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Abstract—Homogeneous turbulence generated by uniform fluxes of round glass beads (0.5, 1.0 and
2.0 mm dia) falling through stagnant (in the mean) air was studied for particle Reynolds numbers in the
range 100-800 and particle volume fractions <0.0004%. Moments, probability density functions, spatial
correlations and temporal spectra of air velocity fluctuations were measured using two-point phase-
discriminating laser velocimetry. Predictions based on a simplified stochastic analysis, involving linear
superposition of randomly-arriving particle velocity fields, were used to help interpret the measurements.
Guided by the theory, correlations of turbulence properties were achieved for both the present particle/air
and earlier particle/water measurements. Turbulence intensities (referenced to mean particle relative
velocities) and integral scales are functions of the rate of dissipation of particle mechanical energy and
particle drag properties; however, normalized probability density functions, spatial correlations and
temporal spectra are largely independent of particle properties.
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1. INTRODUCTION

The objective of this investigation was to study the influence of turbulence/dispersed-phase
interactions on the continuous-phase turbulence properties of dispersed multiphase flows. These
interactions are important in either dense or homogeneous dispersed flows—homogeneous dilute
dispersed flows were studied because they are more tractable for measurements. Experimental
conditions involved uniform fluxes of particles falling in nearly stagnant (in the mean) air, in order
to supplement earlier findings for similar particle/water flows (Parthasarathy & Faeth 1990).
A simplified model of the flow, developed by Parthasarathy & Faeth (1990), was used to help
interpret and correlate both sets of measurements.

Turbulence modulation and generation are two important turbulence/dispersed-phase inter-
actions that affect continuous-phase turbulence properties in dispersed multiphase flows
(Hinze 1972). Turbulence modulation is an interaction between continuous- and dispersed-phase
velocity fluctuations which supplements conventional damping of continuous-phase turbulence
(Al Tawell & Landau 1977); it is most important when relative turbulence intensities (continuous-
phase r.m.s. velocity fluctuations normalized by the mean relative velocity between the phases) are
large, and the dispersed-phase is responsive to continuous-phase velocity fluctuations. This
mechanism is often included in turbulence models that allow for the effects of separated flow, where
it appears as a damping term when the governing equation for continuous-phase turbulence kinetic
energy is derived. However, methods of modeling turbulence modulation have not been definitively
assessed because the phenomenon is most important for dense dispersed flows within the Stokes
drag regime where accurate measurements are problematical (Faeth 1987).

Turbulence generation involves perturbation of the continuous-phase flow by the wakes of
individual dispersed-phase elements. Turbulence generation in dispersed flows is somewhat similar
to the action of turbulence-generating grids, however, there are significant differences between the
properties of the two flows because dispersed-phase elements are distributed throughout the flow
and their arrival at any point is random. Turbulence generation is most important when velocity
defects within the wakes of dispersed-phase elements are large in comparison to background
continuous-phase velocity fluctuations, which requires large relative velocities between the phases
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and correspondingly low relative turbulence intensities. Additionally, the effects of turbulence
generation are most significant in nearly homogeneous flows where other sources of turbulence
production are weak. Thus turbulence generation in practical multiphase flows, evidenced by
increased anisotropy and turbulence levels in comparison to corresponding single-phase flows, has
been observed in the near-axis regions of turbulent bubbly and particle-laden jets (Sun & Faeth
1986; Parthasarathy & Faeth 1987). Similar flow conditions exist within the near-injector
(dense-spray) region of sprays, the spray-containing region of large liquid rocket engines, and heavy
rainstorms, among others. Motivated by these applications, the present investigation concentrates
on the properties of turbulence generation.

Past experimental investigations of turbulence generation have considered homogeneous
dilute dispersed flows (Lance & Bataille 1982; Lance et al. 1980, 1985; Parthasarathy & Faeth
1990). Lance and coworkers studied homogeneous air/water bubbly flows downstream of a
turbulence-generating grid. The effects of turbulence generation were observed as a progressive
increase in continuous-phase turbulence levels with increasing void fractions, with the increase
being most evident when relative velocities were comparable to liquid velocities. These results
are valuable because most practical multiphase flows involve turbulence generation by the
dispersed phase as well as other forms of turbulence production in the continuous phase. However,
the results are difficult to interpret, due to the combined effects of bubble- and grid-generated
turbulence.

