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Abstract

Laser Doppler anemometry was used to measure axial and radial velocity components in a liquid ¯ow
®eld in the presence of dispersed beads. Index of refraction matching between the ¯uid ( para-cymene)
and large, spherical beads, made of polymethyl methacrylate, was essential to extract the turbulence
data from the ¯uid phase because of the high concentration of beads. The match allowed measurements
without generating noise from the surface of the beads. The measurements were obtained under
transient ¯ow conditions to avoided need for an external solids circulation loop. The resulting data were
statistical and ensembled averaged for short periods during the transient experiments where the
concentration could be taken as approximately constant. The concentration levels were determined from
separate particle tracking velocimetry measurements, to be described in Part II. The bead density was
greater than the ¯uid and thus wakes were created. These local areas of ¯uid experienced a lowering of
the velocity. The turbulent ¯uctuation results showed that the presence of the beads extracted energy
from the mean ¯ow and transferred that energy to the turbulence. The increase of turbulent intensity
was impressive along the centerline of the column where the measurements were made. The axial
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turbulent intensity of the ¯uid without beads was of the order of 10% and with beads, the level was
increased to nearly 70%. 7 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Turbulence in the ¯uid phase in the presence of beads is di�erent from that of a pure ¯uid
since the motion of solid beads a�ects the liquid phase. For ¯uid±solid ¯ow systems, a suitable
model is needed to describe the interactive motions of both phases. Turbulent liquid velocity
data are essential to check the validity of such models. Such modeling and the associated data
are very important during unsteady operation or when the ¯ow is turbulent. The relative local
¯uctuations of the solid and ¯uid phases play an important role for surface controlled
operations such as mass transfer, kinetics and drop breakup. Such processes are important
during crystallization, ¯uid bed operations, solids transport, jet combustion with solid fuels,
gasi®cation etc.
The present two papers are abbreviated versions. More complete pre-publication versions

can be found at the URL, given in the reference list as Haam et al. (1998). The full details for
the study can be found in dissertation by Haam (1996).

2. Literature review

Though there have been many attempts to describe particle±¯uid dispersions, none are
considered de®nitive. Most approaches are restricted to small particles in which the assumption
of Stokes law is reasonable. Very few models have been developed for large particle dispersion
under conditions where Stokes law would not be valid. The behavior of solid±liquid
dispersions di�ers considerably from solid±gas dispersions. Often the solid±liquid phase can be
treated as a non-Newtonian ¯uid. Such an approach is often used for slurries. Many factors
associated with particle dynamics can a�ect the motion of particles in suspensions such as
particle drag, particle non-sphericity, Brownian motion, particle rotation, agglomeration, lift,
collision etc. For very dilute systems used in most studies, particle collision and agglomeration
are usually not important factors.
In two phase ¯ow, there is little information on the velocity of the two phases measured

independently. The major experimental limitations are particle±probe interactions and blockage
of transmitted and scattered light by the dispersed phase. The result is that most experiments
were limited to dilute ¯ow suspensions of particle volumetric concentration of less than 1.5%.
Lee and Durst (1982) performed an experimental investigation of the turbulent ¯ow of a

