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The purpose of this study is to cxamine the retardation of the settling velocity of a particle 
in t.he turbulent Om .... generated by an oscillating grid through a numerical simulation and a 
hydraulic experiment First, we measured trajectories of glass beads in a grid-generated 
turhukncc to verify the validity of the numerical simulation for particle behavior. Next, \>;fe 

examined the dynamic response of particles utilizing wavelet analysis and the relationship 
between the retardation of the mean settling velocity and the turbulent charaderistic. As a 
result, we could identify low-frequency components that particles \ .. '(mld easily follow, and 
high frequency components thaL would affect the motion of particles in vertical fluid velocity 
fluctuations, respectively. Furt.hermore, it was fotllld that the retardation of the mean settling 
velocity depends on the Sllectral distribution of high-frequency, and that. the retardation rates 
increase with increases in turbulent intensity. 

INTRODUCTION 

In the study on the convection diffusion phenomena of a suspension of particles in a 
turbulent shear flow, it is ·essential that the retardation of sett.ling velocities is examined 
through the average and d:ynamic responses of a particle to the turbulence. Harada et al. 
(1997) estimated vertical profiles of turbulent diffusion coefficients and settling velocities 
from a diffusion equat.ion and a concentration distribution of suspended kaolin .in an open 
channel flow. They suggest.ed that the settling velocities Virere affected by high-frequency 
components in vertical fluid velocity fluctuations. Hiramatsu et al. (1999) studied the 
trajectories and terminal settling velocities of kaolin floc in vertical and horizontal 
oscillating flmvs modeled on a sine-wave by numerical simulations, and concluded that 
the mechanism of the retardation of settling velocities was similar t.o the results obtained 
for sand particles in other studies previously presented. Harada et al. (1999) examined 
properties of settling velocities of kaolin floc in 2-dimensional turbulent shear flmvs 
generated by the lvlonte-Carlo simulation, using probabilistic and statistical knowledge of 
turbulent structures in open channel flows. They grasped the relationship between the 
motion of floc and vertical velocity fluctuations utilizing wavelet analysis, and found 
dimensionless parameters prescribing the retardation rates of mean settling velocities. 

Baird et at. (1967), Tunstall and Houghton (1968) and Ikeda et al. (1988) clarified 
experimentally that values of seLtling velociLies of spheres in sinusoidally oscillating fluids 
were smaller than ones in stationary fluids. Especially, Murray (1970) examined the 
retardation of the settling velocity of a sphere in the fluid· generated by an oscillating grid. 
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Although past experimental studies on the beha,;or of particles have treated flows having 
properties which were simplistic and uniform in the vertical direction, there have been 
few reports about actual flows that have vertical profi les of turbulent properties. 

In this study, trajectories of glass beads were measured in tll€ region where t.urbulent 
int.ensities vertically varied in the turbulent fl ow generated by an oscillating grid, and 
their behaviors were reproduced by numerical simulation utilizing the nonlinear 
Lagrangian momentum equation. We verified the validity of this numerical simulation by 
comparing numerical solutions and measuring results , and furthermore, examined the 
average and dynamic response of particles in the grid- generated turbulence. In other 
words, the purpose of this study \-vas to examine r,he ret'ardation of the settling velocities 
in oscillating fluid of whicb probabilistic and statistical propert.ies varied spatially t.hrough 
the hydraulic experiment and numerical simulation. 

HYDRAU LIC EXPE RIMENT 

Experimelltal Apparatus 
Experiments were carried out .in a colorless and transparent acrylic tank of water , 

29 cm square by 100 em deep, as sket.ched in Fig. I. The stirrer employed was a grid 
made of s t.eel wires 0.3 mm in diameter having a mesh size of M, ~O.l em. This grid, 
connected La a motor and two cams by two osci llating rods and two supporting rous to 
move steadily up and dm.vn in a vertical line, was placed 29 em above the bottom of the 
tank. A styrene fonn -was mounted over the water surface in order to prevent turbulence 
generated by waves formed on t.he surface. The grid was oscillated vertically "ith the 

~~W=§:=== rotating shaft (!) F: belt 
?Eh--- rotating shaft (ll) 

cam'---'; cam 

-T---"F~==~=t- styrene foam 

lOOcm 40cm 
y 

29cm 

oscillating rod 

position starting chase of glass beads 

tank 

rl+-t-grid 

:l amplitude ofosclllating grid St 

.---t++- support 

Fig. 1. A sketch of the experimental tank with the oscillating grid . 



