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Model Experiment on the Motion of Fine Particles of Inclusion in

Liquid Steel

Synopsis :

Shoji TANIGUCHI and Atsushi KIKUCHI

The lateral migration of solid particles in the vertical pipe flow of water was studied to know the be-
havior of fine particles of inclusion in the flow of liquid steel. Hollow glass particles, 0.46 X 10° kg/m? in
density and 55~ 135 pm in diameter, were injected in a vertical pipe flow of water or aqueous glycerol solu-
tion, and the collection efficiency of particles on the wall, 7, was measured at the exit of the pipe. Most
experiments were carried out for the case of upward flow, and effects of various factors on 7 were investi-
gated in the following experimental conditions : 2=0.25~1m, 5,=0.01~0.5m/s, dp=55~135 pm, u=10"3
~3.7X107 % Pa*s, D=0.02, 0.033 m, where z is pipe length, v; mean velocity of liquid, dp particle diameter,
u viscosity of liquid, D diameter of pipe. '

Rubinow and Keller's equation on migration velocity of a rotating sphere in a uniform shear flow was
modified by multiplying a correction factor, 5, and then values of 7 were calculated by the trajectory model.
Comparing the calculated and observed values of 7, the values of 8 were determined and correlated with the
particle Reynolds number and the tube Reynolds number. By using this correlation, values of 7 of alumina
particles in liquid steel were estimated for various conditions.

Key words : inclusion particle; liquid steel; lateral migration; pipe flow; trajectory model; model experi-

ment.
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2:1 NTEVDOETIVRF
FHETEMEY DO ET VRLA & LTHREN T ART
PRV, FORIKGERKIGE L, KFOFHEE G
0.46 X 10° kg/m>, FIT-1%id 10~250 pm BIZ5A T 5.
EE dp OBERERDOFRERE vpr (m/s) 13, R LA
I WV ZXE Rep (= dpvpr p/p) 51 XD/ iFHE(1)
. Stokes HI X N HEHTE 5.
vpr“—‘dpz(,of“-pp)g/lS,u ........................... (1)
KOS5 AERE M (=7 X 10°kg/m?, ©=5
X 10 %Pa's) HOEKFE TV I +HF (op=4X10°
kg/m?) 1205, (1)RIZES T vpr BLU Rep 28
WTnE, ROXIIED.
K-2eH 5 2AFK
vpr = 2.9 X 10° d,”
BW-TVIFR _
vpr= 3.3 X10°d,” Re,=4.7x10"d,*
IhED, KR THW S RRBERP N EDESHOET
WEBRELTHEYLEZONS.
2:2 MFOBKNSIUREKEEDRE
KA OBRIZLUTOL I I L TIF 572, 115325 £
PaDADOEELLVEHW, KT ERERXEGTTS.
ZEEHVEORTR5HO— MIAN, KEFEAKED
T SKYHRET 2. oL KERYEL, ki
FRICE BB EHEEDELFH L TER LT - 72, B
FBORFETEMSBET C 100 HMoRELHEL, ZOF
B R RS 72, T 55~135 pm 0 5 BB IS5
sh, BREROEERAE 5~9pum PIH - 72,
FABRL B DRLT A D W TR OREKFE EHEE %Ko
fzo PR 0.02m o F 7 AMERICKEWZL, BT
D OEHEE TR LB OHEAT S, 77 2B EHIC
7 2 ROEE (MR 0.02~0.05m) % RFA%@E T
LEE A SBREREE KD, BREORFICID X,
200 [ D PE F 4TV, BONATFHRIEEL2S (1)
N CHTHEE op xBH L. ZO8E, opix (0.417
~0.513) X 10%°kg/m® & LCHELR, KMFEICELDE
MWERR AN D 57, FITARTIKHTEE L
LCLERDOFIE 0.46 X 103kg/m® 2T HZ L1
L.
2-3 WFAEER
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Fig. 1.
ratus.

