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We present an experimental characterization of preferential concentration and clustering of inertial
particles in a turbulent Row obtained from Voronoe diagram analysis. Several results formerly
obtained from various data processing techniques are successfully recovered and further analyzed
with Voronoe tesselations as the main single tool. We introduce a simple and nonambiguous way to
identify particle clusters. We emphasize the maximum preferential concentration for particles with
Stokes numbers around unity and the self-similar nature of clustering and we report new unpredicted
results concerning clusters inner concentration dependence on Stokes number and global seeding
density. Some of these experimental observations can be consistently interpreted in the context of
the so-called sweep-stick mechanism. Finally, we stress the great potential of Voronoe analysis that
offers important openings for new investigations of particle laden Bows in terms, for instance, of
simultaneous Lagrangian statistics of particle dynamics and local concentration PERILI®
American Institute of Physicsdoi:10.1063/1.3489987

I. INTRODUCTION would bring a new insight in these processes. In particular, it
o , ) would be worthwhile to get access to the concentration along
The study of inertial particles laden Sows is relevant 0, pharticle trajectory, a quantity that has been recognized as
many industrial and environmental issuekemical reactors very important in model&®
and engine qptimization,.pllankton or pollutant dilspersion, In that scope, we propose in this article a new approach
clouds formation, etc, but it is also of fundamental interest. 1, analyze particle concentration belds based on Voronos tes-
A striking feature is the trend to preferential concentrationgg|ations that gives a measure of the local concentration beld
that has b‘?erc}gggbse“’ed for 'Olﬁga”d which is still thor-  4¢ interparticle length scale. By itself, this data processing
oughly studied.” Another interesting feature is the enhance-(ecnnique is particularly enlightening to explore and quantify
ment of the settling velocity of particles in turbulent BOws. \he preferential concentration phenomenon while, combined
Since an explanation of seeding density dependence of thig | 5grangian tracking, it also gives access to simultaneous
phenomenon through collective effects has been proposedyeasyrements of velocity, acceleration, and local concentra-
different authors have tried to quantify and characterize parqn giong particles trajectories that are crucial for a better
ticles clustering from numerical simulations. Nevertheless @Mnsight of clusters and particle dynamics. As a brst step, this
appropriate equation of motion for an accurate modeling ot ic|e focuses on the preferential concentration problem on a
particle dynamics is still lacking, only the point particle limit gajistical ground. Section Il is dedicated to the description of
is generally gon5|der§8 and even further simplibcations are - experimental setup and of the tools used to postprocess
usually required to achieve numerical simulatiohs. Ex- e acquired data. In Sec. Ill, we use Voronoe analysis to
perimental investigations are still important to reach a betteﬁuantify the preferential concentration and to identify and

understanding of the underlying mechanisms. Several recegharacterize clusters. Conclusions and expected further dy-
studies have focused on the single particle problem by meg;;mical studies are summarized in Sec. IV.

suring the Lagrangian acceleration in order to get insight on

the relevant forces acting on isolated particf&s® We con-

sider here the many particles case to address preferentin)l EXPERIMENTAL SETUP AND POSTPROCESSING
concentration and clustering matters including possible col-, . N
lective effects. Do clusters exist as a whole in these Bows‘.%" Two-phase ow generation and characterization

How do they form? What is their structure and how does this  Experiments are conducted in a large wind tunnel with a
structure evolve with time? Which effect do they have on thesquare cross-section of 0.75 n®©.75 m where an almost
single particle dynamics? Here are some of the questions thateal isotropic turbulence is generated behind a grid whose
stil need to be answered. To date, the preferentiamesh sizeis 7.5 cnfig. 1. We can adjust the mean velocity
concentration/clustering problem has been studied with glofrom 3 to 15 m & the turbulence level remains relatively
bal or Eulerian tools such as box counting methods, pair low of the order of 3% at the measurement location and the
correlation function estimation, correlation dimension, or to-anisotropy level between the transverse and longitudinal
pological indicators A dynamical study of the Lagrangian Ructuating velocities is smaller than 10%nertial particles
dynamics of particles and of the local concentration beldare water droplets generated by four injectors placed in the

1070-6631/2010/22 10 /103304/10/$30.00 22, 103304-1 © 2010 American Institute of Physics
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pared to the case without injectors. Nevertheless, this en-
hancement of turbulence intensity does not depend much on