S'ettling Velocity of Parlicresin a Grid-Generated TI_H'hulenre 387 

stroke as S, = 1.25 em and stirrer frequencies asj,= 11, 21, 30 Hz. The vertical coorc:linate in 
the tank takes a positive upward direction from the middle of the oscillating amplitllde, 
and characteristics of the grid-generated turbulence and trajectories of glass beads were 
respectively measured in the range of y=2 em to y=40 CIll. 

Grid-generated Turbulence 
Grid-generated turbulence is the flmv produced by oscillating a grid horizontally 

placed in a stationar~r fluid, and has properties such that the turbulent characteristics are 
homogeneous in horizontal planes and vary 'A'ith distance from the grid, and the mean 
velocity is zero. Characteristics of grid--generated turbulence has been quantit.atively 
evaluated in studies such as entrainment. and mixing across a density int.erface (Turner, 
1968; Thompson and Turner, 1975; Hopfinger and Toiy, 1976; Ura et aI., 1984). Sinee an 
oscillating fluid v.ith a large turbulence was required \'Ilhen examining the settling velocity 
of particles, the apparatus and conditions for the oscillating grid used in this study were a 
little different from ones in conventional studies. Thereby we grasped Lhe turbulent. 
characteristics sllch as turbulent intensity and the power spectrum of velocity 
fluctuations. 

Grid-generated turbulence can be dividcd into t.wo regions. One corresponds to the 
region in 1vhich the grid moves up and down, where there is a generation of uniform 
turhulence in the vertical direct.ion. The other is equivalent to the region of the top 
position of the grid to the water surface, where the turbulence decays with distance away 
from the grid. Since the amplitude of the oscillating grid was as small as .1, = 1.25 cm, 
particles settled primarily in the region where the turbulence decayed in measurements 
of part.ide trajectories. So, this section addresses t.urbulent properties in that region, 
Velocity fluctuations of horizontal and veltical components were measured at intervals of 
3 em utilizing the Laser Doppler Anemometer, and the sampling frequency of data and the 
number of data were 200Hz and 8192, respectively. In the seet.ion, turbulent charac­
terist.ics such as the turbulent intensity and pmver spectrum in t.he vert.ical directlOn arc 
described because we deal \vith particle motion in grid-generated turbulence as a 
one-dimensional phenomenon, such that only vertical fluid velocity fluct.uat.ions aet un a 
particle. 

(1) Vertical Profiles of Turbulent Intensity 
Fig. 2 shows vertical profiles of mean flow velocities Vand turbulent intensities v' in 

the vert.ical direction. From this figure, it. is found that values of mean flow velocities 
\vere nearly zero, Ii = 0, in t.he range of y ~ 15 em, but Vbecame a little larger in proximity 
to the grid. Also, it is found that the values of 'I)' decreased as the distance from grid y 

\-vas increased in the range of ys;.20 em, and that there was the tendency sllch that 'v' 

increased in the range of y >20 em. It. is considered that these results were attributed to 
the following factors; 1) the turbulence was an unst.eady sta.te, because the amOlli1t of 
turbulent kinetic energy supplied from the oscillating grid was small in the range of lJ > 
20 em, 2) new currents were produced by oscillating rods, and 3) there \vas the 
generation of weak circulating currents from t.he effect of the side wall. 

