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Study on the Traceability of Spherical Particles with

Small Density Difference

LEE Young-Ho, KIM Choon-Sik, CHOI Min-Seon

Abstract

Numerical and experimental study on the traceability of small spherical particles in a flow field
were performed when the particles have 2% lower density compared with the fluid.

Equations of single particle motidn, including Saffman lift and Basset force are formulated. A
flow field for the application of the equations is obtained by numerical calculation of the 2-D
cavity flow.

As a result, the center of particle motion deviates greatly from the center of cavity primary
vortex, and particles distributed within the secondary eddies disappear by the buoyancy effect.

In experimentation, PIV (Particle Imaging Velocimetry) was adopted for two Re numbers
3.2X10% 10* and also for two particle sizes range 0.5-0.7 mm, 0.7-0.8 mm in diameter.

The center of particle motion moves right-upward and its velocity component to the
gravitational direction reveals buoyancy effect and its effect is greater in case of the larger

particle with smaller Re number.
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FH9 Jge FAEE ¢HE 93t ok Y, AEEE A ok AdzAel ds
3171 YISl AE 7|8 o2 QAo FFA (traceability) o] FAZ =, 224 EAL /A4y
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FFAe vlAE AR ALz e F5FY AAd A J&dd, «F 4, FAX =
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e d=E 2E FYUAY FFAde) B¢ A7+ -3

7HA1 3t A¥ge] Wl PR & AAeld),

qdAe] FF Aol B FAY ATFEANE, EHONHRA JZE o|8Y o o] T A4A
Soll A3 AFHA 4¥8E YT Peebles” 59 AT7AH7 Urh oL 4FF Req #HS ol
Rl AEE4EE F3L, Red F7lol ot 712 P40 71ZNSH2E AgAAS 28 93
i ek

F&71ZHE o83l F5AY 42§ AFHoz AZY do suslE AN v
Schraub” &oil 2|3} B2 =gich, 2 F8 dlgo2A, FUYH 279 7 Eudo] F9F AY=
eoid, 477l AT Rt +47 29 4edxe] JFE FAY 4+ gL A2 ¢
o velrl, WERFERAAY 2FAE 24 A8A ¥71A 3 (added mass force) 743 &
ZEG A AL ol &3l AAslga, FHe wWEol st F33 FF Aol FuFoAE
gAre 2718 2udzn Yo},

Okamoto¥ 52 F47| o] 28] BB E9 &EASE PPl oA, 7|29 FF Ao &
€ FE ¥9, 71237, 4ol 2o T, AdozYEH FF(wake), F&o| Y+ &
SAAMe A Fol I AEE P a2 FolA FRY FAHY %L FAE 4 U
<+ #3lx U+ '

BAAE F53 Zol TR AAYgoz L= E R+ F5FE I & Afole +3
Weko 7 ofo] A7lch, Saffman® e ol #3 AAHE AAst gl

Minemura®5-& W73 F HZUA 74 nAdxt 2 7129 AAH} ¥ FEE5E & &
Ao Fiin, AAA vF 9 E2%9 & PEAD, 2 A, o4d Y=
ZAYAS] AAE FAd TR A Al AR Aol Adlxn, A H|F Y Hzo
frae] & ZSolxe, ol Age] dAMAE i Ut

2 JdFolAE R QoA A FFA4E AFHos =AY AHA FaHe A+A
I AEF F, 23T F Yt ZE P4l I dATFHAAS HARE P =
g, AAY vl (cavity) W F5 30l oA Aol 47 AAAL AEE Fsich, £ ATl
Ae FFAd 7t & L vlAE 89e A 2%9 YEAE e,

2. YXe SEYHY

HESEROl AT WA FYARl G LFRAAL eirAA AdAn got A
o QAFAAE Rzele] olateh ol Ak, FYURY LFPANL UAl FEHE
oAl Y4¥ol A¥Hez shaddchn 9 A ()3 2ol TAU,

M (dup/dt) =Fy+ Fp+ Fy+ Fo+ Fo+ Fy
M=p,V, V=4/3)n(n)* (1)
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1) 398 F, el F83le §YH2 oj3e Aoz T,

Fy=Cax (1)%(p/2) (p—u,) | Up—th |

—_24 2 .
—_ Rp T 1+(Rp)ll2 10.4 (2)

