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ABSTRACT
‘lb propcxtiesof paxticI*waU collisions mcasumd using a

particletrackingvclocimetry(PTV)systemand a lascxDoppler
velocimcter@v) arc compamd ‘Ihemxsured pammelmam
reboundanglesandVdOCitiL% and approachangks and VdOCitiI=S.

Fmmthesemeasuredparameters,normalcocfficimrsofrestitution
(e), the mtio of the tangential approach to tangential rebound
velocitiesQ3)and the tio of *d to q-h @e ( ~fla)
are derived. In this study, 191 pm Spherkxdgks partick were
collidedwith a smoothglassplate with a namowrangeof ajpmach
angk around a man value of 50° (with respect to the glass plate)
and with a narrowrange of approachvelocityaround a meanvalue
of about 18mk. Dcqitc difkmnces in the way~a. e, and 6 are
calculaoxlforLDVandFTV,bothFTVand LDVmcasummeals
led to almostidenticalresults. The cx@menM uncertaintyin
velocityforbothtechniqueswaslessthan* puccnt.

NOMENCLATURE

v velocityvector (m/s)

u ~~ ~ of ~locity (~$
v normalComponeatof velocity (ds)

P Theratio of thehmgmdal qproachtothc
tangentialreboundvelocities

e Normalcoefficientof redtution

q Approachangle(degree)

% Reboundangle (dcgrc@

INTRODUCTION
Farticle-wall collisions are enmmtcrcd in maoy industrial

systemssuch as particle depcisition in combustion systems,
erosion of turbii blades in jet engines by airborne particulate,
fluidizationfor chemical-g. and tie pn-c ~POfi
of particlestim one locationto another. .

Topredictthebehaviorof @cuMe flowsystunsusingeither
@raO@anor Eukrianrnodcko*ne @to understandthe
physicsofcollisionsbuweenparticlesandtheImundarywallsand
betweenparticlesthemselves. Specifically,the changesin rhe
=fi~d ~ mm COOIPO_tSof vekxity upon co~sion

TabakoffandMalak(1987)haveused laserDopplervelochncny
Ow to lma.nmtbeCollisional-es offlyashimpacting
diffctczltplattamadeofallmhnmtitmliumandQail&sssteel.

Massabet al. (1994,1995)useda FW systemdevelopedby
SImffcret d. (19S8)to trackindividual@CkS sndto measure
theirvelocitieshcfomandaltercolIisionwitha wall.Sommerfeld
(1993)usedasimilarPI’v@unto measurelargequantitiesof
~’cle-wa.uCollisicmtoclmme&cdiffuscs@lrlm
surface.

“gbyarough

Thepurposeofthisstudy istommpare LDVand FTV
~ofgias ssplmesa)llidingwitb aglassplate.lle
pamneummasuredinclwk~avcmgcxl - angleand
velocityand tiaveraged reboundangleand velocity. Of
particularintermtamthercstitxtion coefficientscalculated from
thesemeasumdpammctm.
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PIGURE1. SUIEMATICS OF EXPERIMENTAL SEIUP

‘l%eglass particles wm sieved to a size range of 175-208 W
andtbeglas splat cisapieceofsrnootb glass sbecL3mmthkk.
Ordy spherical particles with a spkicity of 95% or higbcr were
used. The patticlm are irljectedat a meanangleof SOOwithrespect
to the glass plate and a mean velocity of 18 M. ‘l%erange of
approachangleandapproachvelocitywaskeptnmrowwitha
standarddeviationof4°and3mls,respectively.

EXPERIMENTAL SHtJP
llle expdmdd systanori@dy dd8nedbysbaffaeruL

(1989) wfiwhti *. Bkl@h&How*s
Facility of the ~ of -S ~ttsbuT@ =2w

Tecbnology Center. Figure 1 shows tbe cunfigura!ion of the
experimentalequipment(fhc feedingsyxtan is M Shown).In tbe
teatsection of thewind turmeLgIass particks srcbrougbt into
collisionat the centerof a smoofhgfasspIateunderacmrately
canmlled conditions. ‘Ilw particlessre drivenby pewostic
transportthrou@a4mm tube. ~exitoftbe @ctiontubeis
p~*t2m*veti@pti~h~*mw~ti
anangIeofabout50 witire9pccttodzegla8splat.aPartiClesare
fedintotbepneumatictranspmlineatasteadyrste. Tbeeffectof
dragon mfaswedproperdeswasmMmized byusing awind
turmelsweepvelocityof4 m/s.