Vertical profiles of turbulent intensities are determined by external parameters such 
as stirring frequency I, stroke St and mesh size M". Then, referring to the result of the 
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dimensional analysis obtained by Sekine et al. (1985), the regression equation for the 
turbulent intensity v' is given as the following; 

(1) 

where ;" is the kinematic viscosity of \vater. The measuring section was divided into 2 em 
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Fig. 2. Vert.ical profiles of m ean now velociLies 'Valld turhulent intensit ies v' in the verlit::11 direction. 
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Fig. 3. Scatter plots of predicted and mea~un'd turbulent. inLeYisitif~s (left: 2 ern <:irS ~W em, right.: 
20cm<yS40cm). 



Settling Velocity oj Particles in a ahd-Generated Turbulence 389 

~ y 20cm and 20cm<y~40cm in consideration of the results in Fig. 2, and coefficients 
of the regression equations (1) were determined for each range. These values are shoVl'!1 
in Fig. 3. The predicted values agreed \\'ith the experimental results, so we could predict 
turbulent intensities in the region where the turbulence decays from equation (1). 

(2) Power Spectrum of Velocity Fluctuations 
Fig. 4 shows power spectrum P'iI(j) , which was obtained by normalizing the fre­

quency spectrum calculated from the vertical velocity fluctuations using the FFT method 
by its corresponding turbulent intensity, at y~2, II, 29, 38 em. Comparing the power 
spectra of each measuring point at. one st.irring frequency) it is found that. the contribution 
of high-frequency components to the mean square power li'~ increased with regression of 
y, that is, the spectral distributions \vere not similar in the vertical direct.ion. Also, Fig. 4 
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shows that the contribution of high-frequency components at the same position increased 
with frequency J,. In summary, the grid-generated turbulence in this study had the 
property such that the contribution rate of the energy in the high-frCfJlICncy range to 
mean square energy varied for the vertical coordinate and condition of stirring frequency. 

Measurement of Particle Trajectory 
In this section, the trajectories of particles in the grid-generated turbulence having 

the turbulent characteristic described above were experimentally grasped. The paIi,icles 
used in the hydraulic experiment were glass beads of the specific gravity 2.5, and it was 
confirmed that their shape was almost spherical by microscopic photographs. Ranges of 
particle diameter were distinguished by sifting glass beads, and the measurements of their 
trajectories were carried out for three cases as shown in Table 1. Syinbols d and WIJ in 
Table 1 are the representative diameter and terminal settling velocity in stationa(y fluid, 
respectively. 

Table 1_ ~~xperim('nt:'ll mnrlitions of part.irlfO 

Ranges of particle diameter d 
Cern) (em) 

Case I O.O500~0.O600 0.0;300 
Case2 O.O180~O.O212 0.0190 

Case3 O.OO90~O.O100 0.0095 

(cm/s) 

9.810 
2.557 
0.7:'36 

Trajectories of particles were measured utilizing a potent.iomet.er - a circular resister 
probing the rotational angle from a change in electric resistance -. By applying a voltage 
of 3V to the potentiometer, equipped 'hit11 a pulley 11.8.3 em in diameter through a steel 
voire, the output. signals from t.he resister were taken in through an AD-coIlverter. After 
injecting glass heads into the water tank, \ve pulled the "\\-'i.re while conforming the motion 
of the particle visually. By convert.ing an amount of change in the volt.age from the 
potentiometer to a moved distance of the wire, we could obtain the trajectory of beads in 
a grid-generated turbulence. 

The trace was carried out by shining a laser beam from a laser diode placed to emit 
light horizont.ally at t.he objective particle in order to minimize measuring errors. Also, slit. 
light. was shone on the upside of the wat.er surface to keep the object in sight. Sillce it 
\\'(1S uifficult to trace the particle visually for Casea, the process of particle sedimentation 
v.taS recorded on video at intervals of IOcm, and the trajectory was measured using video 
images. 