two-phase suspension with uniform sized particles in a vertical pipe by using laser Doppler
anemometry (LDA). They used four di�erent diameters of glass particles (100, 200, 400, and
800 mm) in an air±solid ¯ow system. The discrimination between solid and ¯uid phases was
based on amplitude, but they were unable to distinguish perfectly between Doppler signals of
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large and small particles. They found that the large particles (400 and 800 mm) increased the
turbulence in the air phase and the small particles (100 and 200 mm) decreased it. Tsuji et al.
(1984) also measured the velocities of air and solid-particle by using LDA. Five di�erent sizes
of plastic particles were used which ranged from 0.2 to 3 mm. They also used a signal
discrimination method to decompose the ¯uid and particle phases. The principle of their signal
discriminator was burst signals with su�ciently large pedestal components come from large
particles, while those with a small pedestal but large Doppler components come from small
tracers that follow the ¯uid motion. They measured mean particle and air velocities across the
pipe radius and turbulent intensities of air with various sizes of particles, but the local
turbulent intensities of the particles were not obtained. Hestroni and Sokolov (1971) discovered
that the turbulent intensity and energy spectra of the carrier ¯uid were changed by the presence
of the droplets. They found that spectral components at high frequency and corresponding
turbulent ¯uctuation energy were decreased by the e�ect of the droplets. Zisselmar and
Molerus (1979) measured the turbulent intensity in methyl benzoate with small glass particles
(53 mm) and found that the intensity of the turbulence was signi®cantly damped by the solid
particles. However, in the air±solid experiments by Lee and Durst (1982) and Tsuji et al. (1984)
using various particle sizes and densities, showed that large particles do not decrease the
turbulent intensity of the carrier ¯uid but increase it signi®cantly. For liquid±solid system,
Parthasarathy and Faeth (1990) and Mizukami et al. (1992) observed the same e�ect.
Parthasarathy and Faeth (1990) studied the ¯ow generated by uniform free falling spherical
particles for water and air systems. The range of the sizes they used was from 0.5 to 2 mm.
Gore and Crowe (1989) generalized the experimental data of the particle±¯uid interaction and
suggested that the ratio of particle size to a characteristic length scale of ¯ow can be used as a
basic parameter to predict turbulence in the particle-laden ¯ow. They suggested that the ratio
of particle diameters to turbulence scale below 0.1 suppress turbulence, in other words,
damping the turbulence of the carrier ¯uid and above, enhances it. Hestroni (1989) used the
data of Gore and Crowe and suggested that for large particles, in which the particle Reynolds
number is more than 110, vortex shedding behind the particles occurs. These vortices generate
more turbulence in the carrier ¯uid. The particles take the energy from the average velocity
and dissipate the energy to higher frequencies in the ¯uid. It is speci®cally this theoretical
approach that has promise of describing our experiments.

3. Experiments

Those aspects of the experiments that are in common or are essential to the LDA
measurements are included in this part. The particle tracking details are given in Part II, where
the individual beads were tracked by the particle tracking velocimetry (PTV) measurements.

3.1. Flow system

The vertical system was composed of a round, glass, inner column for the ¯ow and a
polymethyl methacrylate (PMMA) square outer column. The glass, ¯ow column has a diameter
of 10.2 cm and a length of 1.12 m. The PMMA square column, about 15 cm wide, was used
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for minimizing the distortion and re¯ection of light at the surface of the inside column. The
¯uid was pumped through a large vertical tank, located just before the column, to disengage
any bubbles before the ¯uid entered the working column. Instead of building a solids transport
loop system, transient experiments were used. At the start of the experiment, the beads were at
the bottom of the column, the pump was started, and the beads were transported upward by
the ¯ow. A screen prevented the beads from leaving the column. They were returned to bottom
by turning o� the pump. Many runs were made so that by using an ensemble average,
statistical signi®cant results could be obtained. Large lead balls, supported on a wire grid,
formed a packed bed (15 cm in height) at the bottom of the column. The entry ensured a
uniform distribution of the ¯ow at the measuring point, which was ®ve pipe diameters (00.5
m) above the bed. Radial velocity distributions without beads were obtained to assure that the
central region of the column is a plug ¯ow and is not a�ected by the wall. Over the central
85% of the tube diameter, the average velocity varied by about 6%. The root-mean-squared
(rms) velocity varied by 30% over the central 70%. The distribution plots can be found in
Haam (1996) and Haam et al. (1998).

3.2. Bead preparation

Spherical molded PMMA beads were used in para-cymene. The available diameters were
3.18 and 4.76 mm. The density and the index of refraction of PMMA are 1190 kg/m3 and 1.49,
respectively. The shape and size of the beads are very uniform and the measured size
distribution of the beads were less than 5%. Non-dyed, clear beads were used because of the
requirement of a refractive index match between the beads and liquid for the LDA
experiments.