Schematic diagram of experimental appa-
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HEHZ L AEHOIEEBERCE > CELET 20T
FRS D70 DRF 5 BEROEHE L. 05
CASHEMITEICE 2 mm BEOMB LR, £2I70b
ThromE (FROKBEOK %) TKERFIL, BERIC
o THFLTANFORERNTELL )T LI 23,
THRROBECEHEIREE2 ERKED 40% $ TOH
PHCHE A 2 b S 272, SR Cor i & /o Eil & BER
BT _—>055%5w A, B THMEICEHIXE NS, EE
BFAEEA DAY FFGE (Fig. 1 (a)) B X O TFTEK
(Fig. 1 (b)) @ F A FRIZDOWTET » 7.
AOTEANSNIRF2BECERMT 286 1 (RET
WEEMERIRLIER) BROX I LTHELL. 55
WTEIR E W T R R BHEEROIARS. T
Ha i IS EMESIDfFr o T, EMEL
BERRE ZES LT — N THERISA TS, BHT

T 7R YKEROMEEIL AT O % Fv: 721 (25 mass% : p=
2.0 X 1073 Pars, p;=1.06 X 10°kg/m%, 40 mass% : u=3.7 X
1073 Pa-s, pgy=1.10 X 10°kg/m®).
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WhHAKEEAL THTF*EBWELIED, TORE
LEMETSH Zo05s5\w A B (Fig. 1 (a) Z8)
THMEIZ BN & Rk Tt LTl L7z & La, Lg
Lb, KR CEEFERER n £ RBIHIL.

7}=LA/(LA+LB) .................................... (2)
EREEIR (8 20°C) THiT o 72, KEBRFEMFIZDTIC
RTEBDTHAS.

FREOHE  MEENE D=0.02, 0.033m, #E
W 2=0.25~1m, K T1% dp=>55~135pum, WO
B u=(1~-3.7) X103 Pa's, F¥H®MKHE v,=0.01~
0.5m/s, VL4 /WA Re=60~10000, k¥ L A
J W X¥ Rep=0.0468~0.724

FrRkEoOBE:D=0.02m, 2=0.75m, K T1E dp
= 135 pm, u#=10"3Pa's, 9,=0.1~0.5m/s, Re=
2000~10000, Rep=0.724

L8, FEROEBRICETLMEAOKT OSTIRI &
FREBLVUTREDZENEFNIIOVWTEELL. ZO
R, KF P OR T EFROLE T THRIAT 2
NCEBICET D, TRIEOBGICIELOHENS Z L
PR S .
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3-1 EBEPE p cRIFTHHNTFOBE

3:1-1 n& z £EDEHR

Fig. 2 (a) X0 (b) ICHIEEORE 2 v ALK
21 BEOBMABENE » O EBEE FHREE o=
0.05m/s (EHFE) OBEIZ>WTRLE. LD nid
zEbicmMLTEBY, F—0 2z TERTE dp 25K
By, FREORE udhsvIiE pATKEL
BoTWwa, 28, MbhoEREIBICHND 7 OFE

z/m

0 80 0;5 1'
(a) D=002m,V;=0.05m=s"
o6} u=10‘3Pa-S i
' Key de/Hm =122
= o 13
o4rf 5 % 18.0 7
208 0
0.2} .
—— :Calculated values
O 1 1
(b) D=002m, v4=005ms™
06k Key K/103Pas dp/pm J
O 1.0 13
v 2.0 119
a 0.4} [ ] 3.7 -
0.2 .
——— : Calculated values
% 05 ]

z/m

Fig. 2. Values of 7 as a function of z.
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3:1-2 nIZRITT oy BLU dp DEH

Fig. 312 2=0.75m OHAD n & v L DEMR%E EF
MOBEIIOWT dp /87 A= =L LTRLZ. A
ED n ik o AVRS WHEIRTIE v & D ICABUTREL
hoTWDA, RAMERLE, o L& bIlBEe,C
WAL, 5% 0.25m/s DL ECRBUIRA T A&
RLTWA, pht o OIE & bICKE % HERFER
T 7k dp Ko TH I DEIL TRV, 74 v