The plural measurements stated above for one case, were implemented to minimize 
measuring errors, and t.his experimental data '\-vas averaged. So, the objected t.rajectory 
meant. the averaged behavior of a particle in one grid-generated turbulence. All results of 
the measurements are depicted in Fig. 5 ,,"\'i.th t.rajectories in stationary fluids calculated 
from W,l ShO"\,"'11 in Table 1. From this figure, it was found that the mean settling velocity 
through t.he objective section was smaller than the one in the stationary- fluid as frequency 

fc. increased, and that the retardation was remarkable in t.he range of y~20cm where the 
turbulent intensity was relatively large. 
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Fig. 5. Trajectories of glass beads in the grid-generated turblllence and t.he st.at.ionary 
fluid. 

NUMERICAL SIMULATION 

Nonlinear Lagrangian Momentum Equation 

39] 

The vcrtical forces governing particle motion in turbulent flows are tluid pressurc 
gradient, subrncrge weight of the particle, drag forl:e ami lhe force due to added mass 
effect. In the vertical direction y taking a positive up,vard direction, the resulting 
governing equation becomes (Hinze, 1959), 

4d(p,+C",pJ 
(2) 

in which subscripts f and p represent physical quantities for fluid and solid particles, 
respectively; '1) is the vertical velocity, Cu is the drag coefficient, e", is the added mass 
coefficient which is equal to 0.5 for a sphere, {J is the oensity and 9 is the gravitational 
acceleration. In equation (2), the Basset term, which takes into account the effect of the 
deviation in a flow pattern from its steady state, was neglected to reduce the calculating 
Lime because it could be considered that there was no effect of the Basset term on 
calculating results (Sekine and Kikkawa, 1987; Ikeda et at., 1988; Yamasaka et at., 1990; 
Gotoh et o./., 1995). Drag coefficient C" was treated as a function of the particle Reynolds 
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number R.I, using the re lative particle speed , and given by the following; 

24 3 Ivr - v p ld 
CD = R"" + j R"1> + 0.34, R ,,, =- _·"v--· (3) 

The above equation is applicable to the entire region of the particle Re)~lolds number for 
a sphere. 

Nume rical Simulation of Flnid Velocity Fluctuations 
The velocity fluctuations in the grid- generated turbulence were duplicated utilizing 

the power spectrum shown in Fig. 4, that i:::; , they were simulated by synthesizing 
sine- waves considering the ration of each frequency component determined by the 
spect.ral distribut.ioIl. The fluid velocity fluctuations in t.he vertical direction, Vf Ct, y), 
given the spectrum F, U, y), can be reproduced by the following; 

N \ 
vAt , y) = L j2F~. U~-y) 11j. c05(21<1 .. t + Ilk) I 
_ k,..\ '> 

.f., =(Jk +1 , _,)/2, 111. =1. -1" I , II, = 21< go i 
(4) 

) 

wherej.. is the discrete frequency, f " is the uniform random number of (0,1] and N is t.he 
number of frequencies dividing the spectrum. The frequency step for the discreteness of 
the spectral cli!-: tribution, t1I was 0. 1 Hz, and the frequency range of 0.1 Hz to 100 Hz ,vas 
d iviclp.rI li p into one hundred equal- length elemen ts. The time series of velocity 
fluctuations, Vi (t, V), obtained from equation (4) are repeated in the maximum period 
T( =11 i.lf) =' a s, and their average values are zero. ~AJthough mean flow velocities, V, \verc 
not zero in proximity to the grid as in Fig. 2, values of V wf:re not considered in equation 
(4) for the following reasons; 1) experimental values of Vv.'ere averaged for a long time, 
and 2) fluid velocities required in the numerical simu lation were instantaneous values 
A.n example of a time series of velocity fluctuations is. shown in Fjg. 6. 
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Fig. 6. Tinw series of vertical fluctuating vciocit.i es in [he grid- p:cTIcrat.ed Lurbulpncr calculated by 
equation (4) (f.=21 Hz, left: y=2.0 em, right.: JJ=~·l8.() em). 