3.3. Selection of index refraction matching liquid

An adequate ¯uid to match the index of refraction of PMMA is di�cult to ®nd since the
¯uid should also meet several other conditions for a turbulent ¯ow experiment. para-cymene,
our ®nal choice, has a density of 860 kg/m3, viscosity of 1.023 cP and index of refraction of
1.49. The Pyrex ¯ow column also has an IR of 1.49. The ¯uid used between the ¯ow column
and the outer square column was water. Our LDA experiments were run at ambient
temperature and with laser light. The exact IR values are not know to more than two places.
However, the numbers are not important, what is important is that we could not see the beads
in the ¯ow during the experiments. When the small LDA particles were ®ltered out, the laser
beams penetrated the ¯uid without scattering. In a later section, a statistical analysis will be
presented to show that the results had minimal interferences from possible re¯ections at the
bead surfaces.

3.4. Basic ¯ow characteristics without beads

The ¯uid Reynolds number varied over a range depending upon the control valve setting.
The average ¯uid Reynolds number was 24000. At this average ¯ow condition, the particle
Reynolds numbers for 3.18 and 4.76 mm beads were 1040 and 1550, respectively.
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3.5. Experimental setup for LDA measurements

A 2 W argon ion laser system was used. Two green beams were crossed to produced a
measurement volume of about 1 mm3. The crossing volume of the two beams was positioned
at the center of the column radially and at a location ®ve times the column diameter (00.5 m)
from the bottom of the vertical column. LDA light scattering seeds were standard LDA
particles �d05 mm). The scattered light was detected by a photo detector in a back scattering
mode. The counter signal processor ®ltered the Doppler signals by using the condition that the
seed passes through more than eight interference fringes. If the measurement was validated, it
was transmitted to the on-line computer with an A/D converter and stored. The computation
process to convert raw data to velocity form was made by a short conversion program.

3.6. Experimental procedure

To avoid confusion about the experiments, it is necessary to emphasize that all the
experiments with beads present were transient; i.e., the system was ®lled with ¯uid, the beads
were located at the bottom of the column (on top of the lead packing), the pump was started,
data was gathered as the beads were transported to the top of the column, and ®nally the
pump was turned o� so the beads could settle back to the bottom of the column, ready for the
next transient experiment. Thus, the solids were not introduced into the ¯ow during the
experiments. We chose this option because unknown e�ects can be introduced, if the beads
were injected into the ¯ow and because such injection systems can be costly.

4. Data, theory and discussion

4.1. The liquid velocity and time periods of the transient ¯ow

Since each run was a time transient experiment, time periods had to be de®ned. In this work,
we will refer to these time periods (where the concentration of beads could be assumed
constant at the average concentration) as periods. This is done to emphasize that we are
dealing with an average in time, not space. Thus, we use the term concentration period or
subperiod. The evaluation of the velocity data was made for each subperiod of time where the
¯ow conditions were assumed to be relatively constant. In other words, the mean ¯ow was
assumed constant with a constant concentration of beads in the given small time period. The
selection of periods is somewhat arbitrary. It is necessary to make the period short enough so
that the averages can represent point periods in time, but long enough so that an adequate
statistical sample is obtained during the period. In this paper, the periods used have been
selected to be the minimum needed for clarity of presentation.
From the PTV experiments with 15% dyed beads, the concentration of the beads in speci®c

runs was subdivided into periods within the full time sequence. The PTV experiments are to be
described further in Part II. One example of selected pictures, from the sequence used in the
PTV analysis for the larger beads, is shown in Fig. 1. Based on many similar runs, the
ensemble averaged concentration±time pro®le shown in Fig. 2 was produced. These are the
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total volume concentration in percent, where it was assumed that the 15% marked beads was a
constant in all periods and at all times. In Fig. 1, there are 85% of the beads not visible. For
the LDA measurements, all the beads were clear and could not be seen. In Fig. 2, the periods
that will be used in this paper are de®ned. In Haam (1996) and Haam et al. (1998), these
periods are further de®ned and sub-divided for both size beads.
To avoid misunderstanding, we would like to digress a moment and put the present

measurements into perspective with general understanding of particulate transport. From dense
bed and ¯uidized bed technology, it is well known that there is spacial variation of
concentration both on the average and instantaneously. On the average, the concentration
varies near the wall of the column and instantaneously, the concentration varies everywhere,