Earlier work in this laboratory considered flows where turbulence generation was the domi-
nant mechanism of turbulence production (Parthasarathy & Faeth 1990). The experimental
conditions consisted of a uniform number fluxes of nearly monodisperse round glass beads
falling at their terminal velocities in stagnant (in the mean) water. The flows were dilute (particle
volume fractions <0.01%) and the effects of turbulence modulation were small (relative
turbulence intensities < 10%). Measurements included phase velocities and the probability density
functions, temporal spectra and spatial correlations of liquid velocity fluctuations. Liquid-phase
properties also were analyzed using a simplified stochastic method that involved linear super-
position of randomly-arriving particle velocity fields. It was found that continuous-phase
turbulence levels were largely controlled by the rate of dissipation of particle energy in the liquid.
In contrast to grid-generated turbulence far from the source, where the turbulence is nearly
isotropic, streamwise velocity fluctuations were nearly twice the cross-stream velocity fluctuations,
which suggested a significant direct contribution of particle wakes to the observed properties
of the continuous phase. The temporal spectra also supported this view: they exhibited a large
range of scales even though particle Reynolds numbers were low (<10°), and they decayed at
slower rates than conventional turbulence with increasing frequency. These features agreed
with predictions based on superposition of the mean velocity profiles of randomly-arriving
particle wakes. However, while the theory assisted interpretation of flow properties, quantitative
predictions of integral scales and spatial correlations were not very satisfactory and there
were convergence problems similar to those encountered when sedimentation is treated using
stochastic methods (Batchelor 1972). Thus, generalization of the particle/water results to other flow
conditions is questionable due to a limited range of experimental conditions and uncertainties of
the theory.

The objective of the present investigation was to extend the particle/water study to particle/air
flows. The primary motivation for this step is that rates of dissipation of particle energy in air are
orders of magnitude larger than for particles in water at similar conditions so that effects of this
important parameter can be resolved. Particle/air flows also reduce complications due to turbulent
dispersion of particles because the particle response is smaller in air than in water. Other aspects
of the present study are similar to Parthasarathy & Faeth (1990); in particular, particle Reynolds
numbers for both studies were < 10° because this range is typical of drops in sprays and rainstorms
(Faeth 1987; Humphreys 1964).

The paper begins with a description of the experimental and theoretical methods. Measured
and predicted results are then considered, treating evaluation of the apparatus, velocity fluctu-
ations, spatial correlations and temporal spectra in turn. Additional details about the experimental
and theoretical methods can be found in Parthasarathy (1989) and Parthasarathy & Faeth
(1990).
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2. EXPERIMENTAL METHODS

2.1. Apparatus

Figure 1 is a sketch of the particle/air flow apparatus. The tests were conducted using
nearly monodisperse spherical glass particles having nominal diameters of 0.5, 1.0 and 2.0 mm.
The flow of particles was controlled by a variable-speed particle feeder, whose feed rate was
calibrated by collecting particles for timed intervals. The particles were dispersed by falling
through an array of six screens (0.89 mm dia and spaced 4.2 mm apart) with a 190 mm spacing
between screens. The particles then fell into a windowed test chamber (410 x 535 x 910 mm),
where the measurements were made. The particles were collected, with little rebound, at the
bottom of the tank and removed periodically so that their maximum depth was 100 mm.
Displacement velocities due to the collection of particles at the bottom of the tank were negligible,
<0.02 mm/s.

The free fall distance of the particles between the last screen and the region where measure-
ments were made was 1200 mm, which was not sufficient for the particles to reach their terminal
velocities. However, the rate of increase of particle velocities within the region of observations
was small (15-35%/m or 2-4%/streamwise integral length scale) so that the flow was nearly
homogeneous in the streamwise direction. Air velocities within the flow were small (ca. 10 mm/s;
therefore, drafts and natural convection disturbances were controlled by closing all joints with tape
and covering the exterior surfaces of the apparatus with styrofoam insulation (not shown in figure
1) except for small openings needed for optical access.
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Figure 1. Sketch of homogeneous particle/air flow apparatus.
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2.2. Instrumenation

Measurements involved particle number fluxes, particle velocities and continuous-phase flow
properties. Particle number fluxes were measured by collecting particles in the containers for timed
intervals at the bottom of the test chamber. Experimental uncertainties of these measurements were
dominated by finite sampling times which were selected to keep uncertainties (95% confidence)
<10%.

Particle velocities were measured by particle tracking, which differed from Parthasarathy &
Faeth (1990). This involved illuminating the central region of the test tank with a light sheet
(100 mm high and 25 mm thick) from a stroboscopic light source having a flash time of 1 us
and operating at frequencies 500-1000 Hz. The particle tracks were recorded with an open
camera lens at a magnification of 0.7. Particle velocities were in the range 3000—6000 mm/s
so that the light sheet essentially stopped the motion of the particles and yielded tracks
having 10-20 images on the film. Velocities were found from the known flashing rate and the
spacing between particle images on the film. Experimental uncertainties were dominated by
sampling limitations over the size range of the particles: they are estimated to be <5% (95%
confidence).

A two-point, phase-discriminating laser velocimeter (LV), with one fixed channel at the center
of the test chamber and a second channel that could be traversed in the streamwise and cross-stream
directions, was used to measure air velocities. Discrimination to remove velocity signals due to
particles followed Modarress er al. (1984), while the arrangement was identical to that of
Parthasarathy & Faeth (1990) (which should be consulted for details). The air was seeded with oil
drops (nominal diameter of 1 um using a TSI model 9306 atomizer) to provide data rates of
5-10 kHz.