Numerical Solutions for a Basic Equation 
An example of calculated results obtained by solving equation (2) wi th the 
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RW1ge-Kutta-GiU method is shmvn in P'ig. 7, in which ~up is the absolute particle speed in 
the vertical direction, YI) is the trajectory of a particle, 1:/ is the fluid velocity in the 
neighborhood of the settling particle and V;, (2 '('f-Dp) is the velocity of a particle relative 
to the fluid, which is defined as the instantaneous settling velocity. Since trajectories 
obtained in the hydraulic experiments stated above denote the average behavior of a 
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Fig. 7. An example of calc:ulated results (d=O.055cm, j;,=21 Hz) 
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particle, we needed to average values of Up to compare calculated results to experimental 
results. So , we carried out 50 Lagrangian chases for OIle particle and one grid-generated 
turbulence, and calculated the ensemble mean of the trajectory, E [y, j. Fig. 8 shows an 
example of E lyp! with the experimental results of trajectory corresponding to these 
calculating conditions. The calculated results agreed approximately with the experi­
mental results , so it is fOW1d that the validity of the numerical simulation using equation 
(2) was verified. 

RESULTS AND DISCUSSION 

Dynamic Response of a Particle by Wavelet Analysis 
Since the grid- generated turbulence in this study had vertical profiles of turbulent ' 

intensities as in Fig. 2, and spectral distributions of their velocity fluct.uations varied ""ith 
location as in Fig. 4, the probabilistic and statistical features of turbulent velocities acting 
on a particle changed every moment by the settling of the particle. Therefore, the 
time~frequency analysis, which can grasp temporal and spatial transitions of a signal 
simultaneously, is acquired for the analysis of dynamic response . Then we used the 
wavelet analysis - one of time-frequency analysis characterizing the signal by being able 
to associate various frequency bands with different time inte rvals - to examine the 
re.ponse of particles with the calculated results shown in Fig. 7. Wavelet analysis has the 
property such that it is able to extract the distribution of fluctuations of various time 
scales from the signal v.rithout losing the information for an original time axis, and is t.he 
ideal tool to use when attempting to analysis and characterize localized phenomenon in a 
signaL 

(1) Wavelet Analysis 
When an arbitrary time series, O(t) , is sampled at equal intervals over O::;t< I , the 

orthogonal wavelet expansion for O( t) is defined by the mot,her wavelet W(t) as the 
following equation (Newland, 1993; Mori and Yasuda, 199(;), 

Gel) =LLa2j .k W,k (l) (o ::; t<1) (5) 
J k 

where t is the independent variable divided by the signal over duration T, w, , (t) is the 
wavelet, and av. , is the wavelet coefficient. Wavelets W,,(/) are obtained by transforming 
mother wavelet Wet) with scale parameter j and location parameter k as the following; 

(6) 

Wavelets W, .• (t) are the functions that represent the local appearance in a time series, and 
makes it possible to analyze O(t) on the t ime- frequency plane. Defining g, CO= L , 2i"a". 
, W(2 't-k) , the wavelet expansion of equation (5) can be revised as the following; 

O(t) =g ,(t) + g,(1) +g,(1) + '" + g,(t) + .. ' . (7) 

The above equation shows that the wavelet transform can resolve the signal into its 
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constituent pans - wavelet eOlllponems gf( l) -. Each \vavclct component represented by 
index j is called a 'level', and t.hese levels arc numbered from - 1 upwards. Int.eger k 
covers the mmlber of wavelets in each level. rJl a discn~tp. wavelet transform, the number 
of da ta .M d~termines how many wavelet levels there are, that is , when 1\{=2'" IJlere are 
'In + 1 wavelet levels. At the level j( T- - 1) 1 there are 2j \,v3vclcts each spaced A1l2'" apart 
along rhe t- axis. Therefore, k takes the range of () ro 2'-1. The \vavclet coefficients a~,.' ;, 

give the amplitudes of each of the contributing w~iVe l ets VJ~" ,, (f) . For example, (1 .• is the 
amplitude of the sealing function, and a, (a:l, a;;) al\d ((h, a", (1. ,;, a.,) arc the amplitudes of 
\vuvel(~t functions at level 0, 1 and 2, respectively. The typical frequenc,\' (central 
frequency)f. ..... of each level is defined as fo11O\vs , 

f - 2) · f , Ci~O 1··· 171-1) "'/ - 2'" "', (8) 

where ! is t.hp- sampling fre4uency of data. Level - 1 has no wavelets, and represents r.he 
Tneall value of data. 

