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IR 7 6 < 0Btz B3 L iEME A G £ 5. Z OIRENTEIE
G0%, MR oK (Matsusaka et al., 1995, 1996; Takano and
Tomikawa, 1998; Yang and Evans, 2003, 2004; Mracek and Wallaschek,
2005; Matsusaka et al., 2012a, 2012b), EEE (Mori e al., 1989;
Tatemoto et al., 2001; Mawatari et al., 2002; Matsusaka et al., 2013;
Mizutani et al., 2013; Zhou et al., 2013), FEENFRFEFEAN (Jiang et al.,
2006, 2009; Ishii et al., 2011; Zainuddin et al., 2012) (Zi&H ST
5. Fiz, ZWTEE b T ISk o Th TR A Bk S B IR
TGS (Gallas et al., 1992; Rademacher and Borg, 1994; Sloot and
Kruyt, 1996; Simsek et al., 2008) 1%, PEETILLFHAINTEY,
kLT 720, ZROK A M7 7ICHIRI TN D.
bR LI & o T, Hlx Ok B MRESHBGT 5D
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TREYEIE DRI TEIC BT b, KT 2 O & D OIETMER &
BRI LT, Wik E OHER AT T E 72 (Rademacher and Borg,
1994; Sloot and Kruyt, 1996).

—J7, fHlx ORLF OBEB) & 55 &3 2 EMEHEIE, —KoTiRE)
SRR oS L L CHESR R 51T T E 72 (Feng and
Graff, 1972; Wood and Byrne, 1981; Clement et al., 1993; Luding et al.,
1994; Warr and Huntley, 1995; Geminard and Laroche, 2003). F§iZ,
Clement et al. (1993) # X O Luding et al. (1994) 1%, IEEhINESE,
RKLF4K, 3 & ODCEAREA IRENRRBIC 5 2 DB et L, =%
NX—DORHE X0 R OIERMEMZEIC & D =R F— Dk
WL e n L, lx ORLT-OBEE A HRLT-IE OEENCEITT D Z
LEWME L. Lanl, IREVTR Lok 22802 B 2 F 5,
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ST 211E, —RITIRE T137e <, TIRTTIRE T % AR EookL
T OFBMEMAT D2LERH 5.+ 7258 E O ZRTiRE & N 2
D&, HUTATAE L7oBohn 112 AR © 2Bl U CBkEE A 0 a5
B, FEAZ M ERER G OMINCIE, KT ORISR L OB RN
FENT DS LEETH 5.

ARETIE, —KICIRT TR _E ORI 1268 o FERERY 5 5L A B & %
TEM S 72 R GTEIREN PR E OB T OBl 2 EE S
DFAE DO RFEAF L OB RO MR ZE £ & DT, kT OIR
BB+ 2B 2 T a2, FHS, WOE—A LV b+ O
B 33 <R O 53 BRI 5 I Ok - o0 5 R 7 R B I
BRITTHZEHE, MBEMRE, WMIREN oL M.

L. SEEFEBORIRMNRET

L1 BETAPAE LToRL T oo 5y B

RLFRBEL AL 2 L, 77 T AT —A 2T, FERN, ’
BERE 172 E DB %320 T 5. BEICAHE Uik % 533 512
X, (&% LR LB AR A 2 MR D D, sy
I, (DiE 05 (Sano et al., 1984; Matsusaka et al., 1997; Salazar-
Banda et al.,2007), (2)#REhE (Mullins et al., 1992; Theerachaisupakij
et al., 2002; Hubbard et al., 2012, Kobayakawa et al., 2015a), (3)5iit
% (Kousaka et al., 1980; Tsai et al., 1991; Matsusaka and Masuda,
1996; Matsusaka et al., 1997; Jiang et al., 2008; Maniero et al., 2012),
=T 1 Y IVRL I K D 2S5 BElE  (Theerachaisupakij et al.,
2002, 2003; Liu ef al., 2011, 2012) 2 ENRH Y, KT IZiE b < fF
BRI DN E, RES, REOENIE ST, £5007)
FETADREINTE L. L 2AF, BRI VE & — S ChHfil
T O, EERCIT, SAMOEFICE VETHEM LY, Bk
KREMS I LS TERTHEMLIZY TH50T, HomERMEMA



EEBE LIMEET N LT RBLETHD. iR S LT,
W HEEB) O FZ K D BT TV & EERETR 2 & b e O e T
NDBERREINTNDR, ERRLT TR Z B[ L2 1 DE— A

v MZHES RN D TN EBEOBRIZE <A S (Kousaka et al.,
1980; Wang, 1990; Tsai et al., 1991; Matsusaka et al., 1997, Soltani and
Ahmadi, 1994; Soltani et al., 1995). L 72>L, Ri+725EEE LT 08
IZE D E TOBNZBRITH2ICHAINTE ST, KO
HBENLERA R TH 5.

