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Inclusion Removal by Bubble Flotation in a ContinuousCasting Mold
 LIFENG ZHANG JUN AOKI and BRIAN G THOMAS
 Fundamentally based computational models are developed and applied to quantify the removal ofinclusions by bubbles during the continuous casting of steel First the attachment probability ofinclusions on a bubble surface is investigated based on fundamental fluid flow simulations incorpo-rating the turbulent inclusion trajectory and sliding time of each individual inclusion along the bubblesurface as a function of particle and bubble size Then the turbulent fluid flow in a typical continuouscasting mold trajectories of bubbles and their path length in the mold are calculated The changein inclusion distribution due to removal by bubble transport in the mold is calculated based onthe computed attachment probability of inclusions on each bubble and the computed path length ofthe bubbles In addition to quantifying inclusion removal for many different cases the results areimportant to evaluate the significance of different inclusion-removal mechanisms The modelingapproach presented here is a powerful tool for investigating multiscale phenomena in steelmakingand casting operations to learn how to optimize conditions to lower defects
 I INTRODUCTION
 NONMETALLIC inclusions in molten steel can lead toserious defects in the final product and the continuous cast-ing process is the last chance to remove them Gas injectionis commonly applied to many secondary metallurgical pro-cesses such as ladle treatment RH degassing and sub-merged entry nozzles (SEN) Although it is well knownthat gas injection helps to remove inclusions the mecha-nisms and removal rates have not been quantified This workpresents fundamental models to quantify the removal ofinclusions by bubbles in molten steel and applies themto the continuous casting mold for typical conditions Theproblem of modeling the multiple size and time scalesinvolved in inclusion removal by bubbles is handled by sep-arating the phenomena into models at two different scales Asmall-scale model is used to quantify the attachment prob-ability of individual inclusions to individual bubbles Theresults are then used in a large-scale coupled model of tur-bulent fluid flow in the entire metallurgical vessel includingthe transport of bubbles and inclusions After briefly review-ing previous work on four relevant topics the models andcorresponding results are presented in three sections fun-damental inclusion-bubble interactions and attachment prob-abilities bubble trajectories and inclusion removal
 II INCLUSION ATTACHMENT TO BUBBLESIN MOLTEN STEEL
 A Defects
 Gas injection processes in steel refining focus on achiev-ing two conditions fine bubbles and good mixing[1ndash6]
 During steel secondary refining finer bubbles provide alarger gasliquid interfacial area and higher attachment pro-bability of inclusions to bubbles[36] Good mixing enhancesthe efficiency of the transfer of the alloy elements Bubblesinjected into the SEN and continuous casting mold affectsteel quality in several ways
 (1) Helping to reduce nozzle clogging(2) Influencing the flow pattern in the mold(3) Generating top-surface-level fluctuations and even slag
 emulsification if the gas flow rate is too large(4) Capturing inclusions moving within the molten steel
 agglomerating them and removing some of them intothe top slag[3789]
 (5) Entrapping bubbles and inclusion clusters into thesolidified shell eventually leading to line defects suchas surface slivers blisters pencil pipes or internaldefects in the rolled product[78101112]
 Aided by surface tension forces from nonwetting contactmost solid inclusions tend to collect on surfaces such asbubbles (Figure 1)[1314] Line defects on the surface offinished strip products are several tens of micrometers tomillimeter in width and as long as 01 to 1 m[15] Seriouslsquolsquosliverrsquorsquo defects result from clusters of nonmetallic inclu-sions caught near the surface of the slab (15 mm from thesurface) If the surface defects contain bubbles they arecalled pencil pipe blow holes blisters[15] or pores Afterrolling of low-strength steels for exposed automotive appli-cations for example the bubbles are elongated and duringannealing gas expansion can generate internal pressure thatraises the surface creating an ugly surface streak This tubu-lar surface defect has a smooth slightly raised surface typi-cally1 mm wide and 150 to 300 mm long (Figure 2)[151617]
 B InclusionndashBubble Interaction
 The process of inclusion removal by attachment to gasbubbles is influenced by various factors including the liq-uid flow and the inclusion bubble liquid steel and slagproperties The overall process is complicated by thecoalescence and breakup of bubbles in the bubble swarm
 LIFENG ZHANG Professor is with the Department of Materials Sci-ence and Engineering Norwegian University of Science and TechnologyHoslashgskoleringen 8 Alfred Getz vei 2 N-7491 Trondheim Norway Contacte-mail lifengzhangmaterialntnuno JUN AOKI formerly a VisitingScholar with the University of Illinois at Urbana-Champaign 1206 WGreen Street Urbana IL 61801 USA is now Researcher with Nippon SteelJapan BRIAN G THOMAS Professor is with the University of Illinois atUrbana-Champaign 1206 W Green Street Urbana IL 61801 USA
 Manuscript submitted August 4 2005
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  Although several papers have been written on particleremoval by gas bubbles flotation in water modeling[118ndash21]
 little research work has been carried out on hot model-ing[222324] Szekely investigated the removal of solid par-ticles from molten aluminum during the spinning nozzleflotation process[22] Okumura et al studied the removalof SiO2 inclusions from molten Cu to the slag under gasinjection stirring conditions[23] Miki et al investigatedinclusion removal during steel RH degassing consideringbubble flotation as one of the inclusion-removal methods[25]
 There is no complete fundamental knowledge concerningthe inclusion removal by bubble flotation in liquid steelsystems However Zhang et al extensively reviewed andstudied the interaction between bubble and solid inclusionparticle in the molten steel in 2000[3] including the particlebehavior near liquid gas surface attachment process andinclusion removal by bubble flotation The overall processof attaching an inclusion to a gas bubble in molten steelproceeds through the following steps First the inclusionapproaches the gas bubble and collides if it gets closeenough If the thin film of liquid between the particle andthe bubble decreases to less than a critical thickness it will
 suddenly rupture causing the inclusion to attach perma-nently to the surface of the bubble during the collisionOtherwise if it slides along the surface of the bubblefor a long enough time the thin film can drain away andrupture again leading to inclusion attachment Otherwisethe inclusion will move away and detach from the bubble