The time between valid air velocity signals was small, 100-200 us, in comparison to Kolmogorov
time scales of 11-32ms and integral time scales of 1.8-5.8s; therefore, the low-pass filtered
analog outputs of the burst-counter signal processor were time-averaged, ignoring periods when
particles were present, to find unbiased time-averaged gas velocities. Signals were collected in bursts
of 16-32K elements, for total sampling times on the order of 5min, in order to achieve
stationary values with acceptable uncertainties. One-point temporal spectra were measured over
a frequency range of 1073-10* Hz using several subfrequency intervals (including appropriately
longer sampling times to resolve low frequencies) to provide reasonable dynamic ranges, as
discussed by Parthasarathy & Faeth (1990).

Kolmogorov length scales were 0.44-0.74 mm, which were comparable to the dimensions
of the measuring volumes, and the flows were homogeneous; therefore, gradient bias errors
were small. Experimental uncertainties (95% confidence) were as follows: mean streamwise and
cross-stream velocities, <10% and <40%; fluctuating streamwise and cross-stream velocities,
<15% and <20%; spatial correlations in the streamwise and cross-stream directions, <15% and
<30%; and streamwise and cross-stream temporal spectra, <30% and <40% for frequencies
<0.01 Hz and <15% and <25% for all other frequencies (except for the effects of step noise
at the highest frequencies which will be discussed later). The present experimental uncertainties
are similar to uncertainties for the particle/water flows. They are high in comparison to
measurements in typical turbulent flows, however, due to the relatively low flow velocities (ca.
10 mmy/s) and very high turbulence intensities (generally in excess of 100%) of the homogeneous
dilute dispersed flows.

2.3. Test conditions

Properties of the 0.5, 1.0 and 2.0 mm dia particles are summarized in table 1. Particle size
distributions were measured by Parthasarathy & Faeth (1990): they were roughly Gaussian and
had standard deviations of approx. 10% of the nominal particle diameter. Particle velocities in the
region of the measurements were independent of particle number fluxes, however, they were lower
than terminal velocities due to the limited available distance between the lowest screen and the test
chamber. Particle Reynolds numbers were in the range 116—780, which is comparable to the range
considered during the particle/water measurements. Rates of particle acceleration in the region
of the measurements were used to evaluate particle drag. Similar to the earlier particle/water
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Table 1. Particle properties*

Nominal diameter (mm) 0.5 1.0 20
Diameter standard deviation (mm) 0.045 0.085 0.17
Relative velocity (mm/s) 3360 4970 5640
Reynolds number 116 344 780
Drag coefficient 1.03 0.64 047
Wake momentum diameter ( mm) 0.18 0.28 0.48

*Round glass beads, of density 2450 kg/m? falling in stagnant air
at 298 +2K. Air properties: density = 1.17 kg/m? Kkinematic
viscosity = 16.7 x 10~¢m?/s.

measurements, drag coefficients agreed within 15% of estimates based on the standard drag
coefficient, Cp,, for spheres (Putnam 1961):

Cp = 24(1 + Re**/6)/Re, (1]
where the particle Reynolds number is defined as
Re = Ud/v 2]

and U is the local mean relative velocity, d is the nominal particle diameter and v is the kinematic
viscosity of air. These conditions yield wake momentum diameters, 6, defined as

0 = (Cp d*/8)'? 3]

in the range 0.18-0.48 mm.

A range of particle number fluxes, 7", for each particle size was considered for measurements
of velocity fluctuations. The extremes of these conditions and a typical mid-range condition are
summarized in table 2. Mean particle spacings, /,, were found assuming that the particles were
falling randomly with a uniform particle number flux and relative velocity, as follows:

L= U, [4]

The resulting particle spacings were in the range 31-218 mm, or 62-116 particle diameters, yielding
particle volume fractions <0.0004%.

Particle velocity fluctuations could not be measured accurately, however, estimates indicated that
they were negligible due to modest air velocity fluctuations and poor particle response to air
motion. Based on the particle/water study, the particle dispersing system did not introduce
significant particle rotation. For such conditions, the rate of dissipation of turbulence kinetic energy
within the measuring region, ¢, can be equated to the rate of generation of turbulence by particles.
The rate of generation of turbulence is equal to the rate of loss of particle mechanical energy as
they fall through the bath, i.e.

e =nn" d*Cp U2/8. [5]
Table 2. Summary of test condition®
d =0.55mm d=10mm d=2.0mm

Loading: Low Medium High Low Medium High Low Medium High
#"(kpart/m?s) 174 554 110.8 3.7 9.2 20.9 0.54 1.10 3.30
I, (mm) 57.8 39.3 312 1104 81.5 62.0 218.0 172.5 119.6
e(mm?/s?) 20,400 64,900 129,900 26,300 65,300 148,300 16,300 33,000 98,000
I (mm) 0.70 0.52 0.44 0.65 0.52 0.42 0.74 0.62 0.47
t (ms) 29 16 11 25 16 11 32 23 13
uy (mm/s) 24 32 39 26 32 40 23 27 36
") V3(mm/s) 8.6 204 —_ 9.7 17.2 29.0 11.8 15.0 22,6
#"®"*(mm/s) 8.8 13.5 18.5 24 6.0 12.1 8.4 7.9 13.0
#(mm/s) 6.4 55.4 — 0.5 22,6 69.4 1.5 1.2 479
#(mm/s) 2.8 8.6 8.9 0.9 2.6 6.4 1.7 1.1 2.8
L, (mm) 117 98 — 123 97 —_ 143 176 —
L, (mm) 40.1 38.2 — 12.5 20.0 — 24.9 23.2 —
T8 1.8 — — 2.6 — — 5.8 — —
T,(s) 32 — — 34 — — — — —