Tile mother wavp-Iel, corresponding to the basis in t he Fourier '.ran.sfon n, fon Tls lhe 
building block - basis function - int.o which ti le s ignal tan be decomposed , and the shape 
of the wave let comporlPnLs depends on ~V(t) , This study ut.ili7.ecl Dauheehies' wavelet., 
1)20, as t.h e onhogonal mother \vavelet . This ,vavelet has 12 vanishing moment.s, and thus 
is ver,Y slnooth . Also, ,Qa ubechies' wavele t is thought 1.0 he useful [or a process t hat. 
exhibits considerable vm'iahility at all scales CVenugopal and Foufoula-Gcorgious, 1996). 
\\'1 leJl using this wave let, the ,"vavelet. coefficients can be easily calculated by :",fallat·s tree 
algorithm (l\ew1an(1. 19!13). 

Conside ring t he orthogonalit.y of \·vavelets and the consprvation of area, the 
mean- square value of G(l) can be calculated by squaring hoth sides of the equation 
obt.ained by substituting (6) into (5) aw l integrating over O ~t< 1 as the following 
(I\<'wland, 1993), 

[ . G' e t) dt = ai + LL 2- 0.1'., 
• " J Ii: 

(D) 

Equat ion cn) !)hows how the m ean-squar e of GCO is d istributed between differen t. 
\\'-;Wf'Jct levels and between different wavel(~ts within each level. It. is considered (rom th.is 
equutioll that a wavelet coefficient. t;quaretl , o ,~ , represents the energy Lo the sqw:l. 1'P 

p0\-"'er oJ each wavelet. component al. its eorfP.spo nding level and position. 

(2) Time-frequency Analysis of Fluid Velocity Fluctuations 
The Li lf1 e,,· rreqllency analysis of I:, shown in Fig. 7 was carried oUl by ,vavelet analysis 

to exarninc loeali7.ed propert.ies of velocity fluct.uaLions ':H: t.i~lg on a particle. Fig. 9 Sh(HVS 

an example o f the ti.rn e- freqllellc'y'-Pl1crgy plots of wavelet. cOInpOnCnT,s for 1),. This figure 
indicates t.h~ disr.ributions of the energy values, a ;~ , plotted on the liTTle-frequency plane 
taking the t. ransversal axis as time t and laking the longitudinal axis as cent.ral frequcnc.y 
f. Here, sinGe the sampling freque nc.)" of data was 200 Hz, the Ill<lximum frequency Wat; 
100 Hz. From Fig. 9, it is easily fo und that cOTl tributions of frequency bands for t.he mean 
square of l ~, varied \vith time, especially energy values of high- frequency components 
increased as time pro<.:eecis as the parlicle approac:hr d the osci llaLil1g grid. Also. it is 
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high-fr~qll~nr.y components and particle velocity, and that v" was correlated 1vith 
low-frequency components of 1.563 Hz to 6.25 Hz and the value of Cu -( r) was largest at 

J,=1.563 Hz, That is, the particle in this case easily followed the low-frequency 
component of j;.=1.563 Hz. Then 'ive defined the central frequency of the wavelet 
componpnt where the valLie of G,J r ) was maximum at};., and the results of all casps Hrl? 

shown in Table 2. Table 2 indicates that the period of the fluctuation component 
dominating a particle's motion becomes longer in keeping v\lith particle diameter d. 