Fig. 1. Concentration of beads with time.
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especially in a bubbling bed. Our statistical analysis allows us only to consider the bead ¯ow
on a global average in the area of observation (but as a function of time), as will be detailed in
Part II. By averaging a large number of run, we average out any variations that occur
instantaneously. We do not have measures of the spacial variation of the beads as only 15% of
them were marked. On the average, the distribution appeared to us to be well distributed and
uniform. In our work we can only hypothesize about the instantaneous realizations of the ¯ow
that must be the source of the enhancement of the turbulence that is observed.
The statistical evaluation of the velocity data was based on mean velocity and rms values

that represent the ¯uctuating velocity. Histograms were made for comparisons under various
conditions that depend on the bead concentrations (i.e., the time periods). The analyzes were
done on both smaller and larger beads along the centerline of the column. Enough runs (more
than 20 runs for each condition) were made so that an ensemble average would have
meaningful statistical signi®cance. In this paper, only the graphs for the larger beads will be
shown. Many of the ®gures and plots not shown here can be found in Haam (1996) and Haam
et al. (1998).

4.2. Characterization of the ¯ow without beads

The ¯ow distribution across the ®eld has already been discussed. Further ¯ow information
without beads present is contained in this section.

4.2.1. Preliminary information for start-up transient experiment
To obtain information about the time for the ¯uid to achieve steady state, many time-

transient LDA experiments were made (see Haam (1996) and Haam et al. (1998)). A time delay
exists from the time the pump was started to the time a major change was observed. This is the
time needed for the ¯uid in the column below the measuring point to be convected past the
measuring point. During this period, the ¯uid (in the column and at rest) was convected as a
turbulent free plug past the measuring point. Turbulence in the ¯uid was established

Fig. 2. Ensemble averaged concentration vs. time curve.
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immediately upon passage of this starting slug. The delay time to establish the turbulence was
as fast as 3 s at high velocities. The ¯uid was fully developed when the plug arrived at the
measurement point located00.5 m above the entry.

4.2.2. Basic ¯ow information without beads
In Haam (1996) and Haam et al. (1998), typical signals for both the axial and radial

instantaneous velocities can be found. The axial mean and rms velocities of the ¯ow were 0.289
and 0.033 m/s, respectively making the turbulent intensity about 10%. Our column was not
typical of pipe ¯ow as the measurement location was only ®ve pipe diameters downstream of
the pack-bed entry. The ¯ow was nearly a turbulent plug ¯ow with only a small region near
the wall being e�ected by the wall. The radial mean and rms velocities were 0.6 (closed to zero)
and 0.026 m/s. The rms velocities of the axial and radial component are not equal indicating
that the system is not isotropic. Fig. 3 shows the number histogram for the axial velocity of the
¯ow without beads. The x-axis of the histogram was prepared using the t-student distribution,
�Uÿ hUi�=s, where U is the velocity of an individual run, hUi denotes ensemble average and s
is the standard deviation. For pipe ¯ow or a grid entry, an approximately normal distribution
of the velocity is expected. A normal Gaussian distribution is also shown in the ®gure and the
agreement with our data is excellent. The comparison suggests that an adequate statistical
sample was available for this data. Note that the data is not skewed and that it is very nearly
normal. The use of the mean and statistical deviation, as measured in these runs, for
normalization is justi®ed.