12 HREEBOBE

Figure 1 |2, ZRICIREI MK (SUS304, *FHHH & Ra=0.27 pm)
EORT BRIBUL =T, D=5 um) O5YHEBEE EiE X
— AL A EEGRE S A T THRE ORI A SRR LT H
BERT. 22T, RBHEE R, PR EORTaB X A0 S
EAETHY, EROREN G DT 14 G Fr LG 4 Pk
L7 (Kobayakawa et al., 2015a). 7=, KFHM% x fih, $HiES
Mz il L, x SiOEDH AT, ADKmERk; L ER
5. THROFHEL, MPOKFEHTHY, x B IO zHie i
FHIEFENAR CIERIREN T2 (T72bh, kA EAT 5 & &0l
HCBEL, ThHT & S®RTICBENITS). KR oKFE#RD TIC
B2 L& DRINZE, K+ & PO O EMLEE =T
TEHR O FENTRL 7 D Elis %R 3 . 372bbh, kiR K
S THEIOMBEME LY bRl 2 W% GTICBET 5 2 &5
PID. I, 0—nrad ICBWTEGICFRET 528, RiFI30E
P & BRI K o THIHICERDY 5 . mrad TIRENVEHR OB &) /5 1) 53
AT 5 &, BIIX#%FIEER Y 4%, 21 rad TIERL-IXEHS L
IRMN DR DAY BE L TR 2.

Figure 2 [, ERLELY 7 N THAR &b OATE & B L TH:
LITAERTH Y, Figure2(a)lF/K )7 m, Figure2(b)iXEnE 7D
P07 % T (Kobayakawa et al., 2015a). [T 0324 LRI, Fh
TP E RIS L TRY, R n OEATERRE
TV, KESTmE L OE A & b1, B w3 R OHR
BOPOLICHEET 5. MOEANTIE, FAROZERISHET 5 IRE)
IEE AR L TH D, Figure2 (a) (23T 2rwrad O SRR DZENT
DREVARE 2 TN TR EVDIL, BFOEE D& 2 57
DIT, FAROIRIEIRFH & & I LT OMINT 2EFH ST
TEBRPITONIZIZOTH D, IRENAHE = LY FiCiE, ki
AT E LCTEY, R OBMIL AR OEN &5 L. (Y
o OREINELE a, 13, —80m/s> TH Y, KIFIFHEMEIC &> THER
EERFIGICER D DT, KA OEMOETITFEREY biEND.

Figure2(b) (Z/R R T DERE ST M OENLIE, § 3n/2 rad FTF
WOIERL & LD T, R 13 & Bl LTV 523, ZH LI,
BT AR BATBEL, EMIC Lo TS 5. 7ed, kit &
RO TR EE AT 70> 3K o 7o Sy Bk g D SR )7 7] DIRBI IR L o, 13-10

Adhesion Rolling Flight

= Orad /2 rad 7 rad 3n/2 rad 2mrad
x —_—
50 pm

Fig. 1 Snapshots of the process of particle detachment from the
oscillating plate during one oscillation cycle (frequency of
vibration: 280 Hz)
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Fig. 2 Trajectories of the oscillating plate and the particle as a
function of the phase angle of the oscillation: (a) Horizontal
displacement and (b) Vertical displacement

m/s> ThH 5.

Figure2(b) Z7Rk L7z & 512, (itHE v CEEF R OIEE o, 23
—80 m/s? F CRLTIL MU AT LT 7223, £ BlERs O R B ek L
a 3-10m/s> ThH DD T, Rit AR EZHRN D EETINE L
WY L=z bl s, £1-, Z OB IREINEEE (25 )0
WE (9.8 m/s?) IIFIFELVOT, EHEBZ D 0N KT
AR T UL, RIS rTRE L 72 5.
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DIFAET D U AT S L IZ BRI R 7121372 & < ST ok iE % f
HIZRT. 22T, M58 F L EN F,0F0S, RENCE D
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BN 28 a 252D,
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Fig. 3 Forces acting on a particle adhering to the obliquely oscillating
surface
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BB 2 D C, R 23 WA b2 HRAS 2 R 35 i I ER A A 51
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Figure 4 1%, 78R & KL M OEE (& 5\ ITEEINEE)
OFRESRE T M OIRIE (B2 WIXIRBIIEE) 237 A —& L
LCRLIEDDTHD (Kobayakawaeral.,2015a) . 1 [EDOFERL

z

L I
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Fig. 4 Relationship between particle removal efficiency and
horizontal amplitude as a parameter of vertical amplitude