P the imposed air pressure at the injectors as shown on Fig.
2 a except at very low wind speedt should also be noted
P that this infRuence is expected to be reduced when the water
- Bow is turned on since atomized droplets will carry a signib-
Mraion cant amount of the global additional momentum injected by

Laser [l oz 4 ¥
sheet §, 'T ' the nozzleOs air Row. PIV was carried out from high speed
Phantom V12 S]y imaging we use a Phantom V12 camera from Vision Re-
camera X search, Inc.New Jersey, USA of the injected water droplet
fog. We note that although such inertial particles are not
expected to follow the Row, these PIV measurements give a
good characterization of the global Bow homogeneity and

convergent part of the wind tunnel, one meter upstream thbsqtropy. F!gurez b presents PIV vertical probles of the
ial velocities averaged over along the whole measure-

grid to ensure a homogeneous seeding of the Row. The t vol howing th dh itv of the ROW i
injectors consist of two tubes carrying water and air that'eNt volume showing the goq omogenetty of the 150w 1n
merge into a specibcally designed nozzeSchlick-Dusen th? cross-section of the tL_mneI, MOoreover, the very slow evo-
Germany 942 two [3uid nozzlewhere pressurized air atom- lution of theste prlobI? wgh the "?‘é"a' cootrr(‘jmalntalogg the f
izes the liquid and forms the exiting conic jet. The particlemeasuremen volumeg. 2 ¢ -€evidences Ihe slow decay o

properties relevant to our study can be adjusted within acceégrbulentce W'thllln th|stvqléljm(3. OnFig.d, a typ;pa;l veloc-
sible range. Volume loading is directly linked to the water'Y sp?cdrurtnﬂ? OWSdO |R}en 'fly a narrow inertial range as
Bow rate in the nozzles while the diameter distribution is aexpeRc € 3_ 'fhmg erlat value. fh . Is of
subtle function of both water Row rate and air pressure in the €garding the dropiet spray, one ot theé main goais ot our
nozzles, as detailed below. We always consider regimes tud_y IS to explore_the inBuence of particle diametérer
relatively low particles volume loadingzolume fraction in equ|vaI2entIy of their Stokes .number, d.ebne.d as ff

our experiments covers the range 20° , 3 10° =d/ 1+2 /36, where , is the particle viscous relax-

so that no signibpcant turbulence modulation by two-wa t|o|n tlm(;a,l ?Ed Iare,f IESpeCt'.Velé’ the dn;ssmatmn time
coupling is expected to occur. scale and length scale of the carrier Bow, ard e air IS

We have performed particle image velocimetiIV the ratio .of particles depsity to carrier Buid dension the
and hot-wire measurements in the test section in order t8refelren:|r(]'sllt concenttratlon g phetnhomenon. The tt\{\r/]o—pr;ase
characterize the turbulence underlying our experiment. Hot'04#'€S that we USe {0 produce the spray present the advan-

wire acquisitions have been done for the single phase aﬁage to easily allow a systgmatip variation of the mean .diam-
Row. They show a slowly decaying nearly homogeneous turster of droplets by controlling air and water 3ow rates in the

bulence. When the mean Row velocity is changed from 3 tdniectors. The drawback of this versatility is the difbculty to
7.5 m $L, the associated Taylor microscale Reynolds numproduce a monodisperse spray. The injection process leads

ber R varies from 72 to 114 at the measurement Iocationindeed fo a polydisperse seeding of the Bow for which par-

situatel 3 m downstream the grid. The evolution of the tur- ticles diameter distribution has to be estimated. We have

bulence characteristics of the single phase Row at differer|‘f|§'edI thz Sp(;ag/Tecg inStLumd(?;t d_evelcf)peld by lg/lalverg, IEC'
locations downstream the grid for the explored range of hgland and based on the diffusion of a laser beam by the

mean velocities is given in Table In order to probe the spray. Due to the size'of Fhe SprayTech apparatus_, these
maximum inRuence on the carrier turbulence of the addidranulometry characterizations cannot be done simulta-

tional perturbation from the injectors, we have also measureHeOUSIy with other measurements; therefore, they have been

the turbulence Buctuation level when the injectors blow Onlyperformed once for the entire set of experimental parameters

air hot-wire measurements are not possible in the two—phasfénd in the same measurement volume as the main measure-

conbguration It is found to increase typically by 50% com- ments. Figure2 e shows typical particle size distributions.
The main control parameters governing the diameter distri-

butions are: the air pressure and the water Row rate in the
TABLE |. Evolution of the turbulence characteristics for the single phasem]eCtors as well as the wind velocny in the tunnel. Dimin-