4.3. Con®rmation of index of refraction match

We need to con®rm that the index of refraction match between the beads and ¯uid is
adequate so that the LDA signals represent ¯uid motions and do not include re¯ections from

Fig. 3. Detailed number histogram, no beads, period IV �t > 20 s), for all axial velocity data.
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the surfaces of the beads. Runs were made where we attempted to ®lter out the LDA particles,
but with the clear matched beads still present. An example of this signal versus time is shown
in Fig. 4. The contrast with the normally measured turbulent signal is marked in the total
number of data samples per run time. A normal signal with the LDA particles present resulted
in more than 100 times what was observed without the particles (see Haam et al., 1998). The
points marked in Fig. 4 are where an actual signal was obtained. We know that if the ®ltration
of LDA particles and the index of refraction match were perfect, there would be no signals
from the ¯ow. Fig. 4 shows that some signals were obtained. We conclude that the few
measurements are either due to a few residual LDA particles or at worst from the index of
refraction match being imperfect. There is no way to prove whether the ¯ow signals are from
un®ltered residual particles or from a bead e�ect. If we attribute the entire signal to error, the
maximum contributions to the velocity data and the ¯uctuation energy are less than 5% or
20%, respectively. We concluded that bead re¯ections can be neglected or are at worst a minor
error that would not change any of the conclusions to be made.

4.4. Characterization of ¯ow with beads

Example ®gures for the axial and radial transient ¯ow data for both bead sizes can be found
in Haam (1996) and Haam et al. (1998). Beyond 15 s for the smaller and 20 s for the larger
beads, only rarely were beads present in the test section and the measurement is characteristic
of the ¯ow without beads. When beads were present in the ¯ow (time< 10 s), there were many
large negative velocity excursions that lowered the velocity (Haam et al., 1998). During this
period, when dyed beads were present for the PTV measurements, one could observe that the
beads traveled downwards sometimes. Recall that the beads are non-buoyant and have a
higher density than the ¯uid. From the results in the previous paragraph, bead re¯ection can
be neglected and we estimated that the boundary e�ect can also be neglected due to it being
very thin �11� 10ÿ4 m or 0.1 mm). Thus, we hypothesize that the low velocity excursions are
from bead wakes. The wakes are the only source of velocities lower than that of the general
¯uid. There are very many beads present and each contributes a small region of negative

Fig. 4. Axial transient ¯ow with beads but no LDA particles.
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velocity ¯uctuation, which when integrated over the whole must be the source of the increased
rms velocity observations. Positive excursions might result from ¯ow between two or more
close beads; however, since the ¯uid would tend to move with the beads, the velocity between
them would rapidly adjust to the bead velocity, which is lower on the average than the ¯uid
velocity. Fig. 5 is a sketch of the possible bead wake e�ects on the ¯uid. The generation of the
wake is found behind the bead since the ¯ow is upward and the bead is heavier than the ¯uid.

4.5. Histogram analysis

The most important result from the LDA data is the di�erences in turbulence levels in the
presence and absence of beads. As described earlier, we have several bead concentration
periods within each run as de®ned from the PTV results. To compare the ¯ow within these
di�erent periods, histogramming was used as our main tool. Period IV, where beads were not
present, was chosen as our reference basis for comparison. The x-axis of the histogram was
taken as X � �Uÿ hUiIV�=s, where hUiIV denotes the ensemble average of U during period IV
when the beads were not present and s is the standard deviation. The y-axis was often
normalized on the maximum value of the variable so that the maximum value plotted would
be unity for all cases. Such multi-plot histograms can be confusing; thus, the histograms were
smoothed using localized polynomial smoothing. The raw histograms can be found in Haam
(1996) and Haam et al. (1998). Fig. 6 shows the smoothed number histogram for all axial
velocities. When the time periods with beads are compared with the number histogram in

Fig. 5. Sketch of particle wake.
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period IV where beads were not present (in Fig. 6 or Fig. 3), the e�ect of the presence of the
beads on the ¯ow can be seen. These plots show a great deal of skewness toward the negative
side due to the presence of beads that can be explained by the wake e�ect behind the beads.