‘lhe EISSSparticleshave a materialdensity of 2.47 gJxn3 and a
diame& distkmtion of 175 to 208 @ wi& a mean-of 191 pm
m 81assparticlesare nearly perfect Spbcrcs;aspbericalparticles
are removedusing a proprietarytechnique under developmentat
Pm.

Thedimeasions oftbeglsss pIatewcre27 cmx27cm witha
thicknessof 3 mm. Supportposts wereplacedat the cornersof the
plate. ‘l%esize of tbe pIate and tbe distanceof tbc support posts
fromthe collisionpoint wae sufficientto ensurethat the collisions
are Mqc@Jlt of thetinite plate dimaYsioos. ‘fllis Wasverified
based00 tk cxitctiagiveaby Somkgaard et al. (19S0).

A PIV MEASUREMENTS
‘Ihebcamfmman ~* ~ ‘W argon laser

istrinsmitted rhrougbaseries ofcylindrical lmscsfomning a thin
(lmm)sbeetofpulsed lascrligfk ‘l%eskctwa sdimctedpamllel
@tiflowqwti_~*mti*pti.~ekr
sbeetwaspulsedat arateof 2SICHz, withpulscduration of5ps.

Asparticks passtbrougb tbeligbtshee& theyscatter ligbt intoa
bigb-resolution(1024x 1024pixel) video carnezapositionedwith
its line-of-viewnormalto tbe lasersheet.‘l%isproducesa muMple-
exposorepicture showinga saics of imagesof a particlealongits
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trajectory.By meaming thedistance betweenima.gmsndlmowing
rhc time betweenlaser pulse%a velocity vector was derived To
miniminthe uncmaintymociatd with the distance,the distance
wasmeasllrcdbetweulthe first imageandtheflfth imageclosestto
the WdL The field-of-viewsize w= 34.69X 26.92 mm.

The m picturesam digitized at 30 picmredsecond with 8-bit
(255 levels) gray-scale!esoIution into a SUN 670 computerwith
an ANDROXparallelimagepmcessm. OnIya3.42mmregionof
the P1’V picture near the wall is. stored pezmammtly. Patticle
images aredet@able witbinonc ptutick image diamaeroftiw
platesurface.

LightingConditionsweresetsothatthelaw digitalpictare-shave
a uniform background gray-kveL ‘Ilds was accomplished by
increasing the camera black-kvel above the kkgrmmd level.
Witha uniformbac@ou@ the imagecompreaaione=ency is
molethan95%;thisis neceswyto emnom”dy storethousands
ofimages.

Sofhvarehasbeen devetopedat PfZICto automab“CalIyanalyze
multiple-exposure pictures of particle trajectories (Ramer and
Shaffer, 1990, and Singb et al, 1993). The fixststep in the image
smdysisis recognitionof particle imagesand calculationof *
centroids. l%e next step is to reqnize groups of ccntroids as
belongingto an approachor rebound trajectmy. llds is ddeved
using an iterative KaIrnan tikaing aIgorithm with a Likelihood
function based on apriori knowledge of the number of particle
images along a tmj@ory. Next+the approach aucl.xebound
trajectorirx are extrapolated to their Mersecb“onpoints with the
glass plate. If the intersection points of a pair of approach and
rebound trajectorieswith the plate are close, within au adjustable
tolerance,they are assumedto be from the samepartick. For this
work rhe tolerance was set at two particle image dismeters. ‘fhis
tight tokrimce restricts the data to palticks with instantaneous
contactswith the plate; @“cks that slide or roll upon contactam
automatically excluded. ‘l%c last step in the analysis process
involves calculation of angles, velocitia and restitution
coefficicnZS.~e angk and VCbCitiCS W= cakuhtd USinS the

frrstand fifth image closest tothewallo fatrajectmy. ‘lldsfalls
within al.5mmregion next to the walL ‘l%eentirc image
acquisition,analysis and storage process takes about one second
per picture. ‘lEis enables rapid analysis of the thousands of
trajectoriesrequiredfor statisticalconva-gcnce.

