better understanding of the flow is obtained from the
measurements and the analysis of particle properties.

4. SUMMARY OF INVESTIGATION
4.1 Articles and Papers

Bulzan, D. L., Shuen, J.-S. & Faeth, G. M. (1987) Particle-laden swirling free jets:
measurements and predictions. AIAA Paper No. 87-0303.

Faeth, G. M. (1987) Mixing, transport and combustion in sprays. Prog, Ener m
S¢l., in press.

Faeth. G. M. (1987) Structure of nonpremixed and premixed combusting pressure-atomized

o sprays. Proceedings of the Twentieth Fall Technical Meeting, Eastern Section of the

Combustion Institute, Pittsburgh, invited.

Faeth, G. M. (1987) Turbulent multiphase flows. Proceedings of the U.S.-France Workshop
RS on Turbulent Reactive Flows, Springer-Verlag, Berlin, in press.

Parthasarathy, R.N. & Faeth, G. M. (1987) Structure of particle-laden turbulent water jets in
still water. Int, J. Multiphase Flow, in press.

Parthasarathy, R. N. & Faeth, G. M. (1987) Structure of turbulent particle-laden jets having
comparable phase densities. Proceedings of the 1987 Spring Technical Meeting, pp.
64.1-64.4, Central States Section of the Combustion Institute, Pittsburgh.

Ruff, G. A., Sagar, A. D. & Faeth, G. M. (1987) Structure of large-scale pressure-atomized
sprays. First Annual Conference of [LASS-Americas, Madison, WI.

- Ruff, G. A., Sagar, A. D. & Faeth, G. M. (1987) Structure and mixing properties of

pressure-atomized sprays. AIAA 26th Aerospace Sciences Meeting, Reno, NV,
submitted.

4.2 Participants.

G. M. Faeth, Pnncipal Investigator; Professor, The University of Michigan.

R. N. Parthasarathy, Graduate Assistant, Doctoral Candidate, The University of Michigan.
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G. A. Ruft, Graduate Assistant, pre-Ph.D., The University of Michigan.

4.3 Oral presentations.

G. M. Faeth. "Turbulence: Drop Interactions in Sprays,” Southwest Mechanics Seminar Series:
Southwest Research Insttute, San Antonio; University of Houston, Houston: and She!l
Development Company, Houston, October 1986.

G. M. Faeth, "Turbulence/Particle Interactions in Dilute Particle-Laden Liquid Jets.”
Department of Mechanical Engineering, Camegie-Mellon University, Pittsburgh.
February 1987.

G. M. Faeth, "Particle-Laden Jets having Comparable Phase Densities,” Chemical and
Physical Sciences Laboratory Seminar Series, Ford Scientific Research Laboratories,
Dearbom, MI, March 1987.

G. M. Faeth. "Turbulent Multiphase Flows,” U.S.-France Workshop on Turbulent Reactive
lows, University of Rouen, France, July 1987.

G. M. Faeth, "Structure of Nonpremixed and Premixed Combusting Pressure-Atomized
Sprays,” Fall Technical Meeting, Eastern Section of the Combustion Instutute.
Gaithersburg, MD, November 1987.

R. N. Parthasarathy, "Structure of Turbulent Particle-Laden Jets having Comparable Phase
Densities,” Spring Technical Meeting, Central States Section of the Combustion
Institute, Argonne, IL, May 1987.

R. N. Parthasarathy, "Structure of Turbulent Particle-Laden Water Jets in Still Water.”
Seminar, Department of Aerospace Engineering, The University of Michigan, Ann

Arbo-. MI, March 1987.

G. Ruff, "Structure of Large-Scale Pressure-Atomized Sprays,” First Annual Conference ot
[LASS-Americas, Madison, WI, May 1987.
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