*Particle volume fractions <0.0004%, direct dissipation by particles <1%.
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Since particle velocities in the measuring region are known, however, it is more accurate to estimate
the rate of turbulence generation as the rate of loss of potential energy of the particles as they fall
through the bath, minus their rate of increase of kinetic energy, as follows:

e =nn" d’g(p, — p) — p, U dU/dx]/(6p), 6]

where g is the acceleration of gravity, p, and p are the particle and air densities and x is distance
in the vertical (streamwise) direction. Due to the much lower density of air than water, rates of
dissipation for the particle/air flows in table 2 are 10°~10* times larger than the earlier particle/water
experiments. This was the main reason for the present interest in the particle/air flows because ¢
tends to dominate the flow properties.

The Kolmogorov length, I = (v¥/e)'4, time, tx = (v/e)'?, and velocity uy = (ev)"4, scales also
appear in table 2. The Kolmogorov length scales are comparable to the LV measuring volume and
are somewhat smaller than the particle diameters. Measured air streamwise and cross-stream
velocity fluctuations, (722 and (7°%)', are comparable to the Kolmogorov velocity scales although
ug changes at a lower rate as ¢ is changed (similar to the particle/water flows, velocity fluctuations
are proportional to ¢!, while uy is proportional to ¢'#). Mean velocities in the streamwise and
cross-stream directions, # and 7, are comparable to velocity fluctuations. This behavior is similar .
to the particle/water experiments and is due to bulk motions caused by reduced particle fluxes near
the surfaces of the particle distribution system and the walls of the test chamber. These mean .
motions preclude measurements of true temporal spectra at all but the lowest particle loadings,
where means velocities are relatively small, but they do not affect the other measurements.
Measured integral length scales, based on two-point correlations of streamwise velocity fluctuations
in the streamwise and cross-stream dirctions, L,, and L,,, are roughly twice those measured during
the particle/water experiments. However, these length scales are still an order of magnitude smaller
than the corresponding dimensions of the test chamber so that the surfaces of the apparatus has
little effect on the continuous-phase turbulence properties. Temporal integral scales of velocity
fluctuations in the streamwise and cross-stream directions, T, and T,, are roughly two orders of
magnitude smaller than sampling times so that the large-scale features of the flows are easily
resolved.

In particle-laden flows, dissipation of turbulence consists of conventional dissipation by the
continuous phase and turbulence modulation, i.e. direct dissipation by interactions between particle
and continuous-phase velocity fluctuations. Parthasarathy & Faeth (1990) show that the fraction
of dissipation due to turbulence modulation is proportional to U?/U? where U is the variance
of the relative velocity between the phases. As noted earlier, particle velocity fluctuations were small
for the present conditions so that "> ~ "2 and the turbulence modulation portion of dissipation
is proportional to the square of the relative turbulence intensity. For the present particle/air
test conditions, the relative turbulence intensities were in the range 1072-10° so that the effects
of turbulence modulation were small, i.e. dissipation primarily occurred by processes within the
continuous phase, similar to single-phase turbulent flows.

3. THEORETICAL METHODS

3.1. Velocity fluctuations

The simplified analysis described by Parthasarathy & Faeth (1990) was used to help interpret
and correlate the measurements. A stochastic method is used that explicitly considers the
effects of individual particle flow fields, analogous to the approach of Batchelor (1972) for
sedimentation processes. The major assumptions of the analysis are as follows: the flows are
statistically stationary with uniform particle fluxes and constant continuous-phase properties;
particle arrival times at an increment of area satisfy Poisson statistics, i.c. they are independent
of other particle arrival times (Rice 1954); the flows are infinite in extent because the measure-
ments were relatively independent of test chamber volume (Parthasarathy & Faeth 1990); the
flows are dilute so that the probability of a test point being within a particle is negligibly
small; similarly, the contribution of flow properties immediately around the particles is ignored
because it is small (<10%) in comparison to the contributions of particle wakes due to much
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larger wake volumes (Parthasarathy & Faeth 1990); and because the equations of motion are linear
for asymptotic wakes, flow properties are taken to be the result of a linear superposition of particle
flow fields that have reached the point of observation. The last assumption implies that the
flow is sufficiently dilute so that distortion of each wake by other wakes can be ignored. This is
questionable because velocity fluctuations were always present at the measuring volume, however,
the approach was still pursued because it was helpful for the particle/water flows (Parthasarthy &
Faeth 1990).