Re
0 6O 2000 4000 6000 8000 10000
. X T T T T
Laminar  —sie— Turbulent Observed values
! D=002m,z=0.75m
; - p=103Pas
! Tl Key dp/pm
0.4 : - x 135
T 2 W
= i o T o 72
, A 55
VA T e —: Calculated
02 ! A B values
N S 9 Eqs.(13),(14)
\\‘i_;j o s M=Y: Uniform dispersion
e VAN 8 ﬁ
| A — R XA 5 _
0 o L 1 1 1 Fig. 3. Relation between 7 and v,
0 01 02 Vi/m-s-l 3 04 05 for various values of dp.
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WmE &b n I 3BEF ML TS, 72 n2AM
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BEMTHEZHRFITIHE Qs L EHOHE Q L DIL)
DEIZHELTBY, MTFIrEATH—ISHTALS
KhABIEERLTWS, HholicEL 4 2 V¥
Re (= Doy p/u) OAES BFEL L 7245, 5,20.12m/s D4
Tt Re=2400 TH VY, FIENOH I IZELFIKEEIC
HHLDEEZOLNL. L Lads & v & ORER
12 Re=4000 I2E % F TREELBILET LTV,
Ihin, ELRBITHRF DB RIADIXKEIASES % =
EWHFDAB., LML Re=5000 & 25 L EHEOBL W
REEHO 1 OIRFIE LEWICE—S8IES L LS
W22 5. B, P OERITHBDOERN(13) 5 L U(14)
RICKBEHEMETH B,

313 nICKRIIT uBLFDOEE

Fig 4 OB v /395 A —%—L LT & Re
EDBFRERLZ. XD 93K Re T3 w I2KE
Y9 Re & L HITHEML T 5%, B RelkTid uw ohg
Mo TELLBA LTS,

RICFig SICEBRB D #3954 —4%—+ LTk Re
L DORRERL. 71 Re DEFEIBT DK E WA
INE T TS,

Dk, ERROBED ik dp, v, uBXUT DL
T+ A 2 EATRE N,

3:1-4 TERERICBITAS g

Fig. 6 (a) 3L (b) K FTREDOH GO 7 &IEE|
RyBLOP o LOBFRERLA. 3 Fig. 6 (a) %
RaL, v —FEDOHBED n OERMER y=1 DER
(RLF- 25— 28T 556) KO THIMELTWAS.

- D:0.0Zm,z:O.?Sm 1 .

Observed values
Key WA03Pas dp/um

L o 1.0 113
— : Calculated v 2.0 19
values e 3.7 119

0 100 zoooRaoooz.ooosdoo
e

Fig. 4. Relation between 7 and Re for various
values of .

CHBRHFPEISEN TV L2 RLTWES, KIS
Fig. 6 (b) ZWEG|E ¥y 2131T—% (5 0.25) o L7 &
ED /Yy L oy EDBERERTZDDOTH B, 0/7id v
750.1m/s (Re=2000) Tiz/hSWEEFELTWVE.
L2l oy hEDREL2BE n/y BABIZKE R
Do OWME & HIT 1 (H—4380) ISETWTwh,
HER IS RETEHICE 20 TH 5.
3:2 BHEREDLE

BB D X, EEFHODHLHAOPIHFET B

Observed values
Key D/102m dp/pm

—— Calculated o 2 13
values ¢ 33 119
O 1 1 | 1 1
0 1000 2000 3000 4000 5000
Re

Fig. 5. Relation between 7 and Re at different
values of D.

¥ (=Qs/Q)
0 01 02 Ol-3 04 05

05— .
- =Y. o
(a)
O Vg W 1 Q i 1
0 5x103 Re 10%
1 / T (.)
Uniform o
dispersion o
O
o
> o (b)
0.5} i
D=0.02m
z=0.75m
u=10"3Pas
dp=135 Hm
o ¥=023-028
o ] 1 1

0 01 02 03 04 05
v§/ ms™!

Fig. 6. Values of 7 obtained for downward flow.
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F IR EREEATOIIKEIAMERT 5. 2 OKENN
& LT Ruwow & Keiier (R FO@EERIC L 5N %%
Z, SAFFMAN ZTAADEMIC X BB E 2. MR
L NESRBERAMOBNRERLER(3)BIT
(4)XTHGz26N%.

RuBinow-KELLER :

3 .
F. = rnap wa('UPz - ’Ufz)

18U e
@=" 92 dr (3)
SAFFMAN :
dov 172 g2
Fo=81.2u(vr— vl | 5 | i
y

I, oK TOREARE, ap 3RFHE 0p B
L v, BERFRFLT B LOTRD 2 HEE, vid
RAEDEEETH 5.

