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Abstract

In this study, turbulence influence on the settlimghavior of solid particles was
investigated experimentally in confined turbulemuatic environment generated by
oscillating grid. An enhanced PIV system was emg@ibyto conduct simultaneous
velocity measurements of individual settling pdescand ambient fluid. Grains varying
in shape (spherical and cylindrical) and diame®@i78-7.94 mm) were tested with

different turbulent conditions.

The results showed clearly that the settling bedrawf particles subjected to
turbulence is significantly modified. First, thettiag velocity modification is closely
correlated to the mean vertical velocity of theidlzone (very close to the settling
particle), which in size is in the order of a fearficle diameters. Second, the relative

settling velocity is smaller than the still waterrhinal velocity for the most cases. Lastly,
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the fluctuation in the settling velocity is sigwe#intly increased, as compared to the still

water conditions, and clearly dependent on theutarize intensity.

The experimental data were also analyzed with daiomal considerations. By
comparing to literature, turbulence effects onr#ative settling velocity were discussed
with regard to Stokes number, Richardson numberdam@&nsionless turbulence length
scale. Finally, a simple analytical model was ps®u for estimating the turbulence-

modified settling velocity.

Keywords: Settling velocity; Drag coefficient; Turbulence; Oscillating grid; PIV.

Page 2 of 53



1. Introduction

Knowledge of the behavior of solid particles seglthrough fluids is of fundamental
importance for numerous industrial and environmemaltiphase-flow applications
involving particle suspension and transport. Howg\existing empirical and semi-
empirical expressions for the computation of p&teettling velocity are limited to the
case where fluid phase is quiescent, while in napgilications the carrier fluid is in

motion and usually turbulent.

Experimental studies addressing turbulence efféet¢e been done for various
scenarios, for example, particle-laden flows in moloal reaction vessels [1, 2],
sedimentation of phytoplankton cells in the surfagging layers of natural water [3],
and sediment transportation and deposition in amamannel flow [4, 5]. These studies
have shown that the settling velocity could be rfiediin the presence of turbulence, but
it remains inconclusive whether settling is enhanceretarded and how significant the
modification could be, as summarized in Table 1g®&liaet al [1] and Brucato et al. [2]
reported reduction in the settling velocity of datiarticles in a stirred mediu;, with
respect to the terminal velocity in a quiescentiligWs. In these studies, the velocity
ratio, WJ/Wr, was correlated with the length ratidlA, whered denotes the particle
diameter andl the Kolmogorov scale of dissipative eddies. On tmmtrary, the
phenomenon of settling velocity enhancement duertmulence is also reported [3, 6-8].
Flume tests conducted recently by Cuthbertson awa&[4] and Kawanisi and Shiozaki
[5] showed that both modifications are possiblgeseling on flow configuration and

turbulence intensity. Cuthbertson and Ervine [4gasted that the inertial and lift forces
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were negligible as compared to the dominant graeital and drag forces on the settling
particle, and thus the relative velocity betweenphrticle and fluid was equal to the still-
water terminal velocity. A most recent study by &auichi et al. [9] was conducted with
turbulent flows generated by a pair of grids oatiig horizontally in a water tank,
showing a reduction of settling velocity up to 2586 the terminal value. Similar
turbulence-generating apparatus was also employedhou and Cheng [10], who
however reported general enhancement of settlifacie. It should be noted that in the
confined flow systems, the presence of secondawsflis not avoidable in spite of
optimized grid configurations [3, 10]. Though geaisr weak, the secondary flows may
affect the settling velocity to a certain degreefdstunately, such effects have not been
examined in the abovementioned studies because ifo€ulfies encountered in

simultaneous two-phase measurements.

Various quantities, including particle charactécst(size, density) and turbulence
characteristics in terms of length, time or velpc#icales, have been considered in
previous studies. Particle-turbulence interactian be characterized by various derived
guantities such as length, time and velocity scdege of widely-used parameters is the
Stokes numbeBt which is defined as the ratio of particle chagastic time scale to the
Kolmogorov time scale of turbulence. This parame&esften employed to describe the
ability of a particle to follow the fluid motiongy the “sensitivity” of the particle to the
turbulence disturbance. Friedman and Katz [8] slibthat the rising rate of fuel droplet
in water is strongly dependent @b at intermediate turbulence intensity. Yang and Shy
[11] studied the settling behavior of heavy paeticlin an aqueous near-isotropic

turbulence generated by a pair of oscillating gridlsey presented that the magnitude of
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settling velocity enhancement reaches its maximwBiais nearly unity, which is
consistent with the numerical results given by Wand Maxey [12], and Yang and Lei
[6]. Cuthbertson and Ervine [4] studied the paetiskttling in turbulent open channel
flow and reported that the degree of settling enbarent would be maximized for fine
particles with low shear particle Reynolds numbed &t ~ 1, while small-scale
turbulence might have little or no influence on rsea particles under the dominant

gravitational effect fo6t>> 1.