B. LDV MEASUREMENTS
A two-componenLfibCM@C LDV was used to ~ the

q-h md rebound vdocity CODIPO=US of the gbms@iCkS
cdlidingwiththeglass plate.lbe fJVsystem cOmists ofa
Spectra-Fbysicsargon Iasa (SW), a TSI COIortmrstmodel 9201
mupkd to a tsvo-componengfiberoptic tnmsrnitth@ceiving
probe and a DANTEC 58N1OPDA signal pmcessm. ‘I& LDV
probe wasplaccdwbeae thec.amemis shownin KEM@l. ‘fherest

‘Ofrheexpahml setup lwwdned asshownin Figurel. Data
acquisition was controlled via a 804E6-DX2computez Table 1
liststhe LDVchmacteristics.

To pke the LDV measmingvolumeVay close to the glass plate,
the LDV probe was rotated 45° about its line-of-view and tilted
&wnward about 3° sothattwoof rile four beams Wae almost
parallel to the glassplate. Figure2a showsa schematicdrawingof
thcffingcs inthemmsmmmt volume created by the blue and
green beams. Figures 2baud2c showthcfiinges crated bytbe
bluesnd grecnbeams alone. Theyarepeqcadicular toeach other
andata450angk to the plate. In Figure 2, Uland U2 are
coqonents of thevekwitymeasumd bythebfue and the green
beams,reqectively. The normalcomponent(v) snd the tangential
canponm (u) of the velccity in the “plate” coordinate system
wezecahkted finmequations (1) and (2).

v= -U1xcos (450)+U2xSIN(450) (1)
u= U1xSIN(450)+U2xC(3S(450) (2)

TABLE 1. LDVParameters

Color (keen Blue

Wavelength (y@ 514.5 488

Frontkns focrd 350 350
kngth (mm)

FMgc spacing (y@ 3.611 3.425

Measuringvolume 163 160
diameter (pm)

MeasuringVOhlMC 2.28 2.24
length(mm)

Numberof StdOIUUy 45 47
hinges

(c) (b) (a)

?

*

LI’

U2
blue

FIGURE2. DIRECTION OF FRINGES IN THE LDV
MEASUREMENT VOLUME

carewas tfkntoeusurc thatLDvmmmemcm covered the
SSMC VOhlMC OV= which ~ ~ wae made. The
LDv~ volumwasplacedabout2 mmabovethe plate
atalocationwhae~~ Wm done. PTv results
smbased onimage3within 2.5mmabovc theplate andalonga5
mmlengthof the plate. Tkefon% LDvnm5umwntswere taken
tifiveptiS, lm~ovHtie- 5ml~, m*onin
Figure 3. Three thousand sampleswere taken at each point with
LDV. l%e datafromall five pointswasthen combined.
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FIGURE 3. MEASUREMENT VOLUMES OF PIV AND LDV

Figlue 4 shows two typical paths that particles take. some
palticks @ltiCk 1) cdide with the pblk and CrOSSh
measurement volume on their rebound path. ‘nlC Veldd
componentof velocityof these particleshas a positive sign. Such
datawemtakenas rebounddata( i.e.,reboundtangentialand
normalvelocitiesandangle).* @cks (particle2)crossthe
measumnentvolumeontheirapproachpathand* collidewith
thephze,~e verticalcomponentofvelocityoftheseparticleshas
a negativesign. ‘Ilmedatawemtakenas appruachdata( i.e.,
approachtangentialand normalvelocitiesand angles). ‘lhe
measurementsat theodddle3 points(points23 and4) shownin
Figure3, resultedin almostequalnumberof approachand
rebounddataPoint1containedmostlyapproachda!aandpoint5
containedmostlyreboundinformation.