T No 1% 200 TH Y, Figured (1% 3 [BOHRIEFE GO FHER KL
VHEHEFZE (£l 0) 2T —/"—TRd. SSHERIZKTET M OiR
MBS 5—20 um OFEPATEMICZ(LLTEY, Zhickk~5 &
B 7R ORI D BT/ S\,

Equation (2) TRENDHDE—A > bDOBHHIZ L2 - T,
Sy BESRICH JFFUKFEIS K ORI 7 1) 0> HR B I3 B oD 52 28 4 fif
Brd s, L——BM8ECllE S bl & RO R S 225
HEE SN D B a 1303 pum TH Y, Dpsy = 57 pm D3
B, Dpso/2a=100 & 720, [IERTEE) IR ES W OANEEE L v $oK
SEHFMOMEEIZRE KFETDHZ EB80H 5 (Eq. 2) BR).
L7235 T, Figured TR L7z K 912, HIREY/N S W ACEIIEE ¢
LRA DR Z RO HILD & D EBRE R 2 R EA ISR T
5.

2. BEBEFHICHSLFIHFEOEE

2.1 BREXEBHOBLE

Figure5 1%, E&LUEN(IPE Dyso DRI D 3 FFHDO T VI JHL
F, T72bDBH, (a) Dyso=500 pm DIRTEALT-, (b) Dpso=50 pm DR
JERLF-, () Dyso=0.5 pm DR EFERL D Bk EEEH) 2 JRE) DI 7 7>
DEHEN AT TR LB TH 2 (Kobayakawa et al., 2014a).
ERE, AKTR KOS E T I ENEIIRNE 4, = 4, =35 um, E
¥ =280 Hz CIERIREN T 5. F7o, 2 HFRORBNLFRINIFAA

 I—  S—

500 pm 500 pm
(¢) Dyso = 0.5 pm

(ngiu =150 Pm)

Fig. 5 Snapshots of particle saltation on the obliquely oscillating plate for (a) D,so = 500 um, (b) Dpso =50 um, and (¢) Dyso = 0.5 pm. The images
were captured by the high-speed microscope camera at a frame rate of 6000 fps. (a), (b) Primary particles were bouncing, and (c¢) agglomerated
particles with D,gs0 = 150 pm were bouncing only slightly



DT, FHUFARD 45° O F B AV IRT. 22T, KE
FiaE x @, $RE T E 2 i U, x #iOEOH M EFTS & ER
4 %. Figure5(a) £V, Dysp=>500 um CTITE K 72338 mm DO
S F CHKEET 2 Z & 23D, FigureS(b) 1%, Dpso=50 pm Oki+
OBEEZ R T, RTIESHCRIEICSH Y, BREER 1% 500 pm O
Kt L0 BIEV. ZOBKERE S OEWE, IRERICERNT 5.
Dyso=0.5 pm DR A (FEERIT (Dygso= 150 pm) % L CTE Y
RN IEF NN E DO TR & H/h &3, BEEIZIEE 5
Z LIRS (Figures(c)) .

Figure 6 (%, K7 OPKHEES) 4 MHEH A 7 CHRiZ L, Wi
Y7 TR 2B L7725 D Th D (Kobayakawa et al.,
2014a). $A1E M OENE 2 1T AR OB O FOITHY T 5. hr
FOUBMNE, RFEREEeOERL LTERLTHY, Rt L
WOMEENLE 2 RT HOICHTH-> Th 5. EHIIIEE L T
WAHDT, RLfMNIEREEZET D & &, SAEFROEMITERIC
172 572\ . Figure6(a) 725, Dyso = 500 um DKL IEXFTH~D 3
[FIDOKE 2B (KPP OER) L#IT~0 3 EO/NS 2Bk (K
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Fig. 6 Trajectories of particles tracked by digital image processing for
(a) Dyso =500 pm, (b) Dyso = 50 um, and (c) Dpso = 0.5 pm (Dqeso =
150 pwm). The value of zero in the vertical displacement indicates the
center of the oscillation. Solid and dashed lines indicate bounces
moving forward and backward, and circles denote the collision of the
particles with the oscillating plate