 The interaction time between the bubble and the inclu-sion tI includes the time while the inclusion collides withthe bubble (collision time) and possibly also the time whereit slides across its surface (sliding time) The collision timetc starts with the deformation of the bubble by the inclusionand finishes at the instant of restoration of the bubble to itsoriginal size Zhang reviewed different models of the col-lision time and concluded that the Ye and Miller model[26]
 can be used[3] Ye and Miller[26] give the collision time as
 tc frac14d3prp
 12s
 1=2
 p1ff g [1]
 The collision time depends mainly on the inclusion size andis independent of the bubble size
 Fig 1mdashInclusions outlining the former surface of bubbles captured in ingot steel (a) through (c)[13] and in continuous cast steel (d)[14]
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  f frac14 2 arcsin 1112u2Rsrp
 d3pg2ethrp rTHORN2
 1=2
 [2]
 The value of f as a function of particle diameter dp and therelative velocity between the bubble and the inclusion uR isshown in Figure 3 which indicates 0 f p Only whenthe inclusion is larger than 100 mm and the relative velocitybetween the inclusion and the bubble is as small as 104 msdoes f approach p If dp 100 mm uR 01 ms andf 00038 p then the collision time of the inclusionto the bubble in our liquid steel system can be simplified into
 tc frac14 pd3prp
 12s
 1=2
 [3]
 The film drainage time tF is the time required for the drain-age of the liquid film between the bubble and the inclusionuntil a critical film thickness is reached and rupture occursSchulze[27] derived the rupture time of the film formedbetween a solid particle and a gas bubble as
 tF frac14 3
 64m
 a2
 Csh2Crd3P [4]
 where a the angle (in rad) for the transition of the spher-ically deformed part of the bubble surface to the nonspheri-cally deformed part is given by[3]
 a frac14 arccos 1 102pdprpu
 2R
 12s
 1=2
 [5]
 The critical thickness of liquid film for film rupture is givenby[3]
 hCr frac14 2333108frac121000seth1 cos uTHORN016 [6]
 In the current study uR is assumed to equal the bubbleterminal velocity uBWhen the inclusion collides with and slides on the bub-
 ble surface the bubble surface is deformed which affectsthe formation and rupture of the film Thus a is influencedboth by bubble property and by inclusion property Thededuction of Eq [5] is detailed in Zhangrsquos paper[3]
 After a particle has broken through the liquid film andreached the gas bubble it will reside stably at the gasliquidinterface regardless of the contact angle Subsequentdetachment is difficult especially for particles that aresmall relative to the bubble sizeThe process of inclusion removal by gas bubbles is char-
 acterized by the attachment probability This process isinfluenced by many factors including the turbulent fluidflow of the molten steel the shape and size of both thebubble and the inclusion surface tension effects and bubble-removal rates which are affected by slag properties Theattachment probability is the fraction of inclusions that passthe rising bubble and attach to it When turbulence levelsare small it can be defined as
 P 5NO
 NT5
 dOSdB 1 dP
 [7]
 where NO 5 the number of inclusions attaching to thebubble and NT 5 the number of inclusions in the columnof fluid swept by the moving bubble with diameter dB 1 dPWithout the stochastic effect of turbulence only particlesstarting within a critical distance from the bubble axis dOSwill be entrapped (Figure 4(a))
 Fig 3mdashThe dimensionless factor f (Eq [2]) for the collision time asa function of inclusion diameter and the relative velocity between theinclusion and the bubble
 Fig 2mdashInclusion sliver in longitudinal section of a rolled sheet product(a)[17] and pencil pipe lamination defect on a steel sheet (b)[15]
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  C Bubble Size
 Gas can be injected into the molten steel by variousdevices such as tuyeres lances and porous refractoryplugs which govern the initial bubble size Large bubblescan break up according to the local turbulence level Thesize of the largest surviving bubbles can be estimated by theforces imposed on the bubble[3] The average equivalentsize of bubbles to survive the turbulence in secondary steel-refining processes is predicted to be 10 to 20 mm[328] and5 mm in the CC mold[3] Bubble shape changes with sizeThe aspect ratio of the bubble e varies according to thefollowing empirical relationship[29]
 e 5 11 0163Eo0757 [8]
 where Eo 5 the Eotvos number which represents the ratiobetween the buoyancy and surface tension forces
 Figure 5 shows the aspect ratio e of bubbles in moltensteel indicating that bubbles smaller than 3 mm are spher-ical bubbles 3 to 10 mm are spheroidal and bubbles largerthan 10 mm are spherical-cap shaped[303132] Most bubblesin the continuous casting mold are nearly spherical due totheir size of 5 mm[33ndash36]
 The shape of the bubble also depends on the ratio of theturbulent pressure fluctuation to the capillary pressurewhich is related to the Weber number If the bubble Webernumber exceeds a critical value the bubble will break upThus bubble size decreases with increasing stirring inten-sity of the liquid phase[3] according to[37]
 dBmax We06Crit
 s 3 103
 r 3 103
 06
 ethe 3 10THORN04 3 102 [9]
 where dBmax 5 the maximum bubble size in m e is in Wtand the critical Weber number WeCrit 059 to 13 (Figure6) The stirring intensities of various metallurgical systemsare also shown in this figure[3] The highly turbulent flow inthe SEN will break up any gas pockets into fine bubbles5 mm in diameter[33ndash36] It was reported that the newlydeveloped swirl SEN generates a larger energy dissipationrate in the nozzle[38ndash41] According to Eq [9] this kind ofnozzle may generate smaller bubbles
 D Bubble Terminal Velocity
 The terminal velocity of bubbles rising in molten steel isdifficult to measure accurately The density viscosity andsurface tension of the liquid affect the bubble terminalvelocity as do bubble size and the turbulent fluid flowcharacteristics Figure 7 shows the terminal velocities ofgas bubbles in the molten steel as calculated by differentmodels[3] A smoothed mean of the bubble velocity pre-dicted by these models is compared with the predictionsof the model in the current work (presented later)
 Fig 6mdashMaximum argon bubble size in turbulent molten steel with bulkstirring powers of different vessels[3]
 Fig 4mdashSchematic of the attachment probability of inclusions to the bub-ble surface
 Fig 5mdashBubble shape characterized by its aspect ratio (e) as a function ofits size[29]
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  The terminal velocity of a bubble can be calculated froma force balance between the buoyancy force and the drag forceacting on the bubble The buoyancy force is expressed by
 FB frac14 pd3B6
 ethr rgTHORN [10]
 and the total drag force FD is calculated by integrating overthe surface of the bubble
 FD frac14ZS
 tijdA 5
 ZS
 pdij 1mujxi
 1uixj
 dA [11]