Row for three different velocities at our measurement volume locasion. iShing the air pressure while keeping the other parameters
distance downstream the gridy: mean longitudinal velocity;: dissipation constant results in an increase of particle diameter. Oppo-

FIG. 1. Color online Experimental setup.

rate;L, , and : integral; Taylor and Kolmogorov length scales; v :  gjtely diminishing the water Row rate produces a decrease of
Kolmogorov time and velocity scales; and the last column displays the icl di d f th | loadi b
Taylor scale based Reynolds number. partlc es diameter, a decrease 0 the volume oading ut an
increase of the number of particles seen per image for a
X Vo L v monodisperse spray. This nontrivial effect could be inter-
cm mst m’s®  mm mm  mm ms cms' R preted as the result that for a given water Row fatepar-

290 292 00084 614 12 079 42 1.90 4o ticle number dgnsm@o is inversely propo_monal Fo droplets
200 451 00309 614 97 057 22 259 % vglgmg _CO d*” , whereas the _part|cle (_j|am_etens a non-
200 633 00854 614 82 045 133 338 114 tr|V|aI. |njecto.r dependent growing function q)\f\,. let us say
d=g j. , which for our precise injectors must increase more
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(@) injector air pressure (b) Vv, (m.s) (c) Vv, (m.s) FIG. 2. Color online a Evolution of the ratio of tur-
bulent BuctuationsV,,s to mean wind velocity V,
T S — both measured from from hot-wire anemometry as a
function of the injector pressure without water Bow
3 . note that the impact of the injectors on the turbulence

level would even be lower with the presence of water
for three different mean velocitiegquivalent turbulent
Buctuation rate is constant and of the order of 3.5%
when no air is blown in the injectors b Mean axial
velocity averaged ovex in the measurement volume

3 o X 289D301 cm obtained from PIV.c Mean axial
o 10° \ N velocities at different locationg in the measurement
N, | volume also from PIV. Different symbols correspond
7 \ to different location, note that the mean velocity is al-
10 \ most constant within the measurement volunae.Ve-
locity spectrum in the measurement volume. Par-
10 ticles diameter PDF evolution with air pressure
varying from 2 to 5 barsat bxed water Bow rate
10°5 - . 1.2 I/mn for each injectorand Pxed wind velocity
10 10 110 10 Vo=4.5 m ¢! . Note that PDFs are given from par-
(d) k[m~] ticles volume and not particles number f Evolution
of the maximum of these PDF with water Row rate and
L 12 s _ 2 100 air pressure at the same pxed velocky=4.5 m ¢! .
210 P=4 E1s 90
P=3 =
é 8 A o 216 80
6 E o
L ‘ T+ 60
a (2)__ L £ 50
10° 10° 2

(e)

100 102
dropﬂetdiameter( m)

—
=

-3 4
air pressure (bar)

slowly than jf,*’v so that in the end seeding densiy
g jw ~ is a decreasing function of water Row rgge Since

Reynolds numberbased on Taylor microscaleSt, the aver-
age Stokes number obtained as described aboveCgrttie

particles are injected in the convergent part of the tunnelglobal seeding densityvhich we cannot accurately measure,
upstream the grid for low wind velocitiestypically Vo,  but which we assume to be directly related to the number of
4 m st the velocity in the convergent is not sufbcient particles per image Another usual relevant parameter is the
for the heavier particles to reach the grid and they all settl&Rouse numberdebned as the ratio of the terminal velocity
before entering the fast section of the tunnel. This results if the particles to the turbulent Ructuations intensityhich
a severe decrease of particles diameters observed in expeji- our experiments, varies in a relatively narrow range from
ments at bxed air pressure and water Bow rate for low wing 4 to 2. A total of 90 experiments covering a set of about 40
velocities. We have shown that abovg 4 m s*, particles  gifferent parameters tripletR ,St,C, have been explored
diameter distributions in the measurement region are Nnah order to investigate systematic effects on preferential con-

much affected by the wind velocity. Once particles diametelantration phenomenon. In this study, we focus mainly on
distributions are obtained for a given set of injection paramshe inRuence of St an@,.