PO 2L TC0DZENLD. KFEHSmm OFSE T
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OB %< 20 (5E) , B ~FNS 2PN 1 EILORS
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TR ORI S AR TIE AR, — 05, BRI (Dyso
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Thbb, —WHTFRERORZNLDIZERT~OBENR LN &
Bbhd. ZOMEZKRECRAT 5.
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Figure7 |2, K AMEEEHBICHEGE T 2 81 2 IR T
ESREEIE, IRENARICH T 2 RO @ S 0B ER L TEY,
AT — E ORI MR CTRA SN T ORm SO e £, 72
B, MEODIC, RECERICEELT 2 G EF 0% 1 OB EhiE
FEIX—E & 5. Figures7(a) & (b)IX, $ATEL 7 [H] O RL 1B FE 233
La EBWGETH Y, EAROIREYHEEE (T~ OB 03 FE 3
WA, SEROALE (5 DV 12h03b 63, K13 AR
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PEk, IREINARIT X3 2 WERER OMRNTIL, $RE S MO —KIT
IE#E &2 x5 & L CT{Th CTE 7= (Feng and Graff, 1972; Wood and
Byrne, 1981; Warr and Huntley, 1995). Feng and Graff (1972) (%,
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Fig. 7 Illustrations of the vertical displacements of the oscillating
plate as a function of phase angle and the movement of incident
particles with (a) high velocity and (b) low velocity. The particles
are fed downward at constant time intervals and the particles
approach the plate at a constant velocity
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Fig. 8 Analytical results of the collision of the particles with the
oscillating plate: (a) the vertical displacement of the plate as a
function of phase angle and (b) the relationship between the
probability density of the collision and phase angle as a parameter
of vertical incident velocity. v,,; = 44.6 mm/s is the calculated
value, which is obtained using Egs. (8) and (9) with ¢, = /2.
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Fig. 9 Probability of collision with the plate moving upward to the total

number of collisions as a function of vertical incident velocity

mm/s O & &, fTFAAS 0.50n— 1.76m OFEME T2 5723, ¢=0.50n
TSR BRI NS 7R D . TSR B P(g) & A AE TRy
T5 &, BEOMIEICET DEEMRENIMEOND.

Figure 9 |3, WA L & I2B < n/2—3n/2 ORI IT D1
REREMESTMOAFEEOEFRERLIZDBDOTH D
(Kobayakawa et al.,2014a). ki DO AFHEE ORI E & 12, K
DB OREPHXIN NS 72D, EZEMEEIT 0.5 125 <.
AGHEEEA 100 mm/s LATF 70 5 & H2efe RIL 2 sm+ 5.
Figure6 T/ L72 Dyso =500, 50, 35K TN 0.5 um (Dygso= 150 pm) D
FNTEL 5 180 D ANSHH BE (Kl o%PHIE, =23 100—300 mm/s,
30— 120 mm/s, 3L TN20—45 mm/s TH Y, AFHER 45 mm/s
LU OREERIA (Dagso = 150 pum) 1%, _F1f] & (28h < PR & D2
TR/ CHE oD, REBRTIE, KEFHMH &SRB TR OIRE)
WERIIL TV DT, SRIEF MO AGHEE O/ S Wik 1% & F
) &) < SEAR & OEEE CIEFZE T S & RIS, BT ~BREE TS
BIENE L T2 D. KRS, SRELIT IR O NSHEEE O K & WHKL1F
&, PAROIRIN IS LT L0 SR THEMREZ 50T, %
T ~DOBEDOENGINLL 125,

23 EHBEEECBLIETTRFEOEE

KL OGRS JIE TR T ROEBEZTHT 5720, 1[0
DBKERIZ & b 72 2 KRB IRHE A R CFl > TRENE v, %K
® 5. Figure 10 (X, 200 [FIOBKEED 515 6N - BENEE v, OFF
B3 Tdh 5 (Kobayakawa et al., 2014a). vy, DIE & ADFFFIT,
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Fig. 10 Cumulative distributions of average horizontal velocities during
each bounce. Each distribution curve consists of 200 bounces



Table 1 Parameters of particles used in the simulation

Particle A B C
Particle diameter Dj, [um] 500 50 150
Particle density p [kg/m’] 3900 3900 930
p
Coefficient of restitution e [-] 0.9 0.9 0.1
Coefficient of friction u [-] 0.1 0.1 0.2

pm (Dagso = 150 um) OBEEE OFIPHIL, T Zh-50—60, —20
—40, BEV0—60 mm/s THY, AL 18, 14, BLO 23
mm/s TH 5. 500 pum ORI-1%, IWEVIAHIZEID & 734K & Hij2e

L, LGB L/ N S W T, BEREE O 554 135 <
725, ETZ, Dpsp=0.5 um (Dagso = 150 pm) OERERLT-131% 11
BEEERP, BTl OB IT 5O T, FHBEIEE T RE L 2 5.