 The drag force depends on the size velocity and surfacecondition of the bubble while the buoyancy force onlydepends on the bubble size By applying FB 5 FD for a givensize bubble and surface condition the terminal velocity ofthe bubble can be obtained For a free bubble a zero shearcondition is the most appropriate boundary condition on thebubble surface The alternative surface boundary conditionof zero velocity (lsquolsquono sliprsquorsquo) is more appropriate for bubbleswith rigid surfaces such as those caused by surface-activeelements or covering the surface with particles Figure 7shows that the terminal velocity of bubbles calculated withthe zero shear surface condition agrees well with the mean ofother analytical models Thus the mean value of models 1 to5 is used as the terminal velocity of bubbles when the fluidflow around bubbles is simulated A peak occurs at a bubblediameter of 3 mm where the bubble shape starts to changefrom spherical to ellipsoidal Ellipsoidal bubbles (3 to 10 mm)have similar velocity For bubbles larger than 10 mmterminal velocity increases rapidly with increasing sizedue to their spherical-cap shape
 III INCLUSION ATTACHMENT TOGAS BUBBLES
 A Model Formulation
 To determine the interaction time and the attachmentprobability of inclusions to the bubble surface a computa-
 tional simulation of turbulent flow around an individualbubble and a simulation of inclusion transport through theflow field were developed First the steady turbulent flowof molten steel around an argon bubble was calculated bysolving the continuity equation Navier-Stokes equations andthe standard equations for turbulent energy and its dissipa-tion rate transport in two dimensions assuming axisymmetryThe domain included 15 to 20 times bubble diameter
 distance before and after the bubble using the finite differ-entiation code FLUENT[42] Possible deformation of thebubble shape by the flow and inclusion motion is ignoredThe bubble is fixed and the inlet velocity and far-fieldvelocity condition are set to the bubble terminal velocityassuming a suitable turbulent energy and dissipation rateand a far-field pressure outletBoth zero velocity and zero shear stress boundary con-
 ditions at the fluidndashbubble interface were applied and theresults were compared The terminal velocities of bubbleswere the mean value in Figure 7 The zero velocity condi-tion produces slightly lower velocities for small sphericalbubbles and higher velocities for larger spherical bubblesThe zero shear condition was assumed for the rest of theresults in this work The trajectory of each inclusion parti-cle was then calculated from the computed velocity field byintegrating the following particle velocity equation whichconsiders the balance between drag and buoyancy forces
 dupidt
 518m
 rPd2p
 CDRep
 24ethui upiTHORN1
 rp r
 rgi
 11
 2
 r
 rP
 d
 dtethui upiTHORN1 r
 rpuiuixi
 [12]
 The drag force coefficient is given by
 CD frac14 24
 Rep11 0186Re06529p
 [13]
 The first term in Eq [12] is the drag force per unit particlemass the second term is the gravitational force the thirdterm is the lsquolsquovirtual massrsquorsquo force[4] accelerating the fluidsurrounding the particle and the fourth term is the forcestemming from the pressure gradient in the fluid The liftforce is ignored in the current study For solid inclusions(300 mm) in liquid steel the lift force is not importantHowever for argon bubbles in liquid steel the lift force isimportant[443] though not as important as the drag forceand gravitational force In the future simulation of bubblemotion in the liquid steel the lift force will be includedTo incorporate the lsquolsquostochasticrsquorsquo effect of turbulent fluc-
 tuations on the particle motion this work uses the lsquolsquorandomwalkrsquorsquo model in FLUENT[44] In this model particle veloc-ity fluctuations are based on a Gaussian-distributed randomnumber chosen according to the local turbulent kineticenergy The random number is changed thus producinga new instantaneous velocity fluctuation at a frequencyequal to the characteristic lifetime of the eddy The instan-taneous fluid velocity is then given by
 u 5 u1 u0 [14]
 u0 5 jffiffiffiffiffiffiu02
 pfrac14 j
 ffiffiffiffiffiffiffiffiffiffi2k=3
 p[15]
 As boundary conditions inclusions reflect if they touch thesurface of the bubble Attachment between the inclusion
 Fig 7mdashBubble terminal rising velocity variation with stirring power an-alytical models 1 to 5 refer to Zhangrsquos study[3]
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  and the bubble was determined by the following steps Ifthe normal distance from the inclusion center to the surfaceof the bubble quickly becomes less than the inclusion radiusthen collision attachment takes place This was rare Thenthe interaction time between the bubble and the inclusion tIis calculated from the inclusion centerline trajectory resultsby tracking the sliding time that elapses while the distancefrom the inclusion center to the surface of the bubble is lessthan the inclusion radius Then if tI tF the inclusion willbe attached to the surface of the bubble
 The attachment probability is then calculated using Eq[7] by injecting several thousand inclusions uniformly withthe local velocity into the domain in a column with diam-eter dB 1 dp for nonstochastic cases
 The classic attachment probability schematic given inFigure 4(a) does not apply in turbulent conditions Due tothe stochastic effect of turbulence some inclusions insidethe column of dOS may not interact with the bubble On theother hand other inclusions even far outside the column dB 1dp may interact collide and attach onto the bubble surfaceTo model this effect inclusions were injected into a columnthat was 15 to 20 times of the bubble diameter to computethis accurately Then the attached probability (Figure 4(b))was obtained by
 P 5+i
 PiAi
 AB1P5
 +i
 NOi
 NT ipethRi 1DReth THORN2 pR2
 i THORN
 pethdB 1 dpTHORN24
 [16]
 where i 5 the number of the annular area at which theinclusions are injected
 In the current investigation the following parameters areused r 5 7020 kgm3 rP5 2800 kgm3 rg5 16228 kgm3s 5 140 Nm u5 112 deg m5 00067 kgm s dp 5 1 to100 mm and dB 5 1 to 10 mm These parameters representtypical spherical solid inclusions such as alumina in moltensteel
 B Fluid Flow and Inclusion Motion Around a Bubble
 Figure 8 shows the fluid flow pattern behind a rigidsphere (15 mm in diameter) in water The simulation ofthe current work agrees well with the measurement[45] Thereis a recirculation region or swirl behind the solid particleThis swirl is not observed in fluid flow around a free bubble(zero shear velocity) (Figure 9) Figure 9 shows the fluidflow pattern and trajectories of 100-mm inclusions arounda 5-mm bubble in molten steel The tracer particles (7020kgm3 density) follow the stream lines and tend to touch thesurface of the bubble at the top point (exactly halfwayaround the bubble) (Figure 9(a)) Particles with densitylarger than that of the liquid such as solid particles in waterin mineral processing tend to touch the bubble before thetop point (Figure 9(b)) while lighter particles such asinclusions in the molten steel tend to touch the bubble afterthe top point (Figure 9(c)) Stochastic fluctuation of theturbulence makes the inclusions very dispersed so attach-ment may occur at a range of positions (Figure 9(d))