Mechanism responsible for the turbulence modifaratto the particle settling
velocity has also been propounded by several studith analytical and numerical
attempts. On one hand, mechanism accounting fettlng velocity reduction includes
non-linear drag [13] and loitering effect [14]. Themer was demonstrated by a Monte
Carlo simulation showing the effect of nonlineanfythe drag associated with turbulence.
So-called loitering effect was analytically studieg considering a settling particle in a
steady, non-uniform flow field with a specific, hig organized vortex structure. The
results showed that the particle spends relativehger time for the specified flow
configuration and the settling velocity is hencduged. On the other hand, the most
frequently mentioned mechanism for settling enharese is preferential sweeping, or
trajectory biasing. It refers to the phenomenormp@ferential sweeping motion on the
down-flow side of local vortices due to the locantrifugal effect, which leads to
enhanced settling rates. By a direct numerical kittmn (DNS), Wang and Maxey [12]
studied the settling velocity as well as the cotregion in a random flow field for heavy
particles. They showed that the settling rate wgaifsccantly enhanced and the flow

region of high vorticity correlated well with thegion of low particle concentration,
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which supported the preferential sweeping. This maasm has been frequently
employed by researchers as possible explanatitimeafexperimental results [3, 4, 7, 8,
11]. Moreover, the role of turbulent scales, froarge energetic eddy to smallest
Kolmogorov scale, in modifying the particle setylinvas also investigated. A DNS
conducted by Bagchi and Balachandar [15] showedthlesfree stream turbulence had no

substantial and systematic effects on the timeamest drag.

This study aimed to experimentally investigate tlebce effects on the behavior of
individually settling particles. First, in order torrelate the observed modification to the
settling behavior to turbulent flow field, espebiahe characteristics of local flow close
to the settling particle, both motions of the sofidlase and surrounding fluid were
measured simultaneously with an enhanced Partitdgé Velocimetry (P1V) technique.
Second, by noting that most previous researchers hancentrated their experimental
efforts on the group behavior exhibited by a langenber of settling particles, with the
measurement of ambient fluid flows in a bulk volufeeg. [1, 2]), we conducted all
experiments in a repetitive fashion and focusedhensettling behavior of each single

particle.
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2. Experimental setup

In this study, particle settling behavior was oledr in a confined turbulent
environment, which was generated by placing anllasog grid in a water tank.
Turbulent flows so generated are characterizedppycximately zero-mean velocity and
two-dimensional homogeneity, and thus can be censi theoretically simpler than
those appearing in boundary layers and open ch&n8elme quantitative properties of
such mechanically driven turbulence have been étaby previous researchers. Cheng
and Law [16] studied the statistical characterssti€ the turbulent flow field based on
PIV measurements, which confirmed that the turlzdedecay follows the power law
proposed by Hopfinger and Toly [17]. Cheng and LEW@] also suggested that
homogeneity of the turbulence be achieved only distance away from the grid plane
by three mesh sizes. In addition, Matsunaga €tL8]. developed an analytical solution
for the oscillating-grid turbulent flow based orethe model. Yan et al. [19] summarized
a number of achievements obtained in the studhefbscillating grid turbulence and its
applications in investigating several hydraulic ijems encountered in mass transfer,

sediment entrainment and suspension and enviroirEmgineering.

The flow system shown in Fig. 1 was the same asued previously by Cheng and
Law [16]. It consisted of a water glass tank, 5050 in cross section and 100 cm in
height, which was supported by a platform with djustable height, and a grid, made of
square bars of 1x1 cm, with a mesh size of 5 cmaardlidity of 36%. The grid was
hung vertically 40 cm above the bottom of the thgKour steel bars of 0.5 cm diameter,

and then connected to a speed-controlled motor. stioke, i.e. the amplitude of grid
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oscillation, was fixed to be 5.2 cm. The water lewvas maintained at 80 cm from the

bottom of the tank.

Particles used for settling tests were washed poaneasurements and then freely
released from below the water surface with gree¢ ta avoid air bubbles attached onto
particle surfaces, which may affect the settlindogy. The location to release the
particles was at the center of the tank to avoidsjiibe side-wall effects. Tests were
conducted at two grid oscillating frequencies, ReHz and 3 Hz, respectively. The
settling processes for spherical particles werduragd over a distance starting fran¥
3.4 cm up taz = 26.3 cm, where is the vertical distance above the mid-positiorhef
grid. There was a distance of more than 13 cm ablzwémaging region for the particle
to accelerate to its “terminal” velocity throughliulent water. Possible errors induced by
particle acceleration are considered insignifidanthis study as the data analysis of the
particle motion was performed largely in the Lagmansense. For each oscillating
frequency, three 10x10 cm imaging windows, posétrat different elevations with
some overlapping, were used to cover the wholacatrdistance of 22.9 cm, so that

particle settling behaviors were observed for eatly varied turbulent conditions.