24 BREZBORMHE

Figure 6 |27~ L7oRi 11T X 2 BRIEEZE B 038\ N & Bh 7 O fiRT
WX o THAT 572012, Riricidiz 6 < B, s, kv
— RO FE R L OV A Z 5 U 72 E s 5N fi# %, Lagrange
AR T 2 BB 5. R 7R8 & SCRAREDN EL 73 2 i1 o Bk e T
EHAEFIRE L, B onihi T OBEER S 05040 & BRERERED /A1
ZREBRAER L T 5. KT O SRR RTR O EREEIC S
w5 (Tablel 2/) . 72721, Dpso=0.5 um ORI 1 THEK X7z
PRI T (Dagso= 150 pm) 1 D, =150 um O F M B —ERFERL
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Fig. 11 Cumulative distributions of bounce heights. Each distribution
curve consists of 200 simulated datasets. Plot points indicate
experimental data for Dyso = 500 um, 50 pm and 0.5 pm (D50 = 150
um), and lines indicate simulation results for particle A, B, and C
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Fig. 12 Cumulative distributions of bounce distances. Each
distribution curve consists of 200 simulated datasets. Plot points
indicate experimental data for D,so = 500 pm, 50 pm and 0.5 pm
(Dagso = 150 pm), and lines indicate simulation results for
particle A, B, and C

TR, ARBTOBEIZERT. K1 A, B, BLUC OBkE
HEEo®AIL, ThEh-2-5 -03—12, 88X} 0—0.6 mm T
HY, BRI 5% ~OBROEI G 033, 021, BEW
0 ThH5. BEEESE S O/ SR IXBKEERF R 23BN o0 T, BRHEER
M Giloxti) b3 @A H 5. R RITERS R & B4
IC—E L TRY, BKEEBOBEVE, FITTR E OFEZEO K IR
B L OERH TR DWMBRIUSER T 5 Z L V5.

E, RTINS e L, BrEE S L Bk O A
FEROMENFERBR LY bENCKREL RD2BERMB RO
L. T, RABROBANCE 7o T, K —BER O SE R D
{475 7) (Dahneke, 1971) LR HEFNIH E N 7=y NEBR TR O£
FIHIINT B 78505 (Kobayakawa et al., 2015b) 72 & O¥fl it
WEENTORVWEERRKRELS oI ENFERNELTEZD
ns.

#

WoRL T OIRBFE R T 2 HEH A R Y v 7 oRBEEiik %
WL H120E, ZRITREY T 2 AR LR # B O g 3 L FE T
BV, KBTI, BEAFOIRT TR ORI 2T 0 FERE 5 R 4 s
F 2 CHEE S N ROl O FERIPE K OB O R L £ &
W, MR ORBEICE T AR BE X T ER L. BAE
PUFICET.

TIRTTIRE AR ISR LR IO LT, 0 AR OIR
BEMz 5 e, BITIXEIE D 50, KT MOEBITR 7-1[E
EE 2525 2 LIThd. 2oL, Bir— PRSI
RELWHTHDOT, BHRDOFARD EFIZE b 78> TR TI3BEEE
ZBMGT 2. OB, MEHBIERIC X > THERETE 523, ki
T RO BEROPEFE R LN OE— A hOBEIC L
BRHTIC L > THIATE 5. Laho T, Mk oRBii% T
S5 0 DIRENNEE 2 S RICFIA T R& Th 5.

TRGEIREN VAR OB OBKIRTIL, KT RENSLSTHE
F 80 b E ORI XA A2 Y, R OB R
T5. bbb, M TIT AT & L THEITH RN REDKE
TRBEERZ # Y KT DI L, BRI TSR ER D /) S VBRI
ERRL, —EHNCHU N Bk E T D, R LT, BRERL

il



F OB TR L R L TRE S 2D, RI D% &
B3 FS L ORI DB OTURNE, IR ICIREN AR E~DRiv D flf
FEREICRE UKTEL, BRRAIMERET VB X OB 4 M L
THRAFIROFAES I 2 L —2a X > T TE 5.