4.5.1. Analysis of the positive axial velocity segment
As can be seen from Fig. 6, the curves for di�erent periods are similar for the positive part

of the histogram �X > 0). This observation can be explained from the fact that the beads
(heavier than the ¯uid) move upward at a lower velocity than the ¯uid and wakes are
generated behind the beads. These wakes produced lower velocities and a�ected the negative
side �X < 0� rather than the positive X. In our analysis of the positive segment, we replotted
the results with the di�erent periods normalized on the maximum for X > 0, not globally; thus,
the y-axis maximum was still unity. These are not presented here because there are very similar
to the positive side of Fig. 6. However, examples of these can by found in Haam (1996) and
Haam et al. (1998). The segments were found to be Gaussian in shape. In this section, the data
analysis will be directed toward this speci®c area. Since these results are normalized to unity on
the y-axis and are normalized with the standard deviation on the x-axis, it is not advisable to
draw conclusions at this point about the relative intensity of turbulence from the curves.
Fig. 7 shows the number histogram �n=nmax� and the total ¯uctuation energy during period I.

The y-axis is normalized with the maximum value in this period for each item. The energy
histograms are bimodal, as expected. The histogram is a measure of the ¯uctuation energy
about the mean. The values are near zero when the y-axis is near zero and are high when the
deviations are large for the mean. The very large negative region can be associated with the
energy in the lower velocities wakes of the beads. These velocities are considerably lower than
the average velocity. The positive region can be associated with the energy away from the wake
between the beads. These velocities are near the average (not from zero on the x-axis) as would
be expected for the ¯at average velocity pro®le that exist for this ¯ow.
Fig. 8 is the histogram comparisons of the velocity counts for all periods. This is for the

positive velocity segment �X > 0), but now are not normalized on the maximum values. The
numbers in these ®gures are the velocity count per `total run time', i.e., like a frequency.

Fig. 6. Comparison of number histogram for smoothed data with beads for all axial velocities.
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Periods III and IV are similar as expected, with period III showing some e�ect of the beads.
The e�ect of the beads can be more readily seen in the ®gure for periods I and II. Because the
beads are heavier than the ¯uid, their downward relative velocity (in the wake) reduces the
number of positive excursions; i.e., period I is about 1/6 of period IV. Thus, the number of
positive counts per second of run time is reduced.
Total ¯uctuation energy �e0P�Uÿ hUi�2, where hUi denotes the local ensemble averaged

mean velocity in the period being considered) was used to investigate the increase of the
turbulence in the ¯uid with beads present. rms and turbulent intensity values were also
determined for the overall comparisons. For a meaningful measure of the total ¯uctuation
energies of various periods, the same total number of actual measurements (events at the point
of measurement) in the di�erent time periods was required. Period IV always had the highest
number of events, so that the total ¯uctuation energies in other periods were multiplied by the

Fig. 7. Histograms of number and total ¯uctuation energy with beads during period I �0 < t < 5 s), for all axial
velocities.

Fig. 8. Comparison of number histograms with beads for all axial positive velocities on a unit `total run time basis'.
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ratio, `number of events in period IV/number of events in the period being considered'. Fig. 9
is the histogram comparison of the total ¯uctuating energy on the same number of events basis.
This comparison is based on the number of events at a point and is not a volume
measurement. For convenience, the y-axis for the energy does not re¯ect the density or the
factor of two. It is in reality U 2 in units of (m/s)2. The results of the total ¯uctuation energies,
rms values for the positive part of the histogram and intensities are shown in Table 1. From
Fig. 9 and Table 1, we see that the total ¯uctuation energies with beads present in the highest
concentration period (I) are clearly higher by about a factor of seven. One can conclude that
the beads do strongly a�ect the turbulence levels in the ¯uid.

4.5.2. Analysis of negative and overall axial velocity part
Fig. 10 is number histogram of all axial velocities on a run second basis. The results for the

smaller beads, Haam (1996), are very similar. The histogram for the various time periods are
similar except that of period IV. The distribution without beads (period IV) falls o� more

Fig. 9. Comparison of total ¯uctuation energy histograms with beads for all positive velocities.