7, WFDHAERE vp, 4 DB TR TKED
+oEE, FFICR(5)RTREND Stokes DIFTS)
MERT 5.

Fa = GUu@ppy woeeeerersreenmssssnnsnseannnnnianeeenee ( 5 )
HFOEEEEBL, FL & Fg 2% E(3)~
(5)R & DRF DIKENEHRE vp, THINTES

Isun & Hasmvoto i3 FECO M ISR L ER L
<, (6 )R TRINAHENBREEDATICBITS
vp, % FEHTHII R 72,

v = 20,01 — (r/R?]
I, REIMNEO¥EE (=D/2) Thsb

o DB vp, DEERE(7 )X TEE NS

UPrz(aPUPTif/V)f(r/R) ........................... (7)
f(#/R) X r=0BXU RTO, /R=0.7 ClRAMEZ
T L) EBTHS.

PEZ>0BEICESOTLUTO L ) 12 L TEEERD
R OBEBEE RO CAL. MERORESMA(6)
ATEsShBEREL, (6 ) RBXV(3)~(5):&H
Rusinow & KrLLEr B X OF Sarrvan O BEFHIZEED < vp,
kD, ThALOBRBEBLIU(T)ROHREAVS
PEMRICE AN T EER LSS, 4, R 1
IABENORTFMEYL (r, 2) &35 &, KTHE op,,
vp, R TREINS.

Upr=dr / dl ; Upz= A2/ dl wroerrreereseeenees (8)
ShENKRNERS.
d’r/dz:UPT/UPzszT/(Ufz+UPT) ......... (9)

(9)X# z o2V THEST T, MENOKRFELERY
Bohs, ErEEAOOKIE* GG LT,
Az=0.01m =& (CHMER (IS T- 72 15

— 89

Shi-BFUBLINDLToOLIIC n2EEHE L 5
BB EREL DD 2 OB 2c ¥EXBH. ZOHL
HEEAL (2=0) $THICEDLE, FORFOAD
WBTANE (r=rc) P00A. 2O EADOICBW
Trzrc DHEBIZH DT NTORTIE 2= 2 ICBWT
BEREIZHLIEICRD. EANICMR SN LHFIRE
B THBHETHE, 2=2. 2B 5% kRN TH
F Y (-9

R
/ (Ufz+ 'Up'r)27l"rd7'

7R (U,+ vpr)

77:

CHDEIELTKRDZ n & 2z L OBFRE Fig. 7 ICFER
e s L TRLE MED Sarruan DBFRIZE S 7
DOEEMEHS DK E {, Rusmwow & KrLLErR O F NDTE

H/hE W, %?ﬂﬂﬁi i% Isun & HasumMoro @ B E4 & Rubivow
& Kever OB R E OFHICH 5.

Rk D& 512, Ism & OHEHIIFF O HER, KAEDE
HAEBLUBHRE 2T N TEELARLEELER
EZzoNb. nOEMESGZOBERE B LEVOIK
OBHICELBERDLNS.

Isun & ORI RAOEMFTCEHISATWS,

Rer< apr/R
AR TRBI KT 2R E Lizzois, RRo&M
@758 Twi v (Rep=10.0468~0.724, ap/R=
0.0008~0.0068). Z I & A% Isuu &H DOPRGHE & AFEER
WREOMHEDELRFERLEEZONS.

F 72, FEMlfE X Rusivow & KeiLer OHEGEL D LK
EVAT, THUEHETRO X )RS OB ERATRAKDOEMER)
BE@EHL TWAELDEEZONS,

D=002m, dp=113um, p=10-Pas
V4 =005m-s!

Saffman'?

Ishii-Hasimoto'¥

05 o -
®

® Rubinow-Keller!