Digital PIV technique was employed in this studytovide a planar measurement of
the horizontal and vertical velocities of the backmd flow. In this study, the PIV
system was enhanced with software platform DantgtabicStudio 1.30.2, which was
operated with a dual-cavity Q-switched pulsed NdG&/kaser, and a CCD camera with a
resolution of 1,200x1,200 pixels. Polyamide pagsclith a nominal diameter of 50n
were used as seedings to represent the fluid mdieading concentration was adjusted

to ensure that at least 10 particles were disttbutithin one interrogation area (l1A). The
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pulse interval was carefully chosen for each teshe range of 1.0 to 11.5 ms depending
on the flow condition, so as to ensure that thelisgeparticles traveled no further than
one fourth of the IA dimension, and the sampling naas set at 11 Hz, which was the
maximum frequency allowed by the system. The lighéet produced had a typical
thickness of 0.5 mm. Images with a size of 10x10a&@re captured by CCD camera, and
then analyzed by cross-correlation with a movingrage validation to obtain velocity

vector maps. The size of IA was chosen as 32x32pwith an overlap of 25%.

One of the advantages of the updated DynamicStldiform lied in its competency
in performing particle characterization or “shadpvocessing” based on PIV images.
The shadow processing function was employed inghigy to acquire time-dependent
position and velocity of the settling particle, whienabled simultaneous measurements
of both solid and fluid phases. The positions @& tlluminated settling particle in two
successive images were correlated to obtain thadtsh” displacement and thus its

velocity, which could be considered as instantaseou

Two types of grains were used in this study, asmsarnzed in Table 2. The first type
of spherical grains had two diameters, 6.35 mm @@t mm, and was made of
polystyrene with a density @f = 1050 kg/m. This grain density was calculated using
the standard drag relationship (see Appendix A) t@mohinal velocity measured under
the test conditions, and also close to the valdernened by grain diameter and weight
(within 1% discrepancy). In addition, for particles the same size, the differences in
mass and still water terminal velocity were fouretjiigible. One favorable property of
these polystyrene particles was their ability ofatsring enough light upon laser

illumination such that a whole grain appeared agehl-defined bright object under the
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black background (see Fig. 2). This enabled thel®hgprocessing function to readily

determine the position and thus the velocity ofgétling particle.

The second type of particles, with an average tken$i1077 kg/m, was made by
cutting a plastic cord into segments. These gramese approximately cylindrical in
shape with an average length of 3.0 mm and diamate2.4 mm. Their volume-
equivalent nominal diameters varied from 2.8 to f@rh. Preliminary tests showed that
the particle properties varied from grain to grarm. the mass and the still water settling
velocity. To avoid uncertainties induced by suchiatans, the still water terminal
velocity, W, was measured individually prior to settling te$ts each grain. The
measured\r ranged from 2.05 to 5.92 cm/s and the particlengils numbeRg,, based

on the volume-equivalent nominal diameter, varredi 66 to 198.

Page 10 of 53



3. Experimental results

3.1 Turbulent flow conditions

With the PIV measurements, a double-average teaknwgas applied to generate
average and RMS values of the flow velocity in bbtmizontal and vertical directions.
The two average velocities, horizontal componentand vertical componen¥, are

computed as follows:

U= U Vs @

The corresponding RMS values are given by

= [y w-uy; v :\/ﬁi(w -v)? @)

where N denotes the total number of the velocity vectorgoived in the image

processing. Th&l-value was computed as x n,. Here,n; is the number of the velocity
vectors for each PIV image pair, ands the number of all image pairs captured for each
run with a single particle passing through the floene imaged. The number of image
pairs,ny, variesfrom 4 to 14 in the study, corresponding to timeation of 0.364 - 1.273

s at the sampling rate of 11 Hz.

Two approaches were adopted in this study to giyathie flow field relevant to the
settling process, with two types of observatiomiea, as summarized in Table 3. First, a
“large” observation frame, fixed in position, wased to cover the whole flow section

imaged. Therefore, for this approach=49x49= 2401, as detailed in the early section.
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Second, we also used a “small” observation framtech in size was comparable to
the settling particle. This small frame was dynamimvering the flow field right next to
the particle in motion, as shown in Table 3. Simeeving together with the settling
particle, the small frame was able to acquire ngpecific information of the flow. It
should be noted that the small frame excluded tea & the wake of the particle, as
intuitively this portion of flow was already modfil by the particle motion and could not
provide desirable information on the backgroundvfitat directly affected the particle
motion. The areas “cut off” from the whole vectoapnconsisted of five virtual squares,
two being located at the same elevation as théngegarticle, and the other three being
lower but immediately “in front of” the settling gecle. For both sizes of the spherical
particles tested, the number of vectors in eaclarsqwas3x3=9, and thus 5 squares

added up giving that; = 45 for each pair of images.

Altogether, 141 runs were completed for both smaéand cylindrical grains. Shown
in Fig. 3 are the graphs &f andU’ plotted againsV andV', respectively, with both
large- and small-frame processed datasets. Itsergbd that on average, the mean flow
in the area imaged is small but generally downwatds is associated with large-scale
flow structure or secondary flow inherent in thecibbating-grid system, which can be
minimized but cannot be completely removed. Expental observations have shown
that such secondary flows are usually very weaki, twe relevant time scale is much
longer than that of the turbulence generated. Wh#se considerations, the secondary
flows were often ignored in the previous studieg).(¢1, 2, 3]), including the authors’

early work [10]. However, the vertical componentlué average velocity is considered in
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this study. As shown by the subsequent data asalyse vertical velocity appears

generally weak, but its effect on the settling eélpis not always minor.