eters, we build a corresponding most probable Stokes num-
ber debned as Stdn,/ 21+2 /36, whered,,, corre-
sponds to the maximum of diameters distributicee Fig.
2 e . Figure2 f represents the evolution of,,, as a func- Acquisitions are performed using a Phantom V12
tion of air pressure and water Row rate in the nozzles for &gh speed cameraVison Research, USAoperated at
given carrier Bow Reynolds number. We stress that becausk) kHz and acquiring 12 bits images at a resolution of
of the high polydispersity the standard deviatiom, of =~ 1280 pixels 488 pixels corresponding to a 125 mm
Stokes numberbased on measured diameters distribution along x 45 mmalongy visualization window on the
which could be interpreted as an error bar for the Stokeg@xis of the wind tunnelcovering slightly less than an inte-
number estimation, is large g/ St easily exceeds 50%nd  gral scale in the vertica} direction and almost two integral
will not be displayed on the Pgures presented in the sequekcales in the streamwisedirection, located 2.95 m down-
To summarize, each experiment is characterized bwtream the grid. The camera is mounted with a 105 mm
the set of parameterk ,St,C, with R, the carrier Bow macro Nikon lens opening at/D=2.8. An 8 W pulsed

B. Acquisitions and postprocessing
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equivalent to that of local concentration peld. We recall that
usually local concentration Pelds are obtained through box
counting methodsthat shows several disadvantages: they
are computationally inefpcient and they require to select an
arbitrary length scalethe box size whereas in Voronoe dia-
gram computation, no length scalesigriori chosen and the
(TRT resulting local concentration Peld is obtained at an intrinsic
400 23 ‘4-5*32‘-‘53’0& A resolution. Similarly, the pair correlation function only gives
ARSI S SR A Y p yd
@ 100 200 (pix?é?g 400 b) global nonlocal information and is also associated to the
choice of a length scale that spans the whole values of inter-
FIG. 3. Left: a typical raw image. Right: particles located in this image andest increasing dreadfully the computation time. Finally, an-
the assqciate_d Voronoe diagram. For clarity, we show only one third of thegther interest of \oronoe diagrams is that as each individual
full acquired image. cell is associated to a given particle at each time step, thus
tracking in a Lagrangian frame the particles directly gives
copper laser synchronized with the camera is used to geneRcCess to the Lagrangian dynamics of the concentration beld
ate a 2 mmi.e., 3D4 thick light sheet illuminating the itself along particles trajectories. Although we will not dis-
peld of view in the stream-wise direction. The camera isCUSS Such Lagrangian aspects in this article, they represent an
orientated with a 50; forward scattering observation angldMPortant opening which will be addressed in forthcoming
with respect to the laser sheet to increase the lighBtudies. _ _
budget. The resulting deformations are compensated by a SOMe relevant properties of Voronoi diagravatever
ScheimpRug mount. Each experiment consists in a 0.9 s adle measurement and data analysis technique used, when one
quisition of 9000 imagescorresponding to the available on efers to preferential concentration, it is implicitly assumed
board memory storage of the cameaa Pxed wind velocity, that one deals with statistical _preferenﬂal concent_ratlon_co_m-
water rate and air pressure in the injectors. Particles are ideff@red to the case where particles would be spatially distrib-
tibed on the recorded images as local maxima with intensity/t®d as & random Poisson proceBP. In order to quantify
higher than a prescribed threshold. As a consistency test, w@eferential concentration, we therefore compare for each ex-
have checked that changing the threshold around the select@griment the probability density functioPDF of the mea-
value does not impact signiPcantly the number of particle§ured Voronos areas to that expected for a RPP. The main
found. The subpixel accuracy detection is obtained by locatkNown properties of Vorono- diagrams associated to RPP can

ing the particles at the center of mass of the pixels surround?€ found in a short review by Ferenc and co-wotkend
ing the local maxima. references herein. The Prst moment of Voronoe area PDF has