- —

-
e —

(®Poiseuille flow ®With entrance flow
Fig. 7. Comparison between observed values of 7
and calculated ones by the lift force theories.
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ek, KHBho— g REo X9 2 ADOFEF»
LEELEES M ICELBERNOEELEZR L2
BTHHN, TOLHED n 3BERNEZERL 2V
ELDHNEL B 5TVD,
REBREMHIF U CGEATE AR T ML LTW
WO T, AEHTIE(6 )X D Poiseuille JiE L IR 5 T
— D FEA G BT RE 2% Rusinow & KeLLer OB %
BIEL CTEREROEMICHVLZ LT L.
3-3 WFAENBIT Z2ERADEH

A X 9 12 Rusow & KELLER @ vp, 1233 2 B
RiF(3)BL(5)REvkdonDB. FHTIEZD
vp, \C B HHIEREERL 2K, (12)XEHVLZE
L7z, Z® F13, Rusmow & Keuter OBBICE T
ZVRADERIRELRT ST A=y - E2 72,

Opr == B(ar/24) Rep(dvyz/ dr) =eeeeeeeeeeees (12)
ZLTZO R EfEAE 2T (12) S RFH#B o
AHEEZITY, nOEYHEERORCELES koD
Z &z L7

LB, KB CEMEADICBTLTERERYSE
L7 A IS ELBERNOHEE L EE L. 20
N D EFE X Navier-Stokes # X, % Upwind % T 251k
L, MEARFIECHBMEMICE 2 L IC K DT o 72 &S
ORI Ar= R/40, Az =0.0lm & L7:.
BERNEZER L CRO R FIEOFHE 6 % Fig. 8
W L7z [Mid Fig. 2 (a) O&Mhic it s5tEKRT
HBHH, WTNOE SR A EEEE A CE#I NI
M&, ZOHEEHMIIMELEZ TS, THIZAL
AEOBERNOBETHS. IHHORTHHLY 7
kO EEE Fig.2 (a) 8L (b) ICEHEE 1
BLTRLZ ML pk 2 LOBRE@ENL%: 8 %R
ATIRICRHREIC X » THERICR(REN TV 5.
FEEDHET 7 OEBE» SRKD 72 8 OREF % —45
L Fig. 9 1Z/R L7z, [HICid dp=55 BL U 72pum @
BEEBR ERBROBEORKEE, Re<< 5000 0 #ifH
TRL72AS, BE Re L DREIZIZZ oD Z & 7 % BGEAS
BooND, 81 OBKRIE B2 Re b Rep I2IKAET S
BT, B3 Re DEENIE & HIZKE%TY, Rep DHINN
EEBITNELRSTWDS, 2 ORIE B 2% Rep 124K
743, ReDBIINE & b/ BB THL. 21
FRIZOVWTERRZ RO S L (13) B X 0(14) X455
ni:.

Re/ Rer<3420:

ﬂ=0.19Rep_1Rel/2 ........................... (13)
Re/ Rer > 3420 :
/9:650R€A1/2 .................................... (14)

3 £ £
| N N N
| 3 £ 2
y ; o ; ; (o] r o
r/10°m r/10%m | r/16%m |
(@) dp=72pm  (b) dp=90pm (c)dp=113pm

D=10.02m 7=0.05m/s #=10"%Pa-s
Fig. 8. Calculated particle trajectories for var-
ious particle diameters.

300 —— — .
-0.75 ey A 0 x v e e
lli————izdv de/um 90 113 135 119 119 119
W/0%as 1 1 1 2 37 1
100}- Dso2m 2 2 2 2 2 33H
Ree 021042 072 015 0047 050
50}
«,
10f
| B=019RE,RY
Eq.(13)
3 50 102 5x107 107 BX103
Re

Flig. 9. Relation between £ and Re for various
values of Rep.

CH o DEBRXOYBEINEKIZS % OBERIFEICL 5
THHHSNANE LE 2 2,

(12)~(14)\ 2 VR F OB E 217> THEO M-
7 OFEMES Fig. 3~5 [CEMME & B L TR LA 9
DEEHEIZEAE L KEE—FK L TWwB 2 Epbhsb.

4. BRPTIVIFHFORMNEDEOMA
AR TRV W MEN LRI B 5 BERT
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0 005 /™S 0.1

ALO5- liquid iron system (a)
D=002m

dp=150pm

125pm

=4
(32}
T

25um (b)
0 ' A !
0 1000 2000 3000 Re 4000
Vi/ms™!