\x;
FIGURE 4. lYPICAL PATHS OF PARTICLES IN THE LDV

MEASUREMENTS

DISCUSSIONS AND RESULTS
llleex@nWmluncmnry

. inmmasmmemsx isesfmml
two factorx 1) unc@a@ ~~ thedismncc betweulrbe
centroids of_amL2) uncuta@ illthetiming oflascl
pukes. ‘fhcdigita lpubgmeamo ruscdinthi sqcrimmthas
nmosecOndresolution making thetimingunceS@y ncgligibk.
llleuncmimy irlmlmring thcdistame islimitcdbytipixel
resolution of theimaging systculandthc mdutionoftkscale
Used tocalibra!e theimagingsystelm I%rthcex@mdal
conditionsof this study, tbe avaage ~ ~~~
lman tangaldfd mnponent of velocityis 0.30 d$ aad that fa the
meannonnai velocityis 0.23 IJI/S.

‘l’he uncata@ inmvmmuremmi srnostly dueto
limitations in the molution of the frqwmcy bandwidth of the

signal promsor. ‘lhe uncertainty in ~g both the mean
tangentkdcomponentof velocitysnd the meannormal cmqxment
of velocityis 0.155rnk.

TABLE 2. PTV AND lDV MEASUREMENTS IN THE
PARTICLE JET

LDv
v In/s 18.97 + 0.37 18.84 i 0.16
u ds 11.18 i 0.30 11.36 i 0.16
v rnls 15.27 * 0.23 14.98 i 0.16

IQ I 53.90 * 1.97 I 53.20 * 120 I

To V&@ the performamx of both LDv and Frv, measurements
tvmdone withthe platcrcmoved, llw rc5tofthe experimental
conditionswcseas &scribed earlier. Table 2 showsthat the values
masumdfor thejetweze the same within expaimentai
uncertainty.The histogmms of velocity and angle are shown in
l@res5tk6.

v (Ilvaec)

v (rn/8ec)

FIGURE 5. HISTOGRAMS OF VELOCITIES MEASURED
FOR JET BY LDV (TOP) AND PTV (BOITOM)
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FIGURE 6. HISTOGRAMS OF ANGLES OF
TRAJECTORIES MEASURED FOR J= BY LDV (TOP)

AND BY PTV (SOITOM)

Particle wall collisionpmpertics are O* expressedin termsof
e, ~ and the ratio of rebound to approach @e (Ma). T*le 3
showsthat these nondimcasionalpammc@sobtaind by F1’Vand
LDVare in good agreement.

TABLE 3. COLLISION PARAMETERS MEASURED BY PTV
AND LDV

lllcmmlba ofdatatakul withmv”k - lmwbik the
munbcrofdatataken by PTVistil~. A-calanalyais
of thedatashowed dlatlooodata wfia-fam~
of borhmeanand standarddeviadonvalues.

The nornyl restitutioncoefficientaudtangentialvelocityrado
are@~ by

e ‘r=— normalcoefficientof rcatitution
‘a

P ‘r=— tangcatid velocityrado.
‘a

‘lkrcfore the normal restitution coefficient and the tangential
velocityratioof a sample with N collisions is

(1)

(2).

However, due to inabiity of LDV to follow the same particle
before and afta a cdlisiom the valueaof e and ~ ae calcu@d
usiogthe msan rebund and approachparticlevelocitiesax

i [Vr]m
Tr ~=1

e-~= ~--

‘a Z[va]m
m=l

(3)

Eva thOU@ -OILS (1) and (2) SICdifkent than qUStiOIIS

(3) and (4), the maultsof LDVand FIV ~Imms m in good
2gcccment.’111isixrlicate2ti~Vd~ prcwidethesarm
resuks for CO~OOS Whe2’e ?hc variations in iq)pfoach and rebound
velocitiessmi angles am small. Work is undcmvayto extend the
mt S@ to diffuse Part@e collisions Snd to investigatethe
possible effect of appmacb @e and velocity on the mllisional

~.
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