 The average turbulent energy in the bulk of the liquid haslittle effect on the local turbulent energy distribution aroundthe bubble As shown in Figure 10 (a) has four orders of
 magnitude larger average turbulent energy than in the far-field liquid (b) but it has slightly smaller local turbulentenergy around the bubble This is because (a) has a lowerbubble terminal velocity than (b) However the averageturbulent energy has a great effect on the inclusion motionaccording to Eqs [14] and [15]
 During the motion of bubbles in molten steel the fluidflow pattern around the bubble will change as inclusionsbecome attached (Figure 11) In this figure the points ofinclusions at and near the bubble surface are just randomlychosen no real coagulation model is used Because thebubble surface is considered to be free surface inclusionsattached to the front half surface of the bubble will slide tothe rear of the bubble (Figure 11(d)) A recirculation regionbehind the bubble is generated even for only five 50-mminclusions attached on the surface of the bubble This recir-culation does not exist behind a bubble that is free fromattached inclusions Thus the fluid flow pattern arounda bubble with attached solid inclusions is more like thataround solid particles such as shown in Figure 8 Figure12 indicates that high turbulent energy levels exist aroundthe inclusions attached on a bubble and the turbulentenergy in the wake of the bubble becomes smaller withmore attached inclusions The turbulence level around thebubble in turn affects inclusion attachment (Eqs [14] and[15]) Also forces on the particles will push them aroundthe bubble surface toward the back of the bubble Withthe current attachment model these phenomena are notincluded so further study is needed
 C Inclusion Attachment Probability to Bubbles
 The calculated collision times (Eq [3]) and film drainagetimes (Eq [4]) of inclusions onto bubbles are shown inFigure 13 for various inclusions in molten steel Figure13(a) shows that for wetting inclusions (with small contactangle) the film rupture time is very large but for nonwet-ting inclusions usually encountered in steelmaking (contactangle 90 deg) the film rupture time is very short (60 to67 ms) Figure 13(b) indicates that the collision time andfilm drainage time both increase with increasing inclusionsize but the film drainage time increases more steeply Forinclusions smaller than 10 mm the collision time is largerthan the film drainage time thus inclusions will attach onthe surface of the bubble once colliding with it and thisattachment is independent of the sliding process
 The calculated normal distances from the center of 100-mminclusions to the surface of a 1-mm bubble are shown inFigure 14(a) as function of time during the approach ofinclusions to this bubble The time interval when the dis-tance is less than the inclusion radius (50 mm) is the inter-action time (sliding time) between the inclusion and thebubble (Figure 14(b)) If this sliding time is larger thanthe film rupture time (Eq [4] and Figure 13) the inclusionis stably attached to the bubble surface Larger inclusionsrequire greater interaction times to attach on the order ofmillisecond
 The calculated attachment probability of inclusions (dP 55 10 20 35 50 70 100 mm) to bubbles (1 2 4 6 10 mm)are shown in Figure 15(a) based on trajectory calculationsof inclusions without considering the stochastic effect To
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  Fig 8mdashFluid flow behind a rigid sphere (15 mm in diameter) in water (a) Experiment[45] (b) Streamline by simulation (c) Velocity by simulation
 Fig 9mdashFluid flow and trajectories of 100-mm inclusions around a 5-mm bubble in the molten steel with density of 7020 kgm3 (a) Neutral-buoyancyparticles (7020 kgm3) (b) Denser particles (14040 kgm3) (c) Inclusions (2800 kgm3) (d) Random walk of inclusions
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  compute attachment rates for a continuous size distributionof inclusions and bubbles regression was performed onthese probabilities (Table I) The regression equationobtained Eq [17] is included in Figure 15
 P 5 CAdCBp [17]
 where CA and CB are
 CA frac14 0268 00737dB 1 000615d2B [18]
 CB frac14 1077d0334B [19]
 where dB is in mm and dp is in mmEq [17] should be used under the following conditions
 bubble size is in the range of 1 to 10 mm and bulk turbu-lent energy level is less than 102 m2s2 The attachmentprobability of inclusions to the surface of the bubble forprocesses with turbulent energy of more than 102 m2s2such as argon stirred ladles is investigated elsewhere[43] Ina continuous casting mold the bubble size is less than5 mm and the turbulent energy is in the order of 103 m2s2hence Eq [17] can be usedFigure 15(b) indicates that the regression equation
 matches roughly the numerical simulations Figure 15(c)shows the calculated attached attachment probability as a
 function of bubble size and inclusion size according toEq [17] If bubble size is less than 6 mm smaller bubblesand larger inclusions have larger attachment probabilitiesSmall 1-mm bubbles can have inclusion attachment proba-bilities as high as 30 pct while the inclusion attachmentprobability to bubbles larger than 5 mm is less than 1 pct
 Fig 11mdashFluid flow pattern around a 1-mm bubble with (a) 0 (b) 5 (c) 12and (d) 28 50-mm inclusions attached
 Fig 10mdashTurbulent energy distribution (1000 k in m2s2) around a 1-mmbubble (a) Bulk turbulent energy 162 3 104 m2s2 and its dissipationrate 143 3 103 m2s3 0129 ms bubble terminal velocity (b) Bulkturbulent energy 106 3 108 m2s2 and its dissipation rate 274 3107 m2s3 0162 ms bubble terminal velocity
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  However the attachment probability increases with increas-ing bubble size when bubbles are larger than 7 mm The shapeand the terminal velocity of bubbles around 7 mm (Figures5 and 7) dominate the fluid flow and particle motion aroundthe spheroidal bubbles The simulation indicates that moreinclusions are captured by the larger spheroidal bubble thanthe smaller spherical bubble which was confirmed again byAoki et al[4346]
 Typical attachment probabilities of inclusions to a bubblesurface including the stochastic effects of the turbulent floware shown in Table II The stochastic effect simulated bythe random walk method slightly increases the attachmentprobability of inclusions to the bubble surface Figure 16shows that this effect allows 50-mm inclusions starting4 bubble diameters from the column axis to collide andattach to the 1-mm bubble surface The largest attachmentopportunity is at 2 mm diameter On the other hand thesimulation indicates that without considering the stochasticeffect which means ignoring the random walk model(Figure 4(a)) all of the 50-mm inclusions injected within034 mm of the column axis attach to the bubbles andinclusions injected outside 034 mm of the column axis willnot touch the bubble at all Owing to the extra compu-tational effort required for the stochastic model it wasnot performed for all sizes of bubbles and inclusions Thestochastic attachment probability was estimated from thetwo cases to be 165116 5 14 times of the non-stochasticattachment probability