0 0. 02 03 04 05

] T > T T T
75um 100pmM
= S0um
051 ]
N Zm ©
0 | i 1
0 1000 2000 3000 Re 4000

z=1m
Fig. 10. Estimated values of 7 for alumina parti-
cles in liquid iron.

OBEATEB S, BRBAFEYORBIYEREE S LTH
HLELHGLEZOLNE., ZITXOEMELRET
B, BHHPOT VI FERBRTICOWT, B
MR A HEE L C AR, EHEEEIE & FERCITY, FEA
MO BERNOBELER L. ‘

MEoEs% 1m KHEAEL, BroEEB LT
FizoW TR 7 OHEEE % Fig 10 (a)~(c) 12
SFL7:. MEDBEEI/NIVIFE, FFENIREN
EE g KELhoTWA. B2 D=0.5X10"7m®
A, BIAE 100 pm BL_E O RLF- AL FEFERH T 12
2 100% BE SR T WA, FoRORME R T
50 um BEOR T LAMKRELBLZ L DRS. L
HLAEAS 25um QKT IVTIROBEROHBEIZ LK
R T E V.

5 #& =

BRPAEDOEEICET A EBENAREES 0
HERKFERORZeH 5 ZARF DO KENCET A EBREIT

Vv, UToRREEL. _

(1) ERHRP ORI AR T OBEMGEDHE » &,
BORBS z bl KRELRST. Ty 13 R R 7)/‘:
BF% dp, REOKHE u BLXUEE D ITKRFLTE
L. LA 7 VAE ReH 5000 LLEICZBE nid
ABICHL L, NFEIENTH—ICTRTAL IS,

(2) TR ohzZed 7 2+ IIBRBTIIEEDLS
BN DEIICH B DS, HNIERICEBE L2 Re K
XL B OoNTH—5HIREEIC 2 5.

(3 EOHBHHEZ» CELERR YAV TR Ly
DEBEHEEENME*R LB 72,

(4 )Rusivow & KeLer DBFR%#BIEL, WAOEHE
MR EPETREBE T A v T4 v TN TA—F—L L
THW, 1OEMER*RLIES BrRkol. Bohiz s
¥ Re< 5000 m&T(13)BLr(14)XTER I L.
T, COBRERAVTHELL n 3 FERIE L KIE—3
L7.

(5)8 DEBNICESCEEICXY, B@PTVIF
BT DBHTE I X ABRFFEORE L BET L 22,

AT O FT IS V72V BB 4 ERFED K
NERK (R EL@ELsTy sy ouad—(8)),
RREEIS (B mALRFRFEE), BEEZK (34
KEBTL(E)) %5 CICERSEOBYECHB I Wz 2w
oAb kS LI AR - ARR I U35 O EM KB
CHEART A, FAANECHETAAREBIE RV
IR TR BISHBEE 2 KE 2 b I h el
S5 2R FRIBHL TV HARS Y 7 LERR)H
HFEHrET D, SHLEANEO—FHiETTHRERFHAR
(—HEhf7e C, PHL 2, 34EE) OB X » TiTbh /e
LOTHHI LR L THELKTS.

ic =
ap: RFOF£E (m)
D:MEDERE (m)
Fp B2 ER+ 5357 (kgrm/s?)
Fg: BFAVEHT 23805 (kgom/s?)
g: EHIEE (m/s?)
Q: HEMoWEHE (m®/s)
Qs : KT EEROWEE | E (m®/s)
R:MEDFE (m)
Re:EV A/ VWX (= Dvo/n)
Rep: f[f LA/ VX¥ (=dp DPTP/,U)
r: PEAFROEHE (m)
P BER (s)
vy FIEANOFIGRE (m/s)
vp : W OWIE (m/s)
vpr: FL T DOHEEBE (m/s)
vp, : REFOPFEH MO EE (m/s)
vp, : BT OBH IO EE (m/s)
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z: EAO L D #E (FTiAm) ~oHig (m)
B: (12) X%

7: Qs/Q

n: BERFERhR

: WA T (Pass)

: B E (m?/s)

op: FLFOEE (kg/m3)

op: WOFEE (kg/m®)

w: K F O RIEEFAEE (rad/s)
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