27, | up—uy
21

Ca

R,=

2) AskTulel A ¥ F: dAFA AhTulol o7 Yol

F,=V(ap/ax) ©)
3) AAH F,: TN LA A3l £ o] sigsct

Fo=V (op-p1) & (4)

9 $AAY Fo: 449 Adol dhE o336l F4ahE 4ol

1, Du_ du
Fa=gmV g — ) )

04710“/‘% Dul/DtT‘:‘ ‘?ri'“‘-:,ﬁ-o—] /‘47‘5,_]_7]-4;—5163_‘,‘1_% }_/(]-3-]_
A4S Y AEEE el e,

5) Saffman %9 F,: AR%E4o14 S$E7vo] @e A4l o] Saffmans] s #4159
2

e

He| R AAAE, du/div AHGE

F,=3.23un(vr): - (4n*G/v)'?, G=0(v,);/0m (6)

6) Basset®™ Fp:glatel #4917} Stokes3 &<l A% U9 EFold a7E Jehlle A Eo
o

FB=6(7’p)2 ° (n'pl/ll)(%: - ‘g:.P) (t_d:)uz (7)
gt & Aol A& StokesB ol A utEH=A 7] wiFol o] P Aetsch, ol9o] HE3

of et 44E, B 4HARE dFl FA}E MagnusE} S o E 4
Uz EFYHAE FEY Wt ok,
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7HA 8 Aol WWE] PR Ye AAel

Yo 2F Aol A FAlY AFEAE, EFOJMRA JEE o]4F o HHd 4% A4A
ol #Ag AFAU 49 A3 Peebles” 5o AT7AH7 U}, o] FL 4537 Res ol
oA AEE=E T3, Red F7lol v 712PA 7 IAGHZE AgAFH2 5 93
I 3= ,

F&712YE ol &3t FEAY 45F AFHoT AZY do] FudslE LAHAY os)
Schraub®? el 28] ¥n =, 2 F8 WLoz A, FUIF 279 712yl F8E A=z
Zole], &EFulsl A RellAEe F47129 A5EE9 Jg& FAY 4 ¢S AF3n 3
o vobrh, HEFERANAY FFAE =AY A8A $714 33 (added mass force) 7HA1 &
ZET ARG AL ol &3t A4S, FHY wWEol ot FHF FFAo| HusoAE
JAre 2715 Bastn o},

Okamoto® 52 447 2ol 28] AEE] £=A4FE PPl UAA, 7|29 FFA F
<+ Fv ¥4, 71x37], 7MEol ded JTAe], AMAezHHe F/(wake), F&] U+ F
FAAY FAY Fol i FEE P33 2 FolA FF4 TAHY 4FE FAYR + T
< w3z ek

BAAE FE% Zol Fis AAYgoer LxFwE Z+ FFEE 7HAE ¥ At 43
ulsko g ofzjo] AZIc}, Saffman®e ole] A3 A E At et

Minemura®5< W74F HZ oA 74 nada 2 7129 AFH} Hdo FEE5= 5 F
Aoz Filxn, JAAA vF o 223 & AEIHAt 2 A, od F=Zu9
2AQIAe] AHL FAL PR A sl A Age] FIm, YA wlF Y HZ9
fraFel & Afels, © Aol dAHNAE HIn U

£ dAFoAdE F5Aol Yol sl FF3A4E AP oz =AY AHAM FH d7A
HE AR F, 28T & Yv ZE Y4Eol TEH AL EFEAA HAHE P =
&, AAS A (cavity) W FE el lolA AYol 9% AAHL FEE Pk, 2 ATl
A FFAC 7Hg & ¢S A 89024 2% YeAE 1833

2. YXtel 2EHHY

HEEER AT WA FHYR A TFBYAL kA Adsn Yot BAA
o AFARAT9E Pzaled olstsh Fol FIBeh, TYUR LEPHAL YA FEHE
47 Y4¥ol Y4z adetn §9 A (DF gel AL,

M (dup/dt) =Fy+ Fo+Fy+ F,+ F,+ Fy
M=pV, V=(4/3)m(1)® oy
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g7l A 7 FAARL oh&7 o] Aol <k o FAE ek sl7] st xubakAgd
< 37]%,
1) &8 F,: QiAo 83+ FHL o5ty Aoz TR,