Summing flow properties under these assumptions is an extension of methods used to
analyze random noise (Rice 1954). Let the point of observation be the origin of a cylindrical
coordinate system with x being the streamwise direction and r and ¢ the radial and azimuthal
coordinates. Considering the potential effects of wake unsteadiness or turbulence, the arrival of
a particle at x =0, r, ¢ and time ¢ =0 can produce effects g(r, ¢,?) and g’(r, ¢, ) at the
point of observation due to the mean and turbulent wake properties. Following Rice (1954),
Campbell’s theorem can be extended to treat random arrivals of particles over a plane as
a summation of effects of individual particles (Parthasarathy & Faeth 1990). This yields the
time-averaged effect,

' G=ﬁ”fw dr rnd¢ Jwg(r, @, Hr dr; [7]
—® 0 0

and the mean-squared fluctuation about the average,

G?=n" ‘[w ds Jh d¢ Jw lg(r, ¢, )+ g7(r, ¢, ))r dr. (8]
—© 0 0

Equations {7] and [8] are for monodisperse particle flows. Under the assumption of linear
superposition, however, if ¢ (d) is generic property for a particular particle diameter, then the mean
value of ¢ becomes

é= jw ¢(4)PDF(d) dd, ]
0

where PDF(d) is the probability density function of particle diameter.

A difficulty in applying [7]-[9] to find the present flow properties involves proper estimates
of the particle effects, g and g’. In particular, particle Reynolds numbers are modest, in the
range 38-780 for the combined particle/water and air measurements, and the particle wakes
are within their self-generated turbulent field. There is no existing information concerning wake
properties under these conditions and approximations must be made. Since wake Reynolds
numbers are greater than unity in the region of interest, effects of turbulence in the asymptotic wake
region cannot be ruled out ( Tennekes & Lumley 1972). Therefore, integrations to find velocity
fluctuations from [7]-{9] used mean velocity distributions for turbulent wakes from Tennekes &
Lumley (1972) and wake turbulence properties from Uberoi & Freymuth (1970) in the integrations
to find velocity fluctuations from [8] and [9], see Parthasarathy & Faeth (1990) for the specific
formulas.

A second problem encountered with integrations of [7}-[9], when using effects estimated from
particles wakes, is that the integrals do not converge as t—o0. A similar difficulty is encountered
for Stokes flow around particles during analysis of sedimentation, however, this can be resolved
based on rigorous knowledge of Stokes flow (Batchelor 1972). Since information on wake
properties in the present Reynolds number regime is empirical, and is questionable for the reasons
noted earlier, a similar attack on the convergence problem would be premature. Instead, the
integrations are terminated at x/d =175, which yields estimates of velocity fluctuations that
are in reasonably good agreement with the measurements. Additionally, mean velocity defects
in the wakes are comparable to levels of ambient velocity fluctuations at this location, suggesting
that identifiable wake properties are lost in the background turbulent field in the region where
the integrations are terminated. Finally, divergence of velocity fluctuations is relatively slow,
proportional to (x/d)"é; therefore, the exact selection of the value of x/d where integrations are
ended is not very critical.
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Using turbulent asymptotic wake properties, and terminating integrations at x/d = 175, yields
the following expressions for the relative turbulence intensities in the streamwise and cross-stream
directions (Parthasarathy & Faeth 1990):

@?)'"?U = C,[ed(0/d)P|U)? (10]
and
(#?'?U = C,[ed(8/d)P|U°]'"A, (11]

where C,=6.84 and C,=4.63. Using C,= C,/2 =3.42, however, provides a better fit of the
measurements, as will be discussed later. The parameter ed(6/d)**/U* on the right-hand sides
(r.h.s.) of [10] and [11] appears later and will be called the dissipation factor for convenience.

3.2. Correlations and spectra

Expressions for correlations and spectra from the simplified theory can be found in
Parthasarathy & Faeth (1990). However, while the theory yielded reasonable estimates of velocity
fluctuations, predictions of two-point spatial correlations and integral length scales were not very
satisfactory. This was attributed to uncertainties about wake properties within the Reynolds
number range and ambient turbulence levels of the present dispersed flows. In particular, the
ambient flow was shown to deflect and distort the trajectory of the wake axis, which is likely to
have a significant effect on spatial correlations and integral scales even though velocity scales might
be influenced only to a modest degree. In view of these observations, an alternative empirical
approach was used to treat correlations, spectra and integral scales. First of all, a direct result of
the simplified theory (which agrees with experimental observations), is that correlation coefficients
and normalized spectra should be independent of properties like #” and e. Additionally, particle
size and Reynolds number did not have a significant effect on correlations and spectra so that
assuming universal forms of these functions (determined by the measurements) seems reasonable.
As a result, only generalized relationships for integral scales must be found.

Spatial integral scales are assumed to be proportional to dissipation length scales represented
in the usual manner, i.e. ~k**/e based on dimensional considerations, where & is the turbulence
kinetic energy. For the present dispersed flows, streamwise and cross-stream velocity fluctuations
scale in the same manner from [10] and [11], orthogonal cross-stream velocity fluctuations are the
same because the flows are homogeneous and no change in the degree of anisotropy of the flows
was observed over the test range. This implies that integral scales, L,, and L,,, should vary in the
following manner:

L,e/U® = C,[ed(8/d)"|U°F", [12]

where i = x or y. The coefficients of proportionality, C,;, are found by fitting the particle/water
and air measurements. Additionally, the measurements do not confirm the 3/2 power of the
dissipation factor on the r.h.s. of [12] so this power was considered to be an empirical parameter
as well.