In comparison to the downward bias of the vertiealocity, the horizontal
component of the mean-flow, on average, is apprateiy zero. This can be explained
by considering the orientation of the grid plandjck oscillated in the vertical direction.
Being different from the mean-flow velocities, thelocity fluctuations in the vertical
and horizontal directions appear positively cotelato each other, as shown in Fig. 3(c)
and Fig. 3(d). In particular, Fig. 3(d) demonstsatkat for the data collected with the
small frame, the magnitude of is close to that of/’, implying that the turbulence

generated appear locally homogeneous.

3.2 Settling velocity in turbulent flow

In Fig. 4, the settling velocity observed in thegence of turbulenc&y,, is plotted
against the mean vertical velocity of the flow dieV. It shows thatW; deviates
significantly from the still water terminal velogjt varying from O.¥V; to 1.6/\4.
However, it can be observed that has a clear correlation wiM. WhenV is negative
(i.e. downward) oV/Wr is positive, WJ/Wr is generally greater than unity, implying an
enhanced settling rate, and vice versa. It shoalchbntioned here that by definition, the
vertical upward velocity is positive, and the dovemd settling velocity Wr or W, is
taken to be negative. By comparing Fig. 4(a) angl B{b), it appears that the small-
frame sampling yields a better correlation. Thiscdepancy between the two approaches
should be attributed to the non-uniformity of thef field. This result further implies the
necessity to correlate the settling velocity madifion only to the properties of the flow

very close to the moving patrticle, such as the kfraahe used in this study.
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3.3 Relative settling velocity or dlip velocity

In this section, the observed settling velocit, is modified by subtracting the mean
vertical velocity of the fluidyV, which yields the vertical velocity of the solidlative to
the fluid phase, or the slip velocity. Only the dffimme data are used here for the
analysis. As summarized in Table 4, altogether 42s (composed of 123 runs) for
spherical particles are considered, which includ® tparticle sizes d), two grid

oscillating frequencied), and three imaging zones.(

Fig. 5 shows a histogram of the velocity ratidjs ¢ V)/Wr. It can be seen that the
relative settling velocity ranges approximatelynir®. AVr to 1. 0. The average of the
velocity ratio is 0.92 and 0.93 fat = 6.35 mm and 7.94 mmespectively. Both
distributions peak approximately at 0.94. Fig. Soakhows that the relative settling
velocity Ws- V) is smaller than the terminal velocity for the moases, i.e. 84% of the

data ford = 6.35 mm and 92% fat = 6.35 mm.

3.4 Variationsin drag coefficient

The drag coefficien€p, as a function of Reynolds numliee is plotted Fig. 6. Both
parameters are computed based on the slip velWityV. As expected, the turbulence-
affectedCp deviates from the standard drag curve, the ldgéng computed using the
correlation proposed by Cheng [20] that gives arebent representation of experimental

data (see Appendix A). Moreover, Fig. 6 also shtvesinverse-square dependenc€pgf

on Re as given byC,

3 -
:ggd (o,/p=1) 12 that can be derived by combining both

2 Re

definitions of Cp andRe The two datasets follow different trends, whiadrrespond to
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the different particle sizes. The slight scattemnvithin each dataset is due to the changes
in temperature (from 23 to 24 °C) and thus the waiscosity. The plottedCp-Re
relationship serves as an alternative to the qfieetion of turbulence effects on the
settling velocity; however, it does not provide anformation on turbulence properties

and their correlations to the modification in thraglcoefficient.

3.5 Effects of fluid velocity fluctuations

To correlate the modification in the relative seglvelocity with the turbulent flow
properties, the velocity fluctuations, il8. andV', were computed for each run to

guantify the degree of turbulence.

In Fig. 7 the turbulence-modified relative settlinglocity is plotted against the
velocity fluctuations computed based on both laagd small frames. It can be observed
that the ratio, \(\s- V)/Wr, is generally smaller than unity, which suggesteduction in
the relative settling velocity due to turbulencéisT phenomenon might be associated
with the change in the location of the flow separa@around the particle surface due to
the ambient turbulence. Note that unstable wake stary to shed periodically around a
sphere aRe = 150. In this studyRe varied from 458 to 921 (see Fig. 6), and thus the
vortex shedding could be the dominant factor aiffigcthe size and shape of the wake,
and thus the drag. However, Fig. 7 gives no cteamd of the relation of the fluid
velocity fluctuations with the settling velocitydection. This may be partially due to the

narrow range of the physical properties (fluid adticles) covered in the present study.

As shown in Table 4, each case consists of sevara of tests for the spherical

particles. If the turbulence is considered statigriar each case, Fig. 7 can be simplified
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by replacing the data points with case-averagedegalThe results so obtained are then
plotted in Fig. 8, which suggests that the relate#ling velocity decreases slightly with

increasing velocity fluctuation.