Fd=cd7f(7p)z(P1/2) (up_“l) | Up— I

—.24 2 .
Cd— Rp B 1+(Rp)”2 l0.4 (2)

27, | wp,—u
sz 7 L

2) Askulel A ¥ Fp: JAFHA] AghTlel o3 YA Eeld

F,=V (ap/x) (3
3) AAH F,: FHANA LSt AAH o F3H o] s

Fo=V (pp-p1) 8x (4)
4) FHAFY F,: 4Ae] 7hérel wE Frpd kel &5l A Eeleh

=gV (- — e (5)
A7NA Du/Dte FA%S] AAAEEAEE BARE ol RAAAE, dip/die AR

A9l Y=g AL E o=l @,

5) Saffman 434 F,: Ad-FEAA SE7ulol] w8 FHFA 44 e] Saffmancl] o8 A=)
ot

F,=3, 23/”»(”1‘) i (471»26/7)) vz G=9(v,) j/axi (6)

6) Basset™ Fp:gAte]l #4171 Stokes® &< A$ 4 ¢5old ZAE Jehi: Ao
ot

Fs=6(7’p)2 * (”Px/ll) ( %: - (gf:) (t_d,:;uz (7

@ & A4olAE StokesEEol §4 HFHA @] Aol o Fe At olgol $E7
o @b 443, B n43ASE Yol BAHE Magnusks SE 2§ A P
U] +EHHAE FEE Wt Yok
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3. FXAN

2314 A9y Avlehiel S50l oA YA 2FHE FAALLH I3 ARk F
Bl dT A4 A% $5UAAY AL SOLASEOE ol £ehn, AEAAZA 100X100
o 54 AUARE o] §¥ch ZE W4E Avee] Gel Aol 5mme FyPEs) &=
FAYEZ FAYSE Yot F529 Redt 3.2x10%]

Fig. 1 A4AS dojd gl F4AAe 4% W $44% $E42E TG o A
£ Ghia®se Astst AAsH, AN 54 AAY 4 g AU Xelm gk o] £
ol gl FAR A4 AAE 27 $YSE 022 $H 2T YA A4 245
o, FEuge d2ye duges Agw

Fig. 2014 Fig. 4714E p/p=0,988 A% F44 A7 T=2.2743¢ 942 Adels #3%
9 $4¢ AAA ez gleh ANlEY §d) o2 FAURE YARA 7,=2x1079
AeolE, UAEol As Aol weba o] Ffeh. aeh, Fig. 3olAsh Zel #Aol & 7=5x
1008 A9ole dA AFez 8 doiA 4L FASY JFHeE He LBF Yo
sojus, AR Szl 2 A7 9ee & 4 Yk ol AFME AH 2slo] e
34 &3 G e e A ¢ 4+ 9Eh FigdoldE ATt @ 2xshe)
Y47t AL B Feh

U=1.0
Ty rs= 2 x 1073 ©p/p, = 0.98.
L 2-D Calculation Re= 3200. T =0.4-0.6
MAC Scheme = g — ——
| SOLA Algorithm = S
=
LT
-velocity
L L 1 1 L ] 1
Fig. 1 Representative Velocity Profiles in 2-D Fig. 2 Trajectories of Smaller Particles

Cavity Flow(Re=3.2x10®, Uniform
Square Grid Formation= 100x100)
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ry=5x 103 °p/p, = 0.98. rj=5x 1073 Pv/p, = 0.98.
Re= 3200, T=0.4-0.6 Re= 3200,

GRAVITY

Fig. 3 Trajectories of Larger Particles Fig. 4 Trajectories in case of Long Time Ellapse

4719 AxA A & 4+ Kol AulefEAA e 3 249F sute Ud F5A
AN E 53 A=Az FEe JPo] FTaAH o HAZ, FEFY AMHA AFS
Az AAA R3] AN FFA0l F5T YAY AHol FLETE el gl

4, AEZn

Fig. 5+ AdAA 9 AZgxelty, A4z oz 55+ 0,2mmT X 160mmB X 1462mmL2] AH|
dale FEE Aulejfol & o= (vorticity) & 2+ AHE FFY} HA 0,12-0, 25mm
9] Nyloni2®] T¥ A& Edo|AURAZA Adslgch 3% o]|Foe] 2ag YFal=e A
FAT AolE, AdE oA WAJE FAHH zHAAE 2,5mme] YHE A AEgjolE
(sheet light) & A&},