Temporal integral scales are correlated by assuming that they were related to spatial integral
scales and velocity fluctuations, i.e. T;~ L,./("*)"* based on dimensional considerations, where
i =u or v. Then, the expressions for the L, and (i%)"* from [10] and [12] yield the following
correlating expressions for the temporal integral scales:

Tie/U* = Cr[ed(8/d)*°| U, (13]

where Cj, is an empirical coefficient and i =u or v. The Cy, are found by correlating the
measurements. Additionally, the measurements yield a power other than unity for the dissipation
factor appearing on the r.h.s. of [13], as discussed later.

4. RESULTS AND DISCUSSION

4.1. Evaluation of apparatus

Apparatus evaluation during the particle/water study had shown that the apparatus was
sufficiently large that wall effects had little influence on flow properties, e.g. reducing the test
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chamber volume by a factor of 32 had negligible effect on the measurements (Parthasarathy &
Faeth 1990). Thus, the present apparatus evaluation concentrated on establishing whether the flow
was homogeneous because changes had been made in the particle distribution system.

The uniformity of particle number fluxes was tested by measuring the distribution of n” over
the bottom of the chamber. Except for the region within 50 mm of the walls of the test chamber,
the standard deviations of particle number fluxes at various positions were <6% of the mean feed
rate. This value was within experimental uncertainties so that n” was adequately uniform within
the region of the present measurements. The spatial variation of r.m.s. streamwise velocity
fluctuations was measured over the central portion of the test chamber (+120mm in the
cross-stream direction and + 180 mm in the streamwise direction). The mean variations of velocity
fluctuations over this region, from point-to-point and from test-to-test, were the same (< 10%).
Thus, the velocity field within the region of the measurements also was homogeneous within
experimental uncertainties.

4.2. Velocity fluctuations

The probability density functions of velocity fluctuations were Gaussian, similar to the particle/
water observations (Parthasarathy & Faeth 1990); therefore, only the moments of the distribution
are considered in the following, Measured relative turbulence intensities in the streamwise and
cross-stream directions for both the particle/air and water tests are illustrated in figure 2. The
measurements are plotted according to the predictions of [10] and [11] with predictions based on
the “best fit” results (C, = 6.84 and C, = C,/2) also shown on the plots.

Several properties of the measured velocity fluctuations in figure 2 agree with predictions and
suggest that the wakes of individual particles make a significant contribution to continuous-phase
properties. First of all, the degree of anisotropy is roughly 2, which is more representative
of turbulent shear flows like particle wakes than the isotropic turbulence observed far from
turbulence-generating grids (Hinze 1975). Next, for a given particle size and ambient fluid,
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Figure 2. Streamwise and cross-stream r.m.s. velocity fluctuations.
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velocity fluctuations are proportional to ¢'’%, and thus 7" through [5] and [6] which agrees with
theoretical predictions based on the summation of individual particle wake properties from [8].
Finally, the relative turbulence intensities correlate quite well as functions of the dissipation factor.
In particular, the streamwise relative turbulence intensities agree with predictions based on
turbulent wake properties for a reasonable integration limit x/d = 175, as discussed earlier. The
corresponding predictions of cross-stream relative turbulence intensity are not as satisfactory,
however, yielding an anisotropy of 1.5 rather than the measured value of 2.

The range of the correlations of relative turbulence intensities illustrated in figure 2 is relatively
broad: relative turbulence intensities of 1073~10~", dissipation factors of 10~-10~2 and particle
Reynolds numbers of 38-780. Applying the correlations outside the range of the measurements,
however, is questionable. First of all, conditions at higher relative turbulence intensities involve
greater degrees of turbulence modulation than present test conditions so that increased dissipation
by direct interaction between the particles and the continuous-phase turbulence might modify flow
properties. Next, lower values of the dissipation factor than the present test range imply low levels
of relative turbulence intensities, tending to reduce distortion and mixing rates of particle wakes
by the ambient flow, with corresponding changes of continuous-phase turbulence properties.
Finally, particle Reynolds numbers outside the present range should also modify wake properties.
Lower Reynolds numbers approach sedimentation conditions that involve greater effects of the
flow field around the particle in comparison to the wakes, and might better be treated using the
approach of Batchelor (1972). Higher Reynolds numbers would yield more fully developed
turbulent wakes, closer to the measurements of Uberoi & Freymuth (1970), and modify
continuous-phase turbulence properties accordingly.

4.3. Spatial correlations

Measured two-point correlation coefficients of streamwise velocity fluctuations in the cross-
stream and streamwise directions are illustrated in figures 3 and 4 for both the particle/air and water
flows. In each case, the measurements are plotted as a function of streamwise or cross-stream
distance, x and y, normalized by the corresponding integral length scale. The measurements are
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Figure 3. Spatial correlation of streamwise velocity fluctuations in the cross-stream direction for low and
medium loadings.
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Figure 4. Spatial correlation of streamwise velocity fluctuations in the streamwise direction for low and
medium loadings.

identified only according to particle size and continuous-phase fluid because particle number fluxes
did not noticeably affect the correlations. Results only are shown for a single displacement
direction, however, the correlations were symmetric within experimental uncertainties.