3.5 Settling velocity fluctuation

It was observed that the particle, subjected tantbient turbulent flow, never settled
at a constant rate and thus the settling velotitgtdiated along the settling course. Such
fluctuations were evaluated by performing trajegtanalysis for all 141 runs based on
the shadow processing results, which provided josttme relationships of the settling
particles at the frequency of 11 Hz. The quasianttneous settling velocity was first
computed from the particle displacement within saenpling interval of 1/11 s. For each

run, the settling velocity fluctuatiowy, , was then computed as the standard deviation of
all the quasi-instantaneous values observed. Adnatn of the observed settling velocity
fluctuation,W, , normalized by the terminal velocit, is shown in Fig. 9. The relevant
numerical values are also tabulated in Table ®att be seen th&t /Wr varies from

2.6% to 53.6% in the presence of turbulence, whgclsignificantly larger than the

fluctuation under still water (3.3%-4.7%). Fig. l@veals thatW. is generally

comparable to the vertical velocity fluctuationstbé fluid,V' (computed based on the

small frame), which implies an intensive phasetage interaction.

3.6 Similar observationswith cylindrical grains

The analyses in Sections C, D and E are perforawggtlly with the data obtained for
the spherical particles only. Similar results walgo obtained for the cylindrical plastic

particles, as summarized in Table 6. As shown ¢ &j Fig. 7 and Fig. 10, these results
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are consistent with the observations with the sphkepatrticles, in spite of the different

particle shape. It is noted that for the cylindriparticles that are smaller than the
spherical particles, the size of the “small” obsgion frame was reduced, as shown in
Table 3, and therefore; was also reduced to 5, in comparison with 45 usedhe

spherical particles.
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4. Comparison with other studies

In this section, further data analyses are mada ditnensional considerations, in
particular, by comparing with the similar experirtedrstudies by Doroodchi et al. [9] and

Brucato et al. [2], both reporting settling velgaieduction due to turbulence.

Doroodchi et al. [9] conducted their experimentthvgparticle sizes comparable with
those used in the present study, and turbulencerged by a pair of grids oscillating
horizontally. A high-speed camera was used to e¢he settling processes and the
settling velocity was computed from particle trageg, which is similar to the present
study. However, no direct measurements were peddrom the fluid phase in their study.
The flow characteristics of the turbulence wereuassd to be identical to similar

measurements by Yang and Shy [11].

To compare with Doroodchi et al.’s results [9],ist necessary to have several
guantities defined for the present study. First, ¢éhergy dissipation rate, is estimated
using the analytical solution for the turbulentWl@roposed by Matsunaga et al. [18], as

detailed in Appendix B. Then, the integral lengitale of turbulence is given by

L=U"/¢g, whereU' is the measured horizontal velocity fluctuatiors@ following

Doroodchi et al. [9], the particle relaxation timehich characterizes the time scale of

particle-fluid interaction, is expressed ax (3/’33 (/ C/:O +/C(§I3V\lr , whereCpy is the standard
DO

drag coefficient an€, = 0.5 is the added mass coefficient. It shouleshdieed that a time

scale so defined might be more suitable for laigeesparticles in the present study, as

2
compared to the Stokes response ti[r’)]e;%zi's_d,which was commonly adopted
g 24
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by some other researchers, e.g. Cuthbertson andeEjd] and Kawanisi and Shiozaki
[5], for small-sized particles moving in or neae tGtokes range. In addition, the integral
time scale of turbulence],, is expressed ag, =L/U'. The Stoke numberst
representing the particle-over-turbulence time escahtio, is then defined as

St=r, /T =rU'/L. One more dimensionless number, the Richardsonbauns

defined asRisz_L'z, which represents the ratio of the net effectivaght of
P

the particle due to gravity to the inertial foragedo turbulence [9].

Fig. 11 shows the variation in the velocity ra(ids - V)/Wr, observed in the present
study, which is plotted against the three dimerls&s parametersSt Ri and d/L,
respectively. Also plotted in the figure are théadaoints reported by Doroodchi et al. [9].
From Fig. 11, it follows that the reductions in ttedative settling velocity observed in
this study are comparable to those reported by &uwbi et al. [9]. However, with the
three parameters varying in much wider ranges licg study, no clear trend can be
observed in the dependence V&€ V)/Wr on St Ri or d/L. This result could indicate that
none of the three parameters considered is domifwanthe particle-flow interaction

considered here.

Brucato et al. [2] reported reduction in the settlivelocity of solid particles in a
stirred medium with respect to that in a quiesdeqid. They measured the mean
settling velocity of a cloud of glass and silicatfdes using a residence time technique
in the turbulent flow generated in a Couette-Taytirred vessel. They proposed a
correlation betweeWV; /Wr and the length scale ratii, whered denotes the particle

diameter andi the Kolmogorov scale of dissipative eddies defirsdl = (V3/£)"*.
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Brucato et al.[2] further related the turbulencieeted drag coefficienCp to the length

scale ratiod/A in the form of(C, -C,,)/C,, = 876x10*(d/A)*, whereCpo denoted the

standard drag coefficient. In Fig. 12, the presiata are compared with Brucato et al.’s
relation. The large difference suggests that theiom based on the Kolmogorov scale is
not applicable for the present study. This is pbdpaue to the much higher density and
smaller sizes of the particles used in Brucatol.&t gests (see Table 1), as compared to
the present study. In addition, a much smaller cgdn in the settling velocity (up to
30% of W) is observed in the present study, as compar&b%, a maximum reported

by Brucato et al. [2].