Table 1
Results of total ¯uctuation energy, rms velocity and turbulent intensity with beads for the positive axial velocities

Total ¯uctuation energy (cm/s)2 rms velocity (cm/s) Turbulent intensity (%)

Bead diameter (cm) Bead diameter (cm) Bead diameter (cm)

0.318 0.476 0.318 0.476 0.318 0.476

Period I 1037.8 973.5 13.1 11.6 79.4 56.4
Period II 423.3 730.1 6.0 5.0 25.5 19.9
Period III 191.5 229.8 3.5 3.5 13.1 12.3
Period IV 147.4 166.4 3.2 3.4 11.8 11.0
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rapidly in a Gaussian manner, while the other distributions have long negative tails associated
with the lower velocities that are a part of the bead wakes. The histograms are what one would
expect for large negative excursions. Although the number of events may not be large in these
tails, the energy associated with them could be signi®cant.
Fig. 11 gives the total ¯uctuation energy for the entire histogram on the same number basis.

Fig. 12 contain the information for the total energy based on the same number (not relative to
an average, but the actual velocity squared without the density or the 1/2 factor). The total
energy is near Gaussian for the time period without beads (IV) and is a relatively narrow
distribution. For the time period with beads (I±III) the distribution is much broader and not as
peaked. The maximum total energy is greater without beads. The presence of beads smooths
the distribution resulting in a lower maximum but a broader shape. The ¯uctuating energy
should re¯ect this observation and will be discussed next.

Fig. 10. Comparison of number histograms with beads for all axial velocities on a unit `total run time basis'.

Fig. 11. Comparison of total ¯uctuation energy histograms with beads for all velocities.
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Fig. 11 shows that the ¯uctuation energy is greater for the higher concentration periods (I±
II) than for the lower concentration ones (III±IV (no beads)) as expected from the previous
results. Of course, the total ¯uctuation energy is a fraction of the total energy as is always the
case for turbulent ¯ows. Table 2 contains the results of the mean, rms velocities (square root
form of ¯uctuating energy) and turbulent intensity (rms divided by mean velocity). The
enhancement of the turbulence in the ¯uid by the beads is increased up to ®ve times (period I)
more than in the period IV where no beads are present. (If the periods are further subdivided
as in Haam et al. (1998), the early subperiods are as much as seven time larger). The turbulent
intensity decreases with decreasing concentration level of the beads from periods I to III. The
turbulence in the periods III and IV are similar since the concentration level of the beads in
period III is low (2±0.05%). From this table, we see that smaller beads can caused more
turbulence than larger beads for the early periods (see also Haam et al., 1998). This
observation implies that the smaller beads (but still considered large and heavy beads) interact
with the ¯uid more actively since their mass is less and cause more turbulence than larger

Fig. 12. Comparison of total energy histograms with beads for all velocities.

Table 2
Results of mean, rms velocity and turbulent intensity with beads for all axial velocities

Mean velocity (cm/s) rms velocity (cm/s) Turbulent intensity (%)

Bead diameter (cm) Bead diameter (cm) Bead diameter (cm)

0.318 0.476 0.318 0.476 0.318 0.476

Period I 16.55 20.75 10.74 8.75 64.89 42.17
Period II 23.91 25.22 6.57 7.94 27.48 31.48
Period III 26.63 28.43 3.34 4.41 12.54 15.51
Period IV 26.51 28.38 3.22 3.29 12.15 11.59
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beads. Hestroni (1989) suggested that for large particles, in which the particle Reynolds
number is more than 110, vortex shedding behind the particles occurs. These vortices create
more turbulence in the ¯uid. The order of particle Reynolds number for the smaller beads was
1040 and for the large was 1550.

4.5.3. Analysis of radial velocity data
Separate runs were made to measure the radial velocity component at the column centerline.