 IV FLUID FLOWAND BUBBLE MOTION IN THECONTINUOUS CASTING STRAND
 A Model Formulation and Flow Pattern
 Three-dimensional single-phase steady turbulent fluidflow in the SEN and continuous casting strand was modeledby solving the continuity equation Navier-Stokes equationsand standard equations for transport of turbulent energy andits dissipation rate[4748] The trajectories of bubbles are cal-culated by Eqs [12] through [15] which include the effectof chaotic turbulent motion using the random walk modelInclusion trajectories calculated with this approach matchreasonably well with those by large eddy simulation[49] Bubblesescape at the top surface and the open bottom of the 255-m-long mold domain and are reflected at other faces Bub-bles that escape from the bottom are considered to eventu-ally become entrapped by the solidifying shell This is acrude preliminary approximation of flow and bubble trans-port which is being investigated further as part of this pro-ject[50] The entrapment of particles into the solidifyingshell is very complex and is receiving well-deserved atten-tion in recent work[515253]
 The SEN has an 80-mm bore size a down 15-deg outportangle and a 65 3 80-mm outport size The submergencedepth of the SEN is 300 mm and the casting speed is 12 mmincorresponding to a steel throughput of 30 tonnemin Half-width of the mold is simulated in the current study (065 mhalf width 3 025 m thickness) The calculated weighted
 Fig 12mdashTurbulent energy distribution (1000 k in m2s2) around a 1-mm bubble with (a) 0 (b) 5 (c) 12 and (d) 28 50-mm inclusions attached
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  average turbulent energy and its dissipation rate at the SENoutport are 020 m2s2 and 527 m2s3 respectively Theargon flow rate injected into the molten steel through theupper nozzle and upper slide gate is 10 to 15 NlminAccording to previous multiphase fluid flow simulation[54]
 under this argon gas flow rate the fluid flow pattern in thecurrent mold is still a double roll flow pattern However ifthe argon gas flow rate is much larger the fluid flow patternin the mold will become single roll[4855] Thus the currentsimplification that ignores momentum transfer from thebubbles to the fluid just roughly represents the real multi-phase fluid flow in this mold In the further investigationthe two-phase fluid flow will be calculated
 The velocity vector distribution on the center face of thehalf-strand is shown in Figure 17 indicating a double rollflow pattern The upper loop reaches the meniscus of thenarrow face and the second loop takes steel downwardinto the liquid core and eventually flows back towardthe meniscus in the strand center The calculated volume-average turbulent energy and its dissipation rate in theCC strand are 165 3 103 m2s2 and 422 3 103 m2s3respectively
 B Bubble Trajectory Results
 Typical bubble trajectories are shown in Figure 18Smaller bubbles penetrate and circulate more deeply thanthe larger ones According to Figure 6 the maximum bub-ble size is around 5 mm Bubbles larger than 1 mm mainlymove in the upper roll and are quickly removed Bubbleswith a size of 02 mm can recirculate with paths as long as
 Fig 13mdashThe collision time and film drainage time of inclusions ontodifferent-size bubbles
 Fig 14mdashComputed normal distance from the center of 100-mm inclusionsto the surface of a 1-mm bubble (a) and interaction times (b)
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  665 m and 715 s before they escape from the top orbecome entrapped through the bottom while 05-mm bub-bles move 334 m and 2162 s 1-mm bubbles move 167 mand 92 s and 5-mm bubbles move 059 m and 059 s Themean path length (LB) and the residence time (tB) of 5000bubbles of each size are shown in Figure 19 and the fol-lowing regression equations are obtained
 LB frac14 9683 exp 1000dB0418
 1 0595 [20]
 tB frac14 1956 exp 1000dB0149
 1 2365 exp 1000dB
 0139
 1 2409 exp 1000dB8959
 [21]
 Combining the path length and the residence time theapparent average bubble speed is WB 5 LBtB The follow-ing regression equation is obtained
 WB frac14 0170eth1000dBTHORN0487 [22]
 Larger bubbles have larger average speed which can be ashigh as 05 ms for 10-mm bubbles
 V INCLUSION REMOVAL BY BUBBLES IN THECONTINUOUS CASTING STRAND
 A Model Formulation
 A model of inclusion removal by bubble flotation isdeveloped for the molten steel-alumina inclusion-argonbubble system by evaluating a simple algebraic equationthat incorporates the results of the previous sections Thefollowing assumptions are used
 (1) Bubbles all have the same size and the bubble size andthe gas flow rate are chosen independently
 (2) Inclusions have a size distribution and are uniformlydistributed in the molten steel and they are too smallto affect bubble motion or the flow pattern
 (3) Only the inclusions removed by bubble flotation areconsidered The transport and collision of inclusionsare ignored
 (4) Once stable attachment occurs between a bubble and aninclusion there is no detachment and the inclusion isconsidered to be removed from the molten steel owingto the high removal fraction of most bubbles
 The number of inclusions i NAi with diameter dpithat attach to a single bubble (sequence number j) with
 Fig 15mdashCalculated attachment probability of inclusions to bubbles
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  a diameter of dB during its motion through the moltensteel is
 NAi frac14 p
 4d2Bj
 LBj npijj
 Pi
 100[23]
 where LB is given by Eq [20] P (pct) is given by Eq [17]npi|j is the number density of inclusions with diameter dpiwhen bubble j is injected which can be represented by thefollowing recursion equation
 npijj frac14 npijj13eth100 PiTHORN
 1003
 p
 4d2B
 LB
 VM[24]
 In evaluating this equation the inclusion number densitydistribution is updated after the calculation of each individ-ual bubble to account for the significant change in inclusionconcentration caused by the simultaneous inclusionremoval of many bubbles
 In Eq [24] the volume of molten steel entering thestrand in time tB is given by
 VM frac14 VC
 60S tBj [25]
 where S 5 the area of the slab section (5025 3 13 m2)The number density of inclusions (1m3 steel) of size i
 removed by attachment to a single bubble is
 nAi frac14 NAi
 VM[26]
 Assuming that all inclusions are Al2O3 the oxygenremoved by this single bubble j (in ppm) then can beexpressed by
 DOj frac14 +i
 nAip
 6d3pi
 rpr 48102
 106
 [27]
 which can be rewritten by inserting Eqs [23] through [26]into Eq [27] and rearranging as
 DOj frac14 1163 105 1
 VCS
 d2B jLB j
 tB j
 rpr+i
 ethnpijj Pi d3piTHORN [28]
 Because it is assumed that all bubbles in the molten steelhave the same size the total number of bubbles withdiameter dB entering the molten steel during time tB is