Ratios of Kolmogorov to integral length scales for the present dispersed flows are <0.03, and
the Kolmogorov length scales are somewhat smaller than the LV measuring volumes; therefore,
small-scale features near the origin are not captured by the results illustrated in figures 3 and 4.
Consistent with theory, the variation of correlation coefficients with normalized distance is
independent of dissipation rate and the ambient fluid. The correlations are also independent
of particle size. As noted earlier, predictions of correlations based on the velocity profiles of
wakes were not very satisfactory, probably due to increased mixing rates and distortion of the
wakes by continuous-phase turbulence. However, simple exponential functions, exp(—y/L,,) and
exp(—x/L,,), are seen to provide reasonably good fits of the somewhat scattered data. An
exception involves large separation distances for the correlation in the streamwise direction, where
measured values are consistently higher than the exponential fits. Similar long tails of correlations
in the streamwise direction were found from the predictions even though the predicted shapes of
the correlations were not very satisfactory (Parthasarathy & Faeth 1990). This suggests that the
streamwise tails of the correlations are caused by the relatively large aspect ratios of wakes,
analogous to the observed large levels of anisotropy.

Measured integral length scales in the streamwise and cross-stream directions for both the
particle/air and water flows, are illustrated in figure 5. The dimensionless length scales are plotted
as a function of the dissipation factor, as suggested by [12]. The following empirical fits of the
measurements also are shown on the plots:

L,e/U’ = C,led(6/d)y°| U], [14]
where i = y and x and C,, = 14 and C,, = 54. Equations [14] provide a reasonable fit of the integral

length scale measurements. The main exception involves L,, for the present particle/air measure-
ments, where there is significant scatter about the fitted curve. However, these conditions also
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Figure 5. Streamwise and cross-stream spatial integral scales.

exhibit relatively large scatter for (5%)!” in figure 2, so that measurement difficulties due to the
smaller value of cross-stream than streamwise velocity fluctuations may be the source of the
problem. Additionally, some systematic effects of particle size can be seen, with results for the
smallest and largest particles tending to be consistently above and below the fitted line, respectively.
However, the degree of these variations is not significant in comparison to the experimental
uncertainties of the measurements.

An interesting feature of the measurements in figure 5 is that the dimensionless length scales
increase according to the 0.9 power of the dissipation factor. This is substantially lower than the
3/2 power estimate of [12], which was based on the correspondence between integral and dissipation
length scales. An explanation of the reduced effect of the dissipation factor on integral length scales
is that high values of the dissipation factor imply large relative turbulence intensities within the
flow (see figure 2). This tends to increase mixing rates and distortion of the wakes, and reduces
the streamwise distance to the point where the velocity defect within the wakes becomes comparable
to ambient velocity fluctuations. These effects should tend to reduce integral length scales, with
corresponding reductions in the rate of increase of the length scales with increasing dissipation
factor.

The integral length scales exhibit significant anistropy, with L,,/L,, roughly 3.9 over the range
of the measurements, which is typical of shear flows like wakes (Hinze 1975). Additionally, the
fitted correlations for the length scales of [14] have a relatively weak dependence on ¢ and U.
The particle property dependence is roughly proportional to dC%* which has not been varied
to a great degree over the experiments (only a standard deviation of roughly one-third from the
mean value of this parameter). This accounts for the modest changes of integral length scales over
the present range of test conditions.
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The relatively large range of length scales of the continuous phase, in spite of relatively low
particle Reynolds numbers, is an interesting feature of the present flows (Parthasarathy & Faeth
1990). This can be quantified from [14] and the expression for the Kolmogorov length scale, as
follows:

L/l = Cu(U*[ev)*[ed (8 /dYP|U°T. [15]

For both the particle/air and water flows, L,, / is in the range 150-300, with L, /Iy proportionately
smaller according to the integral length scale anisotropy ratio. This relatively large range of length
scales, in spite of low particle and wake Reynolds numbers, is caused by the contribution of mean
velocities in particle wakes to flow properties because particle arrivals are random. Equation [15]
implies that the length scale ratio increases with increasing U, ¢ and d; however, the rates of increase
are relatively weak so that variations of L, /Iy are not large over the range of the particle/air and
water experiments.

4.4. Temporal spectra

Measured temporal power spectral densities of streamwise and cross-stream velocity fluctuations,
E,(f)and E,(f), are plotted as a function of frequency, f, in figures 6 and 7. The spectra and the
frequencies have been normalized by the corresponding velocity fluctuations and temporal integral
scales. The measurements are for particle/air flows and are limited to the lowest loadings for each
particle size so that effects of mean velocities are small. Conditions at the onset of step noise due
to the sample-and-hold signals of the LV processor are marked on the plots, based on estimates
from Adrian & Yao (1987): measurements at higher frequencies should be ignored. Predicted
spectra, ignoring contributions of wake turbulence that primarily appear beyond the step-noise
limit, also are shown on the plots. Similar results for the particle/water flows can be found in
Parthasarathy & Faeth (1990); however, measurements and predictions for the particle/water and
air flows are nearly the same.
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Figure 6. Temporal power spectral densities of streamwise velocity fluctuations.
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Figure 7. Temporal power spectra of cross-stream velocity fluctuations.