The average velocity is, of course, symmetrical at the centerline. The same normalization for
the x-axis was used as in the axial cases with the mean velocity in period IV, hVi> IV, (even
though it was small), and the standard deviation s. These speci®c ®gures can be found in
Haam et al. (1998). They are the same type of plots as for the axial velocity. For the periods in
which the beads are present, the histogram is ¯atter (fewer low radial velocity values) and
broader (more high radial velocity values). When the beads are present, the radial component
of velocity in the ¯uid is enhanced. Both bead sizes e�ect the ¯uid in a similar manner.
For the radial data, the total energy and the total ¯uctuation energy plots are also

symmetrical, as expected. The time periods with beads have more total ¯uctuation energy than
without beads; this is a re¯ection of the higher velocities. The positive and negative sides of the
radial histograms are more symmetrical than those for the axial velocity. This is a re¯ection of
the centerline symmetry that exists in the radial case and does not exist for the axial case.
However here, because of the symmetry at the centerline for the radial measurements, the
histograms clearly split into a negative and positive peaks.
Table 3 contains the radial results of mean and rms velocities for small and larger beads.

The table show that the level of the turbulence is also enhanced for the radial direction by the
presence of the beads.

5. Conclusions

The use of para-cymene as the index of refraction matching ¯uid for the PMMA beads was
an excellent choice. In the visualization experiments, the clear beads were not visible in the
para-cymene liquid. Under the green laser light �l � 514:5 nm), the index match was adequate.

Table 3
Results of radial mean and rms velocity with beads

Mean velocity (cm/s) rms velocity (cm/s)

Bead diameter (cm) Bead diameter (cm)

0.318 0.476 0.318 0.476

Period I 3.06 1.53 4.64 4.50
Period II 0.81 0.98 3.98 3.26

Period III ÿ1.37 0.81 3.06 2.84
Period IV ÿ0.60 0.74 2.62 3.05
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As a worst estimate, the beads themselves could contribute as much as 5% to the velocity or
20% to the energy; however, it is believed to be much less.
The ¯ow was a plug ¯ow as veri®ed by the ¯at velocity distributions across the radius.

Furthermore, the number histogram of the region where no beads were present showed a very
near normal distribution so that the sampling conditions for LDA measurements were
adequate and the velocity data were statistically meaningful.
The data obtained from LDA measurement of the axial velocity in the dispersion column

with beads clearly showed that the presence of the beads caused a signi®cant lowering of the
velocity. The beads had a density greater than the ¯uid and created wakes behind the beads,
which caused a lowering of the velocity. The lower velocities caused by the presence of the
beads had long negative tails in the histograms and these tails contributed to the higher
turbulence level of the ¯uid. The total ¯uctuation energy, rms velocity and turbulent intensity
data from LDA measurements were compared between the periods both with and without the
presence of the beads. The results showed that the presence of the beads extracted energy from
the mean ¯ow and provided that energy to the ¯uctuation turbulence level. The increase of
turbulent intensity was impressive along the centerline of the dispersion column where the
measurement was made. The axial turbulent intensity of the ¯uid without beads was 12% and
with beads, the level was increased to 69% for the smaller 1/8 in. beads and 49% for larger 3/
16 in. beads. The turbulence along the radial direction was also enhanced by the presence of
the beads. The normalization used for the radial turbulent intensity was the rms value, since
the radial mean velocity was close to zero. The rms value of the period without beads was
about 0.030 m/s and increased up to 0.046 m/s for smaller beads and 0.08 m/s for larger ones.
The presence of beads a�ected the axial velocities much more than radial velocities. However,
the enhancements on the radial direction were not small. From the results of Tables 1±3, the
bead size e�ect can be seen. The smaller beads, which are small but still considered as large
particles, enhanced the turbulence for the axial direction more than the larger ones in the early
periods. The histograms for the periods where beads were present showed a great deal of
skewness toward the negative side due to the wakes behind the beads. For the total ¯uctuation
energy, these regions had long tails. However, the positive part of the distribution that could
be associated with the pure ¯uid was near Gaussian. Although the number of events may not
be large in the negative tails, the energy associated with them could be signi®cant.
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