As already mentioned, our aim is to study particles connothing to do with the spatial organization of the particles
centration belds in order to quantify preferential concentrasince the average Voronoe aréais always identical to the
tion effects and to identify particles clusters if any. Usualmean particles concentration inverse. Therefore, in the se-
approaches to do this consider the pair correlation function tgluel, we will generally focus on the distribution of the nor-
quantify preferential concentration effects while a box count-malized Voronoe are¥=A/A that is of unit mean. The only
ing method is preferred to access local concentration Peld&nown exact result for RPP Voronoe areas statistics concerns
We propose to use a single tool to tackle simultaneouslyhe second order moment in the 2D case that is equal to
these two problems: the Voronoe diagrams. Such a Vorono#/? o,.=1.280 corresponding to a standard deviatidji®
diagram |s_the_un|que decomposition _of two-d|menS|0r_1aI: m 0.53. Regarding the shape of the PDF of
2D space into independent cells associated to each particlgy g, areas statistics for a RPP, no analytical solution is

One Voronoe cell is debned as the ensemble of points that al2,own most of the authors bt them with Gamma distribu-

closer to a particle than to any other. Use of Voronos diayjons Ferenc and co-worker proposed a compact analytical
grams is very classical to study granular systems and has al%?(pression involving the space dimension as a single param-

been used to identify galaxies clusters. The Voronos diagr"’"Bter. We use this analytical expression as a RPP reference.
computation is very efbcientwe useMATLAB algorithm

with the typical number of particles per imag# to several g Experimental Voronoi area PDF
thousandswe have to process. Figur8sa and3 b show a . o
raw acquired image as well as the located particles and the From instantaneous to statistical resulfsiter postpro-

700

600

y (pixels)

500

associated Voronoe diagram. cessing the data as explained in Sec. Il B, we obtain for each
experiment corresponding to a given set of control param-

IIl. PREFERENTIAL CONCENTRATION EVIDENCE eters R ,St,C, a Voronoe diagram at each acquisition time

AND QUANTIFICATION step. Due to the Pnite size of the beld of view, the cells at the

border of the diagram have inbnite areas. We reject these
border cells and keep only the particles whose Voronoe cell is
Why use Voronoi tessellationd®om the depnition of fully included in the visualization window. To improve the
the Voronoe diagrams, it appears that the akexd a Voronoe  statistical convergence of Voronoe area PDF estimation, we
cell is the inverse of the local 2D-concentration of particles;compute Voronoe diagram statistics from several uncorre-
therefore, the investigation of Voronoe area beld is strictlylated images from a given experiment. The unit mean nor-

A. Voronoi diagrams: Properties and advantages
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statistical convergence. The same PDFs for the normalized

Voronoe areaV=A/A collapse somehownot shown. The

tails associated to large Voronoe areas, i.e., to regions of low
particles concentration, actually collapse within measure-
ments uncertainty, whereas the tails associated to relatively
small Voronoe areas, i.e., to the regions of high particle con-

2 centration show a much stronger dependency with the con-
(I0g(V)-109(V)) /55 sidered experimental conditions, and particularly with the
10° o1 Stokes number as shown in Figb . Concerning the Rey-
Yo08 nolds number dependency, the robustness of PDF right tails
L 10 ?0.6 associated to depleted regionsay be interpreted as the
g S e fact that the integral scale of the carrier 3ow is found not to
s ,:* change much wheR is increasedon the contrary the dis-
10* g 02 ,f,xrf““"' sipation scale does decrease signibcantfylarge depleted
F o e = 00‘/‘/' 02 T ] regions are mostly associated to large eddies whose size is
(b) Vv =AA (d) foat not affected whemR is increased, the distribution of Voronoe

FIG. 4. a PDF of dimensional Voronoe aréafor 40 experiments spanning areas_ in these Iarge depleted regions may also be expectgd to
all R, St, and the volume loading explore#.. PDF of normalized Voronoi ~ F€main robust as Reynolds number changes. It is more _dlﬂD-
areaA/A for four experiments @R~ 96 with varying Stokes numbeeach ~ CUlt to comment on th& dependency of the PDF left tails
PDF is calculated from 5000 instantaneous beliset displays a zoom  associated to dense regiorier two reasons. The range of
around the maximumc Centered and normalized PDF of the logarithm of Reynolds numbers tested is narrow and St Rncare very