PLEOFIRIE, FFOMEEZZEZ Th#EAREBZ oD,
Sy BEREIZ RIS D) K 0 b W E) A3 SRR AT e 2 RH AR O
L~ ROTETGERRG (AT 75 ) ROTH P 2 2R 3 SCBL Y I 7 2 B AMORL - 2 f
L L LIDRF B OMATIIS HOMETH 2.

Literature Cited

Clement, E., S. Luding, A. Blumen, J. Rajchenbach and J. Duran;
“Fluidization, Condensation and Clusterization of a Vibrating
Column of Beads,” J. Mod. Phys. B, 7, 1807-1827 (1993)

Dahneke, B.; “The Capture of Aerosol Particles by Surfaces,” J. Colloid
Interface Sci, 37, 342-353 (1971)

Feng, C.C. and K. F. Graff; “Impact of a Spherical Tool against a Sonic
Transmission Line,” J. Acoust. Soc. Am., 52,254-259 (1972)

Gallas, J.A.C., H.J. Herrmann and S. Sokolowski; “Two-Dimensional
Powder Transport on a Vibrating Belt,” J. Phys. Il France, 2,
1389-1400 (1992)

Geminard, J.-C. and C. Laroche; “Energy of a Single Bead Bouncing on
a Vibrating Plate: Experiments and Numerical Simulations,” Phys.
Rev. E, 68, 031305 (2003)

Hubbard, J.A., J.E. Brockmann, D. Rivera and D.G. Moore;
“Experimental Study of Impulse Resuspension with Laser
Doppler Vibrometry,” Aerosol Sci. Technol., 46, 1303-1312
(2012)

Ishii, K., M. Suzuki, T. Segawa, Y. Kihara, M. Yasuda and S. Matsusaka;
“A Vibrating Tube Method for Evaluating Flowability of a Small
Amount of Sample Particles,” Adv. Powder Technol., 22, 522—
525(2011)

Jiang, Y., S. Matsusaka, H. Masuda and T. Yokoyama; “Evaluation of
Flowability of Composite Particles and Powder Mixtures by a
Vibrating Capillary Method,” J. Chem. Eng. Jpn., 39, 14-21
(2006)

Jiang, Y., S. Matsusaka, H. Masuda and Y. Qian; “Characterizing the
Effect of Substrate Surface Roughness on Particle-Wall
Interaction with the Airflow Method,” Powder Technol., 186,
199-205 (2008)

Jiang, Y., S. Matsusaka, H. Masuda, and Y. Qian; “Development of
Measurement System for Powder Flowability Based on Vibrating
Capillary Method,” Powder Technol., 188, 242-247 (2009)

Kobayakawa, M., M. Yasuda and S. Matsusaka; “Microscopic Analysis
of Saltation of Particles on an Obliquely Oscillating Plate,”  Adv.
Powder Technol., 25, 1845-1853 (2014a)

Kobayakawa, M., A. Fujimoto, M. Sakata, M. Yasuda and S. Matsusaka;
“Numerical and Theoretical Study of Particle Saltation on an
Obliquely Oscillating Plate,” Adv. Powder Technol., 25, 1854—
1859 (2014b)

Kobayakawa, M., S. Kiriyama, M. Yasuda and S. Matsusaka;
“Microscopic Analysis of Particle Detachment from an Obliquely
Oscillating Plate,” Chem. Eng. Sci., 123, 388-394 (2015a)

Kobayakawa, M., A. Fujimoto, M. Yasuda and S. Matsusaka;
“Microscopic Analysis of Particle-Wall Collision,” Kagaku
Kogaku Ronbunshu, 41, 281-2874 (2015b)

Kousaka, Y., K. Okuyama and Y. Endo; “Re-Entrainment of Small
Aggregate Particles from a Plane Surface by Air Stream,” J. Chem.
Eng. Jpn., 13, 143-147 (1980)

Liu, Y.H., H. Maruyama and S. Matsusaka; “Effect of Particle Impact on
Surface Cleaning Using Dry Ice Jet,” Aerosol Sci. Technol., 45,
1519-1527 (2011)

Liu, Y.H., D. Hirama and S. Matsusaka; “Particle Removal Process
during Application of Impinging Dry Ice Jet,” Powder Technol.,
217, 607-613 (2012)