Effects of particle size and loading on the measured temporal spectra are small in comparison
to experimental uncertainties. Dimensionless frequencies corresponding to the Kolmogorov
microscale regime—f7T,=T,/ty and fT,=T,/ty—are in the range 60-180; unfortunately,
measurements are not available in this region due to the intrusion of step noise. The spectra decay
for dimensionless frequencies in the range 1072-102, As noted earlier, the relatively large range of
time scales for low wake Reynolds numbers is probably due to contributions from mean velocities
in particle wakes. This view is supported by the properties of the inertial-like regions and spectral
decay. Rather than decaying according to f ~%7, typical of conventional turbulence, E, decays
according to f ! and E, according to f ~!3. The predictions based on mean velocity profiles in
turbulent wakes, illustrated in figures 6 and 7, agree quite well with these trends. Even use of mean
velocity profiles for laminar wakes yields similar behavior (Parthasarathy & Faeth 1990). This lack
of sensitivity to the shape of mean velocity profiles in the wakes suggests that effects of distortion
of the wakes by ambient turbulence may not have a large influence on normalized spectra in the
range of frequencies that could be resolved. Additionally, direct contributions of wake turbulence,
if present, only appear for dimensionless frequencies beyond the step noise limit, as noted earlier.
Taken together, the properties of the temporal spectra appear to be largely governed by mean
velocities in randomly-arriving particle wakes.

Measured temporal integral scales of streamwise and cross-stream velocity fluctuations are
illustrated in figure 8 for both the particle/air and water flows. The dimensionless time scales are
plotted as a function of the dissipation factor, as suggested by [13]. The following empirical fit of
the measurements also is shown on the plot:

Tie[U? = Crled(8/d)y/ U, [16]

where i = u and v and Cy, = C;, = 2.5. The temporal integral scale measurements illustrated in
figure 8 are limited and scattered, however, [16] provides a reasonable fit of the data. In this case,
no particular trend with respect to particle size is observed. Similar to the correlation of length
scales, the power of the dissipation factor is smaller than estimates based on the correspondence
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Figure 8. Temporal integral scales of streamwise and cross-stream velocity fluctuations.

between integral and dissipation length scales: 0.4 in [16] as opposed to 1.0 in [13]. Reasons for
this behavior are analogous to those discussed in connection with the length scales.

The ratios, T,/tx and T,/ty were discussed earlier. Based on [16], and the expression for the
Kolmogorov time scale, the functional forms of these ratios are as follows:

T;/tx = Cr; (U*/ev)"*ed (8 d)*[U°T. [17]

Similar to the length scale ratios of [15], the time scale ratio increases with U, € and d, but the rates
of increase are relatively weak so that the variation of T;/# is not large over the range of the
particle/air and water experiments.

5. CONCLUSIONS

The present investigation considered the properties of particle-generated turbulence in the
continuous phase of homogeneous dilute particle-laden flows. The specific configuration
involved nearly monodisperse glass spheres falling in stagnant air, to supplement earlier findings
for particles falling in stagnant water. The combined data base involved the following conditions:
particle Reynolds numbers of 38-780; particle number fluxes of 0.54-110.8 kpart/m®s; mean
particle spacings of 8.2-218 mm; rates of dissipation of 27-148,300 mm?/s’, particle volume
fractions <0.01%; and relative turbulence intensities of 10->-10~'. The major observations and
conclusions of the study are as follows:

(a) Relative turbulence intensities and integral scales could be correlated as functions
of the dissipation factor [ed(6/d)**/U°). However, use of these correlations
outside the present test range is not recommended: higher relative turbulence
intensities would involve significant effects of turbulence modulation; lower
relative turbulence intensities would reduce turbulent distortion of particle
wakes; and particle wake properties vary with Reynolds number—all potentially
modifying flow properties from the present findings.

(b) A number of features of particle-generated turbulence are similar to other
homogeneous turbulent flows; in particular, the probability density functions
of velocity fluctuations approximate Gaussian functions, and the large-scale
features of spatial correlation coefficients and normalized temporal spectra are
relatively independent of flow conditions when plotted in terms of normalized
distances and frequencies.
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(c) However, a number of features of particle-generated turbulence are distinctly
different from other turbulent flows, probably due to contributions from mean
velocities in randomly-arriving particle wakes; for example, the degree of
anisotropy of the flow is usually large [(7%)'? = 2(5'%)'"?], length scales correlate
with wake properties and are essentially independent of the mean spacing
between particles, and streamwise temporal spectra decay proportional to £~
rather than f =33,

(d) A simplified model, based on linear superposition of randomly-arriving particle
velocity fields, was helpful for interpreting and correlating many features of the
flow. However, more information on the character of particle wakes at modest
Reynolds numbers in turbulent environments is needed for quantitiative assess-
ment of this approach and a better understanding of the mechanisms controlling
continuous-phase turbulence properties in these flows.
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