 nB frac14 1
 2
 QG TM273
 p
 6d3B
 tB [29]
 where the factor of 12 is due to the simulation domain ofa half-mold
 The total oxygen removal by all of the bubbles can beexpressed by
 DO 5 +nB
 j5 1
 DOj [30]
 B Results and Discussion
 The inclusion size distributions measured in the tundishabove the outlets and in the CC slab are shown in Figure20(a) together with the calculated size distributions afterinclusion removal by bubble flotation for several differentbubble sizes The corresponding inclusion removal frac-tions are shown in Figure 20(b) If the bubbles are larger than5 mm less than 10 pct of the inclusions can be removed bybubble flotation at the gas flow rate of 15 Nlmin Thiscorresponds to a 3-ppm decrease in total oxygen (Figure21) Smaller bubbles appear to enable more inclusionremoval for the same gas flow rate Specifically 1-mmbubbles remove almost all of the inclusions larger than30 mm However it is unlikely that all of the bubbles thatare this small could escape from the top surface Those thatare entrapped in the solidifying shell would generate seri-ous defects in the steel product such as shown in Figures 1and 2 Increasing bubble size above 7 mm produces lesschange in the removal rate because the change in bubbleshape offsets the smaller number of bubbles
 Table I Regressed Inclusion Attachment Probability tothe Bubble Larger than 1 mm
 Bubble DiameterAttachment
 Probability (pct)
 1 mm P frac14 0189d1082p
 2 mm P frac14 0125d0187p
 4 mm P frac14 00570d0722p
 5 mm P frac14 00523d0634p
 10 mm P frac14 0130d0444p
 Table II Attachment Probabilities of Inclusions With and Without Random Walk to a 1-mm Bubble
 Case 1 Case 2
 Average turbulent energy (m2s2) 162 3 104 106 3 108
 Average turbulent energy dissipation rate (m2s2) 143 3 103 274 3 107
 Bubble velocity (ms) 1292 1620Bubble diameter (mm) 1 1Inclusions diameter (mm) 50 100Attachment probability (pct) Non-stochastic model 116 278
 Stochastic model 165 294
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  Increasing gas flow rate naturally causes more inclusionremoval by bubble flotation (Figure 21) Considering theeffect of turbulent stochastic motion slightly increasesinclusion removal by bubble flotation For the current CCconditions including a gas flow rate of 15 Nlmin thebubble size is likely to be around 5 mm assuming thereare a large number of active sites on the porous refractorythat cause a gas flow rate of less than 05 mL per pore[56]
 As shown in Figure 21 about 10 pct total oxygen isremoved by bubble flotation Previous investigations indi-cate that 8 pct of the inclusions are removed to the topsurface due to flow transport in the CC mold region[57]
 Thus the total predicted inclusion removal by flow trans-port and by bubble flotation is around 18 pct The measuredinclusion mass fraction is 668 ppm in the tundish and
 averages 519 ppm in the slab which corresponds to 22pct removal in the mold (Figure 20(a)) The predictionand the measurement agree roughly well considering thatsome inclusions are likely entrapped to the SEN walls tocause clogging and others float to the slag layer without theaid of bubblesDecreasing bubble size is shown in Figures 20 and 21 to be
 more efficient at removing inclusions As mentioned beforehowever small bubbles such as those smaller than 1 mmmay be trapped into the solidifying shell while movingthrough the lower recirculation zone Thus there should bean optimal bubble size that gives not only high inclusion-removal efficiencies but also low entrapment rates The pres-ent results suggest the optimal size might be from 2 to 4 mmDue to capturing many inclusions on its surface the appar-
 ent density of a bubble with attached inclusions increasesAccording to the current fluid flow and inclusions conditionin the CC mold the calculated apparent density of the bub-ble decreases with increasing bubble size (Figure 22(a))The maximum apparent bubble density is only around50 kgm3 Although this is much greater than the originalargon gas density of 16228 kgm3 it is still far smaller thanthat of the molten steel so it has little effect on the bubblemotion or bubble residence time in the strand (Eq [12])The inclusions attached to each bubble also have a sizedistribution (Figure 22(b)) There are typically severalthousand inclusions predicted to be attached to the bubblesurface which matches well with the measurements inFigure 22(c) Larger bubbles capture more inclusions thansmaller ones (Figure 22(b)) per bubble This is insufficientto make up for their smaller number however and further-more makes them more dangerous if captured Thus largebubbles should be avoided
 VI FUTURE FURTHER STUDY EFFECTOF TURBULENCE
 The effect of turbulence on the fluid flow near the bubblesurface the motion of inclusions near the bubble surfaceand the terminal velocity of bubbles should be furtherinvestigated in the future Pan et al measured the removalof particles (100 to 800 mm in size) by bubble flotation ina water model by analyzing high-speed camera photos[1]
 Zhang et al studied inclusion removal by bubble flotationin a water model under turbulent conditions by measuringthe particle number density (ie size distribution) using aCoulter Counter[6] Several other papers model the contri-bution of turbulence to the attachment of inclusions to bub-bles in a water system in terms of the turbulent energydissipation rate Schubert considered that the interactionbetween bubble and solid particles in water is just like theturbulent collision process of particles with similar sizes andreported the following attachment probability P[58]
 P e4=9 ethC1d7=9P THORN2 1 ethC2d
 7=9B THORN2
 h i1=2[31]
 This equation can be used only if
 dp dB $ 15ethn3=eTHORN1=4
 For metallurgical melts the typical value of e is 00001to 1 m2s3 so this equation can be used only if dpdB
 Fig 16mdashAttachment probability of 50-mm inclusions to a 1-mm bubbleincluding the stochastic effect of turbulence
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  Fig 17mdashFlow pattern in the CC strand center face with half-width (a) Velocity vectors (b) Streamline (c) Turbulent energy dissipation rate 1000 e m2s3(d) Turbulent energy 100 k m2s2
 Fig 18mdashTypical bubble trajectories in the mold with half-width
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  $ 458 mm Zhang et al derived the following attachmentprobability with extensive water model experiments[6]
 P ethdp=dBTHORN265e0104Q1630G [32]
 The model for inclusion motion in the boundary layer nearthe bubble surface also needs to be further developed