Luding, S., E. Clement, A. Blumen, J. Rajchenbach and J. Duran;
“Studies of Columns of Beads under External Vibrations,” Phys.
Rev. E, 49, 1634-1646 (1994)

Maniero, R., E. Climent and P. Bacchin; “Adhesion and Detachment
Fluxes of Micro-Particles from a Permeable Wall under Turbulent
Flow Conditions,” Chem. Eng. Sci., 71, 409-421 (2012)

Matsusaka, S. and H. Masuda; “Particle Reentrainment from a Fine
Powder Layer in a Turbulent Air Inflow,” Aerosol Sci. Technol.,
24, 69-84 (1996)

Matsusaka, S., M. Urakawa and H. Masuda; “Micro-Feeding of Fine
Powders Using a Capillary Tube with Ultrasonic Vibration,” Adv.
Powder Technol., 6,283-293 (1995)

Matsusaka, S., K. Yamamoto and H. Masuda; “Micro-Feeding of a Fine
Powder Using a Vibrating Capillary Tube,” Adv. Powder
Technol., 7, 141-151 (1996)

Matsusaka, S., M. Koumura and H. Masuda; “Analysis of Adhesive
Force between Particle and Wall Based on Particle Reentrainment
by Airflow and Centrifugal Separation,” Kagaku Kogaku
Ronbunshu, 23, 561-568 (1997)

Matsusaka, S., M. Kobayakawa, T. Yamamoto and M. Yasuda;
“Analysis of Vibration Shear Flow of Fine Powders,” J. Soc.
Powder Technol, Japan, 49, 663—668 (2012a)

Matsusaka, S., M. Kobayakawa, Y. Hosoh and M. Yasuda; “Micro-
Feeding of Fine Powders Using Vibration Shear Flow,” J. Soc.
Powder Technol, Japan, 49, 658—-662 (2012b)

Matsusaka, S., M. Kobayakawa, M. Mizutani, M. Imran and M. Yasuda;
“Bubbling Behavior of a Fluidized Bed of Fine Particles Caused
by Vibration-Induced Air Inflow,” Scientific Reports, 3, 1190
(2013)

Mawatari, Y., T. Koide, Y. Tatemoto, S. Uchida and K. Noda; “Effect of
Particle Diameter on Fluidization under Vibration,” Powder
Technol., 123, 69-74 (2002)

Mizutani, M., M. Yasuda and S. Matsusaka; “Dynamic Analysis of
Bubbling Fluidized Bed of Fine Particles Caused by Vibration
Convection and Vibration-Induced Air Inflow,” Kagaku Kogaku
Ronbunshu, 39, 420-425 (2013)

Mori, S., T. Haruta, A. Yamamoto, I. Yamada and E. Mizutani; “Vibro-
Fluidization of Very Fine Particles,” Kagaku Kogaku Ronbunshu,
15, 992-997 (1989)

Mracek, M. and J. Wallaschek; “A System for Powder Transport Based
on Piezoelectrically Excited Ultrasonic Progressive Waves,”
Mater. Chem. Phys., 90, 378-380 (2005)

Mullins, M.E., L.P. Michaels, V. Menon, B. Locke and M.B. Ranade;
“Effect of Geometry on Particle Adhesion,” Aerosol Sci. Technol.,
17, 105-118 (1992)

Rademacher, FJ.C. and L. ter. Borg; “On the Theoretical and
Experimental Conveying Speed of Granular Bulk Solids on
Vibratory Conveyors,” Forsch. Ingenieurwes., 60, 261-283
(1994)

Salazar-Banda, G.R., M.A. Felicetti, J.A.S. Goncalves, J.R. Coury and
M.L. Aguiar; “Determination of the Adhesion Force between
Particles and a Flat Surface, Using the Centrifuge Technique,”
Powder Technol., 173, 107-117 (2007)

Sano, S., F. Saito and S. Yashima; “Mecasurement of Forces of Adhesion



of Powders to Glass Plate by Centrifugal Method,” Kagaku
Kogaku Ronbunshu, 10, 17-24 (1984)

Simsek, E., S. Wirtz, V. Scherer, H. Kruggel-Emden, R. Grochowski and
P. Walzel; “An Experimental and Numerical Study of Transversal
Dispersion of Granular Material on a Vibrating Conveyor,” Part.
Sci. Technol., 26, 177-196 (2008)

Sloot, E.M. and N.P. Kruyt; “Theoretical and Experimental Study of the
Transport of Granular Materials by Inclined Vibratory
Conveyors,” Powder Technol., 87,203-210 (1996)