5. Estimate of turbulence-modified settling velocity

With the limited knowledge of particle-turbulenceteraction, to exactly predict
turbulence-modified settling velocity is almost ioggible at present. In the following, a
simple model is proposed to estimate the changteisettling velocity for the condition
considered in this study.

For the case of the turbulent velocity much smathen the terminal velocity, the
local velocity of a settling particle can be approated as Wx| - v), wherev is the local
velocity of the fluid. Following Davila and Hunt 2, the time for a particle traveling a

vertical distancelfL, which is much longer than turbulence integralesda then given by

1 4 dz
At = 3
wi [T

In the case oW| << W], applying series expansion to the above equatelds
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By defining the average settling velocity Al t, then

1
W W

- L (1+ <V>|+<V2> ). ®

o
WAl ] e

where( ) denotes average values. Furthermore, by takimgV and <v2> =V?+V'2,

and ignoring the terms with the third and higheters, we get

YE—

TV VZay? (6)

Sl

Eq. (6) indicates that the settling velocity is nified by both mean vertical velocity and

turbulence intensity, and if the secondary flomégligible and thu¥ = 0, the reduction

in the settling velocity, |- W)/, is approximately proportional to&/{W)%. The

computed settling velocities using Eq. (6) for bethall and large frames are plotted in

Fig. 13, in comparison with the measurements. dinghthat the agreement is reasonably

good, in particular for the data collected with #mall frame. The average of the relative

erI’OF, dE‘fIned as \NS predicted— Ws measure}]’Ws measurelj |S 94% al'ld 83% fOI’ the case Of

large- and small-frame, respectively.
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6. Conclusions

In this study, the settling behavior of various types of particles, which were a few
millimeters in size and slightly heavier than water, was investigated in the turbulent field
generated by an oscillating grid. Flow information of both solid and fluid phases was
sampled simultaneously with digital PIV, together with its enhanced shadow processing

function.

The relative settling velocity was observed to be generally smaller than the still water
terminal velocity. However, the reduced settling velocity cannot be simply correlated to
turbulence intensity or other dimensionless parameters including the Stokes number. On
the other hand, the experimental results also show that the fluctuation in the settling
velocity is significant as compared to the still water case, and also correlates with the
vertical velocity fluctuation of the turbulence, implying intensive inter-phase interactions.

To estimate the turbulence-modified settling velocity, a simple analytical model was
finally proposed in this study, which shows that the reduction in the settling velocity, if
the vertical mean flow is negligible, is approxieigtproportional to the squared RMS

vertical velocity.

It should be noted that for the two-phase systeml@eg in this study, the physical
properties including particle sizes and turbulemtensities varied in the limited range,
which does not allow a systematic and overall desoripof the phenomena and the
underlying physics. Also, only one-way analyses wexdopmed by assuming that the
particle motion does not significantly affect tuldnce properties for the case of single
particle settling. Further experimental efforts ameded especially with smaller-sized

particles.
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Nomenclature

C
Ca
Co
Coo

= < c < cCc =< ¢<

=

MR

Constant

added mass coefficient

drag coefficient

standard drag coefficient

particle diameter

volume-equivalent nominal particle diameter
grid oscillating frequency

gravitational acceleration

turbulent energy

integral length scale

mesh size

averaging window size for each run
number of the velocity vectors for each PIV image pa
number of PIV image pairs for each run
Reynolds number

particle Reynolds number in still water
Stroke

Stokes number

Stokes response time

instantaneous horizontal flow velocity
instantaneous vertical flow velocity
mean horizontal flow velocity

mean vertical flow velocity

RMS horizontal velocity fluctuation
RMS vertical velocity fluctuation
settling velocity in turbulent water
settling velocity fluctuation

terminal velocity in still water

vertical distance from grid mid-plane
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Greek letters

fluid medium density

solid particle density

kinematic viscosity

turbulent energy dissipation rate

Kolmogorov length scale of dissipative eddies

particle relaxation time
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Appendix A: Standard drag coefficient

The standard drag coefficiel@po, can be computed by the following correlation that

is applicable for the entire subcritical regiorg(eRe< 2 x 10°) [20]:

Coo = % (1+ 027Re,)** + 047[1- exp( 004Re, **)] (7)

By comparing with other six empirical formulas, Cgd80] shows that Eq. (7) gives the
best representation of experimental data with tlegliption errors less than 2.5%. Here,

the standard drag coefficie@ho is expressed as

4 p.-p 1
C,,=—qgd=
DO 39 0 WT2

! (8)

in which g is the gravitational acceleratiod,is the particle diameteps is the solid
particle density ang is the fluid density. Also, the particle Reynoldsmber Rg, is

defined as

Re, = W : (9)

wherev is the kinematic fluid viscosity.
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Appendix B: Computation of turbulent energy dissipation rate