 In the current study the terminal velocity of the bubble isthat in the quiescent liquid In the continuous casting asshown in Figure 17 the inlet jet has a much higher speedthan the bubble terminal speed The relative velocitybetween the bubble and the liquid steel and the relativevelocity between the bubble and the inclusion in the liquidsteel should be used but not the terminal velocity in thequiescent liquid In other words the bubble local velocityand speed in the mold will be quite different as the terminalvelocity in the quiescent liquid Figure 23 shows the calcu-lated bubble local speed and velocity when they move inthe mold as shown in Figure 18 also compared with thespeed and velocity of the solute particles Smaller bubblesmove more with the fluid flow and large bubbles havea clearly different velocity from the fluid flow When con-sidering the turbulent fluctuation (stochastic model) thebubble velocity is very different from that ignoring theturbulent fluctuation Figure 23 shows that the bubblevelocity and speed are very local depending on the localfluid flow velocity and local turbulent energy This and itseffect on the interaction between the bubble and the inclu-sion need to be further studied in the future
 VII SUMMARY AND CONCLUSIONS
 This work presents a fundamental approach to modelinginclusion removal due to bubble flotation in molten steelprocessing The problem of multiple length and time scalesis addressed by dividing the modeling into two modelingstages fundamentals of inclusionndashbubble interactions thatare independent of the macroscale process and macroscaleflow phenomena that can incorporate the results of themicroscale effects The small-scale model is validated withavailable measurements and applied to predict the changes
 in inclusion distribution that occur in the mold region ofa continuous slab caster Specific model findings include
 1 In molten steel bubbles smaller than 3 mm tend to bespherical 3- to 10-mm bubbles are spheroidal and bub-bles larger than 10 mm are sphericalndashcap-shaped Thebubble size depends mainly on the gas flow rate injec-tion method and stirring power in the molten steel Theaverage equivalent size of bubbles is estimated to be5 mm in the CC mold investigated in this work
 2 Inclusions tend to pass the midpoint of the bubble andfirst touch the bubble surface toward the bottom sidealthough stochastic fluctuations due to turbulence causemany variations The fluid flow pattern around a bubble
 Fig 19mdashMean path lengths residence times and apparent speed of bub-bles in the CC strand
 Fig 20mdashMeasured and calculated inclusion size distribution with differ-ent size bubble flotation (15 Nlmin gas)
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  with attached solid inclusions is similar to that of flowaround a large solid particle Inclusions attached to thebubble surface also increase the turbulent kinetic energydistributed around the bubble
 3 Smaller bubbles and larger inclusions have larger attach-ment probabilities Bubbles smaller than 1 mm in diam-eter have inclusion attachment probabilities as high as30 pct while the inclusion attachment probability for bub-bles larger than 5 mm is less than 1 pct The stochasticeffect of turbulence (modeled by the random walkmethod) slightly increases the attachment rate
 4 In the continuous casting strand smaller bubbles pene-trate and circulate more deeply than larger ones Bub-bles larger than 1 mm mainly move in the upper rollmoving 06 to 17 m in 06 to 92 s Smaller bubbles canmove over 6 m and take over 60 s before they eitherescape from the top surface or are entrapped through thebottom
 5 In the continuous casting mold if the bubbles are5 mmin diameter 10 pct of the inclusions are predicted tobe removed by bubble flotation corresponding to adecrease in total oxygen of around 3 ppm CombinedFig 21mdashCalculated inclusion removal by bubble flotation
 Fig 22mdashThe calculated apparent density of bubbles with attached inclusions (a) and the calculated (b) and measured (c)[9] number of inclusions attached onthe bubble in the steel
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  with 8 pct inclusion removal by flow transport thetotal is comparable to the measured inclusion-removalrate by the CC mold of 22 pct
 6 Smaller bubbles are more efficient at inclusion removalby bubble flotation so long as they are not entrappedin the solidifying shell A higher gas flow rate favorsinclusion removal by bubble flotation The optimalbubble size might be 2 to 4 mm
 7 Attached inclusions increase the bubble density byseveral times but do not affect its motion because theapparent density is still far smaller than that of molten steel
 Future research using this methodology is needed toinvestigate
 (1) The stochastic probability of all inclusion and bubblesizes
 (2) The effect of bubble size distribution(3) Multiphase fluid flow including momentum exchange
 between phases(4) The effect of inclusion collisions(5) The entrapment of bubbles and inclusions into the
 solidifying steel shell(6) Other process such as inclusion removal by bubble
 flotation in gas stirred ladles
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 NOMENCLATURE
 A Surface area of the bubble m2
 AB1P The cross section area of the column withdiameter of dB 1 2dP m
 2
 Ai The annular area at which the inclusions areinjected m2
 C Dimensionless factor of film rupture timeC = 4
 C1 C2 Constant in Eq [31]CA CB Constant in Eq [17]CD The dimensionless drag coefficientdB Bubble diameter m or mmdBmax The maximum bubble size mdp Particle diameter m or mmdOC The diameter of the column in which
 inclusions collide with the bubble mdOS The diameter of the column in which
 inclusions attached to the bubble me The aspect ratio e of bubbles in molten steel
 (Figure 5)
 Eo the Eotvos number Eo 5gd2Bethr rgTHORN
 sFB The buoyancy force NFD The the drag force Ng The gravitational acceleration ms2
 hCr The critical thickness of liquid film for filmrupture m
 k The local level of turbulent kinetic energym2s2
 LB The mean path length of 5000 bubbles mNAi The number of inclusions i attached to the
 bubblenAi The number of inclusions i attached to the
 bubble m3
 nB The total number of bubbles (dB) entering themolten steel during time tB
 Fig 23mdashBubble local velocity and speed in the mold
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  NO The number of inclusions attaching to thebubble
 npi|j The number density of inclusions withdiameter dpi when bubble j is injectedm3
 NT The number of inclusions in the column offluid swept by the column with diameterdB 1 dP
 p The pressure Nm2
 P Attachment probability of inclusions to abubble
 QG The gas flow NlminR DR The annular radius at which the inclusions
 are injected (Figure 4(b)) mRep Particle Reynolds number ethRep frac14 rdpju upj=mTHORNS Slab section area m2
 t Time stB The residence time of bubbles stc The collision time stF The film drainage time stI The interaction time between the bubble and
 the inclusion sTM The steel temperature 1823 Ku The instantaneous fluid velocity msuB The bubble terminal velocity mui and uj The velocity components of the fluid flow
 msuR The relative velocity between the bubble and
 the inclusion msupi Particle velocity at direction i (ms)u The mean fluid phase velocity msu9 Random velocity fluctuation msVC Casting speed mminVm The volume of molten steel entering the
 strand in time tB m3
 WB The apparent average bubble speed msWeCrit The critical Weber number WeCrit 059 to
 13xi and xj The coordinates ma The angle for the transition of the spherically