Voronoe area for the 40 experiments from upper Pgure; black dashed lin .
represents a Gaussian distributiod. Test of the log-normal scalingd Eorrelated see | so that sets of experiments who span the

gray dots and 2 black dots on 80 experiments spanning &, St, and  €xplored range of Reynolds numbers at bxed St@gndre
Co; one point corresponds to one experimentYlhas a log-normal distri-  to0 scarce to be conclusive. Nevertheless, we observe

bution, Fhe dots should gather on _the dash-dotted lines. Reldtio:e very changes in the PDF left tails with the Reynolds number that
W(_ell verll_Ded; relatlonzl deviates _sllghtly from the lognormal scaling, but is deserves a more thorough study we may undertake. The de-
still relatively well veribed considering the severeness of the test that in-
volves second order moments of the variable logarithm for which statisticapendency on Stokes number is more subtle and is analyzed
convergence becomes challenging. in the next paragraph.
While Voronoe area PDF of RPP are usually described by

- Gamma distribution$® Fig. 4 ¢ shows that, for the inertial
malization V=A/A may then be performed for each image particles we investigate, Voronoe areas statistics are well de-
individually or for the whole set of images. We have checkedscribed by a log-normal distribution. As seen on the bgure,
that the impact of the normalization process is negligiblethe superimposition with a log-normal distribution is almost
Figure6 a shows Voronoe- area PDFs associated to ten difperfect in the interval 2 o4y, Where |4 stands for the
ferent statistical sets obtained by gathering 500 uncorrelatestandard deviation of loy note that extreme PDF tails for
instantaneous Voronoe diagram$lVD from a same experi-  statistics of the logarithm o¥/ are beyond experimentally
ment. The dispersion between the ten samples is quite smaltcessible statistical convergenceog normality is further
indicating that a good statistical convergence is alreadyested in Fig4 d via the well-known log-normal relations
reached with 500 UIVD, except maybe in the extreme tailshetween the two brst statistical momentsvoénd logV
of the PDF. We Pnd that the statistical convergence of the
two Prst moments of these distributions is indeed achieved

—TAn \/ 2
with one set of 500 UIVD. In the sequel, detailed PDF analy- log V- =log V' + iegv /2, 1
sis was usually calculated using one set of 5000 UIVD from
each experiment, while statistical error bars on second order , — >
moments for a given experimerfor instance, for the stan- v=Viehavel, 2

dard deviation of Voronoe areas, in Fig.5 a are estimated
from the dispersion when these 5000 UIVD are split into tenwhere y stands for the standard deviation of the normalized
sets of 500 UIVD analyzed individually. areaV, and where by debnition mean normalized ave=l.
Experimental Voronoi area distributionBigure4 a dis-  In this bgure, each point for each plotted relation corre-
plays the PDFs of the dimensional Voronoe cells akefor  sponds to each of the 90 carried experiments evidencing the
40 different experiments. When the dimensional afegs  very good veribcation of log-normal scalinty and the rela-
considered, one observes that the maximum of these PDHRisvely good veribcation of relation2 that is much more
spans over 2 decades. This evolution is representative of treevere considering the difbculty to reach statistical conver-
average number of particles per image equivalently of the gence for logarithm of second moments. At the prst order,
global seeding concentratio, that for the ensemble of we can therefore reasonably assume normalized Voronoe ar-
experiments represented goes from 50 to 5000. Note that &as to be log-normally distributed. To date, we do not have
the average number of particles per image decreasesas any theoretical interpretation of this log-normality, but this
the mean Voronoe area increasdbe scattering of the right result shows that in the limit of experimental convergence,
tail on these PDFs increases as a consequence of the lessermalized Voronoe area PDFs can be described with one
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0.9 almost 6, the standard deviation of the normalized Voronoe
A areas always exceeds 0.57 and reaches values as high as
0.8 . »i 0.85, which shows that preferential concentration is always
‘;1{:‘_" “t. present over this range of Stokes numbers, consistently with
>0.7 .:3’?,;" former experimental and numerical investigations. Further-
'3 R B . more, both Pgures peak aroung,St2D 3 that is consistent
06 ;:I Y N with the generally assumed feature that preferential concen-
o 't tration is maximal for Stokes number around unity corre-
sponding to a better adjustment of particles response time to
05, 4 turbulence forcing time. In order to compare our Voronoe
@) St analysis with usual tools, we have also performed the box
0.9 ‘ counting and correlation dimension analysist shown that
=R =72 | are consistently found to give a maximum effect of prefer-
0.8 =R =90 | ential concentration also for Rt 2D3. Figure5b also
’ ——R =114| suggests a possible Reynolds number effect as the curve for
A i R =90 seems more peaked than curveRat 114 and ap-
v 0.7 pears to reach its maximum for a slightly lower value g St
However, one can hardly be conclusive on such a Reynolds
0.6 number effect as it is mainly supported by only one point on
the R =90 curve point St=2.2; =0.6 in Fig.5b that
05 ; . furthermore presents relatively large statistical error bars.