Following Matsunaga et al. [18], the turbulent elyekgenergy dissipation rate and

vertical distance from the grid mid-planare normalized, respectively, as follows:

k=klk, é=ele, 2=z/(k’s, )", (10)

wherek, and &, are introduced as the boundary conditions at0, of which the values

are estimated by the empirical expressions,
ko / f2s® = 60x107(S/M)¥*, (11)
g,/ 1°S° = 45x107(S/M). (12)

for f&/v > 5500. Bothk and & are related td@ in the power form,

~ 7 -
K=(—+1)"° 13
(1.82 (13)
F=( 2 4y (14)
1.82

In the present study, a spatial averagink @nde is done by integrating over the
respectivez ranges covered by the imaging windows (summaiizddble 4 & Table 6),
as expressed by the following equations,
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B [y 182, 2 ..,
[agvle [Mr]

—L — 2= —
kmean - kmearko - S Zypper kO - 2 5
J‘ & Zupper Z|ower

Z=Zoper

2= Ziomer 1-82 - 7.5 1.82

J‘ |:(Z+1)_8'5:|Cﬁ |:1-82 (2_'_1)—7.5:' “

gmean: mearffo = Zypper EO =
[

Z=Ziower

Zupper - Z|ower

(15)

(16)

where 7., and ., corresponds to the dimensionless vertical distafcthe lower

and upper boundaries of the imaging windows, rdspdg. Thus, k and ¢ can be

computed to characterize the diffusion and disgpatof turbulent energy in the

respective experimental conditions. A general cawaiphty is observed between the

computedk values based on the solution proposed above a&nElth measurements. The
predictedk values based on Eq. (15) ranges from 1.46xb07.80x10" m?/s’, while the

experimental values ranges from 3.31%1® 9.85x1¢f m?%s’. The latter is given

byk =(2U'*+V'?)/2 whereU'andV' denote the RMS horizontal and vertical velocity

fluctuations, respectively, based on the large ofagi®n frame. This observation, to a

certain extent, justifies the applicability of thelution proposed by Matsunaga et al. [18]

in the present study.

Page 30 of 53



Table 1

Summary of previous experimental studies

Settling/rising objects Velocity Turbulence
Researchers Carrier Fluid measurement effect on
Material d(mm) | p (g/cn?) techniques settling/rising
Liquid flow in vessels | o\ | Computation by
Magelli et al.[1] stirred with multiple 7 0.14-0.33| 1.02-2.45 . Retardation
ropellers etc. concentration
P profile
Liquid flow between two cot i . :
Brucato et al.[2] axial rotating cylinders Gaggi)ga ds %%%% 2.5 Retzgﬁr?icigme Retardation
(Couette-Taylor flow field) T 9
y | . . Hot-wire
Aliseda et al[7] 4iFin horizontal wind Water - 1.0 anemometry &| Enhancement
tunnel droplets
PDPA
Friedman and Katz [8 Liquid flow g_energted by | Diesel fuel 0.3-1.5 0.85 PIV Enhancement
four rotating grids droplets
Water flow generated by 8 Tungsten & 0.060-
Yang and Shy [11] | pair of vertically oscillating Glass 0'505 25&19.3 PIV & PTV Enhancement
grids particles '
Liquid flow generated by o
Ruiz et al. [3] rotating thin cylinder and Pgﬁocﬂﬁgkt - ~1.0 Parrgcélgslgrilr?ge Enhancement
oscillating grid respectively P 9
31
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Cuthbertson and
Ervine [4]

Doroodchi et al. [9]

Present study

Turbulent open channel
liquid flow

Flow field in water tank
generated by a pair of
horizontally oscillating grids

Turbulent water flow
generated by oscillating gri

d

Natural
sands

Teflon and
Nylon
particles

Polystyrene

0.181-
0.463

2.38-7.94

2.79-7.94

:

2.65

2.30, 1.14

1.050-
1.077

ADV & Particle
tracking by high
speed camera

High speed
camera

PIV

Both
enhancement
and retardation

Retardation

Retardation for
slip velocity

Notes:

PDPA = phase Doppler particle analysis; PIV = pletimage velocimetry; PTV = particle tracking va@hoetry; ADV = acoustic
Doppler velocimeter.
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Table 2

Summary of grain properties

Type Shape Dimensions (mm) ﬁ(egr/lrsr%t)y ((;/rvnps) Re,
, , 6.35 8.85 568
I Spherical Diameter 1050
7.94 10.29 824
o Mean diameter 2.4
I Cylindrical 1077 2.05-5.92 66-198
Mean length 3.0
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Table 3
Definitions of observation frames