Soltani, M. and G. Ahmadi; “Particle Removal Mechanisms under
Substrate Acceleration,” J. Adhes., 44, 161-175 (1994)

Soltani, M., G. Ahmadi, R.G. Bayer and M.A. Gaynes; “Particle
Detachment Mechanisms from Rough Surfaces under Substrate
Acceleration,” J. Adhes. Sci. Technol., 9, 453—-473 (1995)

Takano, T. and Y. Tomikawa; “Excitation of a Progressive Wave in a
Lossy Ultrasonic Transmission Line and an Application to a
Powder-Feeding Device,” Smart Mater. Struct., 7, 417-421
(1998)

Tatemoto, Y., Y. Mawatari, M. Yamamoto and K. Noda; “Effect of
Vibration on Particle Motion in Two Dimensional Fluidized Bed,”
Kagaku Kogaku Ronbunshu, 27, 824-826 (2001)

Theerachaisupakij, W., S. Matsusaka, M. Kataoka and H. Masuda;
“Effects of Wall Vibration on Particle Deposition and
Reentrainment in Aerosol Flow,” Adv. Powder Technol., 13, 287—
300 (2002)

Theerachaisupakij, W., S. Matsusaka, H. Akashi and H. Masuda;
“Reentrainment of Deposited Particles by Drag and Aerosol
Collision,” J. Aerosol Sci, 34,261-274 (2003)

Tsai, C.J., D.Y.H. Pui and B.Y .H. Liu; “Particle Detachment from Disk
Surfaces of Computer Disk Drives,” J. Aerosol Sci, 22, 737-746
(1991)

Wang, H.-C.; “Effects of Inceptive Motion on Particle Detachment from
Surfaces,” Aerosol Sci. Technol., 13, 386-393 (1990)

Warr, S. and J. M. Huntley; “Energy Input and Scaling Laws for a Single
Particle Vibrating in One Dimension,” Phys. Rev. E, 52, 5596—
5601 (1995)

Wood, L.A. and K.P. Byrne; “Analysis of a Random Repeated Impact
Process,” J. Sound Vib., 78, 329-345 (1981)

Yang, S. and J.R.G. Evans; “Computer Control of Powder Flow for Solid
Freeforming by Acoustic Modulation,” Powder Technol., 133,
251-254 (2003)

Yang, S. and J.R.G. Evans; “Acoustic Control of Powder Dispensing in
Open Tubes,” Powder Technol., 139, 55-60 (2004)

Zainuddin, .M., M. Yasuda, T. Horio and S. Matsusaka; “Exeperimental
Study on Powder Flowability Using Vibration Shear Tube
Method,” Part. Part. Syst. Char., 29, 8—15 (2012)

Zhou, L., H. Wang, T. Zhou, K. Li, H. Kage and Y. Mawatari; “Model
of Estimating Nano-Particle Agglomerate Sizes in a Vibro-
Fluidized Bed,” Adv. Powder Technol., 24,311-316 (2013)

Analysis of Vibratory Conveying of Fine Particles

Murino KoBayakawa and Shuji MATSUSAKA

Department of Chemical Engineering, Kyoto University, Kyotodaigakukatsura, Nishikyo-ku, Kyoto-shi,

Kyoto 615-8510, Japan

Keywords:

Vibratory Conveying, Fine Particle, Saltation, Fluid Resistance, Adhesive Force

The vibrating conveyor is a machine with an obliquely oscillating trough that induces the saltation of particles.

It is widely used for the transport of solid materials in industry. However, basic studies on the adhesive forces and

fluid resistance that act on the particles have been neglected, and there have been few reports detailing the vibratory

conveying of fine particles. This review summarizes the latest experimental and theoretical results on the behavior of

fine particles on a two-dimensional oscillating plate. When a sufficiently high intensity of two-dimensional vibrations

is applied to particles adhering to a plate, the particles become detached and bounce repeatedly. The external force in

the tangential direction of the plate induces particle rolling, which decreases the particle—plate interaction force; as a

result, even a relatively small external force will allow the particle to become detached from the plate. Furthermore,

coarse single particles are transported by the repeated larger bounces with both forward and backward motions. On the

other hand, fine particles can easily form agglomerated particles with low restitution and bounce slightly but only

forward. Consequently, the transport velocity of agglomerated particles is greater than that of coarse single particles.

These phenomena can be explained with a theoretical probability model and numerical simulation of the particle

trajectory.