(b)

St

The possible specibc inBuence of Reynolds number on pref-
erential concentration will be addressed more deeply in

FIG. 5. Standard deviation of Voronoe areas as a function of average Smk%rthcoming investigations. Moreover. as discussed in the

number. a One point corresponds to one single experiment, lines connec*
different experiments for which Reynolds number and the number of par-

ollowing, the precise shape of trends in Fi§sa and5 b

ticles per image is identicalb Only the Reynolds number is constant along Might be slightly affected by a bias on the estimation of
lines, and each point is estimated as the averaged standard deviation frofarticles typical Stokes number and subsequently on the ex-

experiments with same Stokes numbaut possibly differen€, . Error bars

represent the dispersion between such experiments.

single scalar quantity that we choose here to be the standal

deviation of the normalized Voronoe areags.

Quantifying preferential concentratioit.is generally as-
sumed that preferential concentration is primarily governe
by particles Stokes number. Most former numerical and ex
perimental studies have evidenced that preferential conce
tration effects are more signibcant as the Stokes number a}’

act value of §j as well as the width of the curves. For
example, we bPnd §t 1 while other studiesmostly nu-
merical suggest a maximum effect for Stl. This might be
tributed to an overestimation of the typical Stokes number
of particles in our experiments as the actual turbulent dissi-
pation scales or might be slightly smaller than the

d/alues reported in Tabledue to the slight turbulence level

enhancement from the spray injection process as described in

r$_ec. I A measurements in Table used for St estimation,

vere performed for the carrier Row alone, with particles in-

proaches unity. In Figs5a and 5b, we present the Jjectors off, since accurate measurements of turbulence dissi-

evolution of the normalized Voronos area standard deviatio?@tion scales cannot be done at present with the sprays on
v as a function of Stokes number in our experiments. InAN increase of the actual turbulence level by 3086 typi-

Fig. 5 a, each point corresponds to one single experiment?a!u observed when t.he nozzles blow only air but no water

Lines connect different experiments for which the ReynolddS injected would, for instance, reduce by a factor of 2 the

number and the number of particles per image are kept constokes number estimation bringing,Sto a value closer

stant. In Fig.5b, only the Reynolds number is constant {0 1.

along the lines, and each point is the average of points from Finally, we also note that since our experiments cover a

the previous plot corresponding to experiments with thevide range of particles seeding concentrations, it is neces-

same Stokes number but possibly different number of parsary to avoid any possible statistical bias gndepending on

ticles per imageerror bars represent the dispersion betweerthe number of particles per image that are processed. This is

such experimentsAs mentioned earlier, the standard devia-2a requirement for \, to be considered as an actual quantita-

tion of Voronoe areas for a RPP is analytically known to betive indicator of preferential concentration. For instance, ex-
RPP0.53 that debnes a reference value to compare with. Reriments with large particlesarge Stokes numbers in Figs.

standard deviation ,, signiPcantly exceeding 0.53 reveals 5a and5b generally have less particles per imaggpi-

the existence of high and low concentration events comparecglly less than 1000 ppthan experiments with smaller par-

to the RPP case. Oppositely, a standard deviatiptelow ticles which typically have 3000D4000 ppiTo test such a

this reference value would evidence the tendency of particlepossible bias, we have estimateg from a set of originally

to distribute in a more organized arrangemen;=0 in the  highly loaded images from which we randomly removed par-

limit of a perfect crystal As seen on Figb a and5 b, for  ticles. We have shown that the estimation fis extremely

the range of explored Stokes numbegpanning from 0.2 to robust and not biased by this subsampling procedure as it is
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