FEZL viresolzo] 7] &5, o 4L YFo] dA<SH 4709 oz Hals o] ofg
A Z2AAe dHA, dHE e dAg S3AAZSH g ARA2r| Y JHz 3
A=A R 24 HEs] 3, o|F9 doletazo] o]&Hc}, slojet HeEAE: Vehe 293
E% Fig. 6ol 2olch =be] F4l (gravity center) A4k 719314 $9.38 AL A 4
o =z oo FL UAE FHstE 442 “5A (identification) "ol t}, - o FojA =
T. Kobayashi'"5oll 23] A<td 4L Hapgh,

Aol A A% Aol =& whdolct,
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A:SCR DC Motor & Reduction Gear B:Roller & Stainless Belt
C:Encoder & Digital Tachometer D:Cavity(100 mm L,B,H)
E:Cylindrical Lens & Fiber Line F:TV Camera or CCD Camera
G:Monitor TV H:Color Image Printer
I:Argon Laser J:Video Tape Recorder
K:Time Base Corrector L:X-Y Plotter
M:Digitizer N:Image Processor & Monitor
O:External Memory P:Laser Printer

Q:Host Computer

Fig. 5 Schematic Arrangement of Experimental Apparatus

Fig.8% ¥ Fig. 174A& FF3ATAE 4=z HEF Aol Muleje 28 33 F
3)u] (SAR : Spanwise Aspect Ratio)+ 1: 3,2¢]c}, F3Ho] <3 FZulgto 2al =837 o
Foll dxzlel] 9% xo Wste FHvlol s JFE A gedn FAGHAA, 8" 9
A& Nylon128] Wi-le) 73 Qlzbeltt, #7L 0,5-0, 7mm, 0,7-0,84mms| § FFol=, Lxw|
0.98+0,0059] 7}¥-¢ 45 ALGsRAsh, P AHE ANME 87159 29 d=¥ LA
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Input Consecutive
4 Frames of
Image

Separation of frames
(4 0dd Fields)

| Thresholding |

| Noise Reduction |

[ Labelling of Tracers |

Calculation of
Gravity Centers

Tracking of Tracers
~for Correct Locus
in 4 Frames

Save Initial and-
Terminal Positions
of Each Locus

Post Data Processing
(Velocity Vectors, Vorticity
And so on)

Fig. 6 Flow Chart of Digital Image Processing
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¢ AZsgch 2%, Re=100] #5AolAE UEdol HE ol 2A ehby AHA s
delehe] Husl ojzigich,

Fig.8¢ 7ol 0.5-0.7mmal 3%, Re=3.2x10°% &= elojn), Figor 2& A9
Re=10i49| I=te) 4595 +2§ 2edFeh Fig.103 Fig.11¢ 27o| 0,7-0,84mm< #e|
Aol eh, Re=3,2X10%1 418 70| 0,7-0.84mme] A$ole 288l HEo| Selr} nolA
ok oA AW 272 YoM AL FEHel TUASA $TH YR A A
Y FER 2FHUA E3HA D, Figash w5T AGE ve) 434 A7 $3 4w
2 o]%3ty] wEolt, olsh R ARe FAstlAY ULAE 2= YA A B A
o Ao} dAHa gom, 43 Az % BA2AE 2E F52E dA2AYoz AHe
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Fig. 13

Fig. 11 Distribution of Velocity Vectors(Re=10*,
Dia.=0.71-0.84mm, SAR=1: 3.2, Density

Ratio=0.98)

(Re=10%, Dia.=0.50-0.7lmm. SAR
=1: 3.2, Density Ratio=0, 98)

Velocity Distribution at Central Section

Fig. 12 Velocity Distribution of Central Section

(Re=3.2x10°, Dia.=0.50-0.71mm, SAR
=1: 3.2, Density Ratio=0.98)

Fig. 14 Velocity Distribution at Central Section

(Re=3.2%10°, Dia.=0.71-0.84mm, SAR
=1: 3.2, Density Ratio=0.98)
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Fig. 15 Velocity Distribution at Central Section Diems.10-0.250c of Nyion12, Re=3200, SaR=1:3.2
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1:3.2, Density Ratio ) Fig. 16 Comparison of Velocity Profiles
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Fig. 17 Comparison of Velocity Profiles(Re=10*, SAR=1: 3.2)
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