Fig. 12 shmvs an example of the relationship between the ratio of the instantaneous 
settling velocity in a grid-generated turbulence to the terminal settling velocity for a 
stationary fluid, V"iLuo, and the energy, a,~, of wavelet coefficients for V,. From this figure 
it is found that fluctuations of Vplw u became large as increases of energy of wavelet 
components went overf-=:12.5Hz orI=25Hz, and that the relations V,/w" and a/ were 
unclear in the low-frequency range. From these results it may be inferred that 
fluctuation components over one frequency have an effect on the instantaneous settling 
velocities. Then we defined this boundary frequency as j;/, and results of all cases are 
shown in Table 2. AllOwing for the results of Gotoh e[ ale (1994), Nakagawa et ai, (1994) 
and Gotoh et ale (1995), it is considered that high-frequency components over J" shmvTl 
in Table 2 caused the negative result. of particles foUmving the fluid. 
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Fig.lO. Wavelet components of v; (d=O.055 em, .f.=21 Hz). 
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Table 2. Values of;; and I, of each particle diameter 

Particle diameter Low-freqllency High-frequency 
deem) j,(Hz) .MHz) 

0.0550 1.563 12.5 
0.0196 3.125 25.0 
0.0095 6.250 50.0 

Mean Settling Velocity and Turbulent Intensity 
This section states variation of the mean settling velocity, W r , in a grid-generated 

turbulence. Vertical profiles of w j ) \vere estimated by the following. First, 50 numerical 
simulations \vere carried out for one calculation condition, and ensemble means of 
(;~)(=L'.r-VJ') were calculated. Next, moving averages, 2s for Casel, 5s for Case2 and lOs 
for Case:3, were executed for these ensemble means E[Y:,], and we defined this value as 
the mean settling velocity U'p. Also, the averaged trajectory Yp was estimated the same 
\vay. Fig. 13 shows an example of variations of W I ) and Y:" and \'\'e can obtain vertical 
profiles of the mean settling velocity by corresponding wp and 1";,. 
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Fig. 13. Variations of the mean sel.ting velocity w" and the averaged lrajec1.ory Y" \vith l (left: 
f~ll Hz. rightf~;JOHz) 
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Fig. 14. Relationships between the mean settling velocity w" 
and the turbulent intensity v'. 

Fig. 14 shmvs a relationship between w;Jwo and turbulent intensity ·v' at their 
corresponding positions. Values of v' were calculated by substituting Yl' into regression 
equation (1). From Fig. 14 it is found that mean settling velocities decreased with 
increasing 1)', and that the amount of retardation of settling velocities became large "",ith 
increasing j~ when comparing llJp/wo at the same turbulent intensity. It is considered that 
this result wTas ascribed to the turbulent property such that the rate of contribution of 
power in the high-frequency range to the mean square power, 1)'3, became larger in 
keeping v;,.ith the stirring frequency f,. That is, retardation of the mean settling velocity is 
dominated by the power of high-frequency components, as in Fig. 12 and Table 2, in fluid 
velocity fluctuations acting on particles, and the amount of retardation increases \viLh Lhe 
turbulent intensity. 

CONCLGSIONS 

The objective of this study was to examine the dynamic response of particles and the 
retardation of the settling velocity in a grid-generated turbulence by a numerical 
simulation by which its validity was verified through the hydraulic experiment for particle 
trajectory. 

The results obtained are summarized as follows 
1. From cross-correlation coefficients between particle velocity and wavelet components 

for fluid velocity fluctuations acting on a particle, a particle can easily follow the 

------------------- -- - -_._---- ---
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low-frequency compuwmt of 1.'. as shovvn in Table 2. 
2. From the relationship between the instantaneous settling velocity and the energy of 

wavelet components for fluid velocity fluctuation, the high~freqLwncy components OVPI' 

j;! shmvn in Tahle 2 arose from the negative result of particles foUmving the fluid. 
:3. The retardation of the settling velocity clependecl on the contribution variable power of 

the high-frequency range to mean square po\ver of velocit:y fluctuations, and the 
amount of that incrca..scd with increasing turbulent intensit,'y'. 
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