Number
. s : of
Type of observation frame Sketch with dimensions vectors
n
Large frame c
- fixed = 2401
- covering whole imaging
window
| >
! 10 cm '
A
S I
Spherical | | £ £ £
particle ||77.", ‘s 45
Yy P
s el
Small frame < >
- dynamic
- covering local flow
near settling particle 7'7
Cylindrical / £ 5
particle / / 3
) 6.1 mm "
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Table 4

Test conditions and averaged velocity ratios fdresigal particles

No. of runs
Case | d(mm) | f(H2) z(m) tested W, /W, W, =V) /W,
1 6.35 2 0.034-0.134 14 1.106 0.955
2 6.35 2 0.091-0.191 12 1.046 0.895
3 6.35 2 0.163-0.263 10 1.098 0.974
4 6.35 3 0.034-0.134 10 1.022 0.865
5 6.35 3 0.091-0.191 8 1.032 0.924
6 6.35 3 0.163-0.263 10 0.839 0.913
7 7.94 2 0.034-0.134 8 1.122 0.926
8 7.94 2 0.091-0.191 15 1.057 0.898
9 7.94 2 0.163-0.263 10 1.041 0.935
10 7.94 3 0.034-0.134 10 1.08(¢ 0.931
11 7.94 3 0.091-0.191 6 1.115 0.940
12 7.94 3 0.163-0.2638 10 1.003 0.981
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Table 5

Observed settling velocity fluctuations (in % afntenal velocity)

Turbulence-affected condition

d (mm) Still water condition : -
Maximum Minimum Mean
6.35 3.34 53.6 2.66 12.6
7.94 473 45.0 2.63 10.8
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Table 6

Test conditions and settling velocity ratios folirgrical particles

Case | d-(mm) | Re, |f(H2) z(m) WoWe | W -V)IWe | WIIW

1 2.779 122 2 0.116-0.216 1.282 1.005 0.126
2 2.945 134 2 0.073-0.173 1.607 1.022 0.174
3 2.846 161 2 0.073-0.173 0.950 0.974 0.152
4 3.037 182 2 0.073-0.173 1.112 0.945 0.186
5 2.763 66 2 0.073-0.173 1.321 0.962 0.345
6 3.037 153 2 0.073-0.173 1.07% 0.972 0.116
7 2.903 98 2 0.073-0.173 1.464 0.909 0.481
8 2.998 110 2 0.073-0.173 1.199 0.907 0.203
9 2.882 178 2 0.073-0.173 1.01% 1.006 0.114
10 3.031 198 2 0.073-0.1738 1.381 1.172 0.584
11 3.112 179 2 0.073-0.1738 0.869 0.643 0.269
12 2.817 132 2 0.073-0.178 0.832 0.875 0.203

13 2.978 114 2 0.073-0.1738 1.571 1.131 0.271
14 2.985 67 2 0.073-0.173 0.803 0.818 0.255
15 2.985 67 2 0.073-0.173 1.559 0.852 0.497
16 2.952 137 2 0.073-0.173 1.269 0.927 0.398
17 3.050 188 2 0.073-0.1738 0.916 0.809 0.083
18 2.972 176 2 0.073-0.173 1.526 1.039 0.124

Note:d- is volume-equivalent nominal diameter for cylir@di particles; and particle
Reynolds numbeReg, is calculated based on still water terminal velocit
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To the driving system

%

Az

Glass Tank / /

50cm x 50cm y

i
]

= n‘— Mid-position
S=52cm

Fig. 1. Sketch of oscillating grid system.
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o) :
Fig. 2. (a) An example of PIV raw images, with knghite spherical object being
settling particle and tiny white dots being seediagicles; (b) An example of derived
flow vector map.
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Fig. 3. Background flow conditions based on botgdaand small-frame sampling: (a) &
(b) mean vertical velocity versus mean horizontal velocity; (c) & (d) RMS vertical
velocity V' versus RMS horizontal velocity .
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normalized by still water terminal veloci¥/, with V calculated based on (a) large frame,
(b) small frame.
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Fig. 5. Histogram of relative velocity ratigV-V)/W; in analysis bin of 0.02.
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Fig. 6. Turbulence-affected drag coeffici€ versus Reynolds numbRerelationship
(computed based on relative settling veloWiky— V), in comparison to standard drag

curve.
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Fig. 7. Variations of relative settling velochy; - V with horizontal and vertical flow
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Fig. 8. Averaged relative settling velocitis -V, in relation to averaged horizontal and
vertical flow velocity fluctuationsly' andV' respectively).
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Fig. 9. Histogram of settling velocity fluctuationser terminal velocity ratigv!/w. in
analysis bin of 0.01.
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Fig. 10. Settling velocity fluctuatioW/, as a function of vertical flow velocity fluctuatio
V' (small frame data), both normalized by still wataminal velocityWr
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Fig. 11. Variation of relative settling velocityti@a (Ws-V)/W, with (a) St (b) Ri, and (c)
d/L, in comparison to data by Doroodchi et al. [9]
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Fig. 12. Variations of normalized drag coeffici¢é@h-Cpo)/Cpo With length scale ratio
d/Z, with comparison to correlation proposed by Bractal. [2]
(Note: negative values fo€{-Cpg)/Cpo are not displayed)
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