 deformed part of the bubble surface to thenonspherically deformed part in rad
 r The density of the molten steel kgm3
 rP Inclusion density kgm3
 rg The density of the argon gas kgm3
 f Dimensionless factor of collision time(Eq [2])
 u The contact angle of the inclusions at thebubblendashsteel interface deg
 e The turbulent energy dissipation rate in Wtor m2s3
 s The surface tension of the molten steelNm
 m The viscosity of the molten steel kg(m s)n The viscosity of the molten steel m2sdij The Kronecker delta which equals zero if i j
 else equals unittij The total shear force on the portion of the
 bubble surface Nj The random numberDOj The oxygen removed by this single bubble
 j ppm
 DO The total oxygen removed by all bubblesppm
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Although several papers have been written on particleremoval by gas bubbles flotation in water modeling[118ndash21]
 little research work has been carried out on hot model-ing[222324] Szekely investigated the removal of solid par-ticles from molten aluminum during the spinning nozzleflotation process[22] Okumura et al studied the removalof SiO2 inclusions from molten Cu to the slag under gasinjection stirring conditions[23] Miki et al investigatedinclusion removal during steel RH degassing consideringbubble flotation as one of the inclusion-removal methods[25]
 There is no complete fundamental knowledge concerningthe inclusion removal by bubble flotation in liquid steelsystems However Zhang et al extensively reviewed andstudied the interaction between bubble and solid inclusionparticle in the molten steel in 2000[3] including the particlebehavior near liquid gas surface attachment process andinclusion removal by bubble flotation The overall processof attaching an inclusion to a gas bubble in molten steelproceeds through the following steps First the inclusionapproaches the gas bubble and collides if it gets closeenough If the thin film of liquid between the particle andthe bubble decreases to less than a critical thickness it will
 suddenly rupture causing the inclusion to attach perma-nently to the surface of the bubble during the collisionOtherwise if it slides along the surface of the bubblefor a long enough time the thin film can drain away andrupture again leading to inclusion attachment Otherwisethe inclusion will move away and detach from the bubble
 The interaction time between the bubble and the inclu-sion tI includes the time while the inclusion collides withthe bubble (collision time) and possibly also the time whereit slides across its surface (sliding time) The collision timetc starts with the deformation of the bubble by the inclusionand finishes at the instant of restoration of the bubble to itsoriginal size Zhang reviewed different models of the col-lision time and concluded that the Ye and Miller model[26]
 can be used[3] Ye and Miller[26] give the collision time as
 tc frac14d3prp
 12s
 1=2
 p1ff g [1]
 The collision time depends mainly on the inclusion size andis independent of the bubble size
 Fig 1mdashInclusions outlining the former surface of bubbles captured in ingot steel (a) through (c)[13] and in continuous cast steel (d)[14]
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  f frac14 2 arcsin 1112u2Rsrp
 d3pg2ethrp rTHORN2
 1=2
 [2]
 The value of f as a function of particle diameter dp and therelative velocity between the bubble and the inclusion uR isshown in Figure 3 which indicates 0 f p Only whenthe inclusion is larger than 100 mm and the relative velocitybetween the inclusion and the bubble is as small as 104 msdoes f approach p If dp 100 mm uR 01 ms andf 00038 p then the collision time of the inclusionto the bubble in our liquid steel system can be simplified into
 tc frac14 pd3prp
 12s
 1=2
 [3]
 The film drainage time tF is the time required for the drain-age of the liquid film between the bubble and the inclusionuntil a critical film thickness is reached and rupture occursSchulze[27] derived the rupture time of the film formedbetween a solid particle and a gas bubble as
 tF frac14 3
 64m
 a2
 Csh2Crd3P [4]
 where a the angle (in rad) for the transition of the spher-ically deformed part of the bubble surface to the nonspheri-cally deformed part is given by[3]
 a frac14 arccos 1 102pdprpu
 2R
 12s
 1=2
 [5]
 The critical thickness of liquid film for film rupture is givenby[3]
 hCr frac14 2333108frac121000seth1 cos uTHORN016 [6]
 In the current study uR is assumed to equal the bubbleterminal velocity uBWhen the inclusion collides with and slides on the bub-
 ble surface the bubble surface is deformed which affectsthe formation and rupture of the film Thus a is influencedboth by bubble property and by inclusion property Thededuction of Eq [5] is detailed in Zhangrsquos paper[3]
 After a particle has broken through the liquid film andreached the gas bubble it will reside stably at the gasliquidinterface regardless of the contact angle Subsequentdetachment is difficult especially for particles that aresmall relative to the bubble sizeThe process of inclusion removal by gas bubbles is char-
 acterized by the attachment probability This process isinfluenced by many factors including the turbulent fluidflow of the molten steel the shape and size of both thebubble and the inclusion surface tension effects and bubble-removal rates which are affected by slag properties Theattachment probability is the fraction of inclusions that passthe rising bubble and attach to it When turbulence levelsare small it can be defined as
 P 5NO
 NT5
 dOSdB 1 dP
 [7]
 where NO 5 the number of inclusions attaching to thebubble and NT 5 the number of inclusions in the columnof fluid swept by the moving bubble with diameter dB 1 dPWithout the stochastic effect of turbulence only particlesstarting within a critical distance from the bubble axis dOSwill be entrapped (Figure 4(a))
 Fig 3mdashThe dimensionless factor f (Eq [2]) for the collision time asa function of inclusion diameter and the relative velocity between theinclusion and the bubble
 Fig 2mdashInclusion sliver in longitudinal section of a rolled sheet product(a)[17] and pencil pipe lamination defect on a steel sheet (b)[15]
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  C Bubble Size
 Gas can be injected into the molten steel by variousdevices such as tuyeres lances and porous refractoryplugs which govern the initial bubble size Large bubblescan break up according to the local turbulence level Thesize of the largest surviving bubbles can be estimated by theforces imposed on the bubble[3] The average equivalentsize of bubbles to survive the turbulence in secondary steel-refining processes is predicted to be 10 to 20 mm[328] and5 mm in the CC mold[3] Bubble shape changes with sizeThe aspect ratio of the bubble e varies according to thefollowing empirical relationship[29]
 e 5 11 0163Eo0757 [8]
 where Eo 5 the Eotvos number which represents the ratiobetween the buoyancy and surface tension forces
 Figure 5 shows the aspect ratio e of bubbles in moltensteel indicating that bubbles smaller than 3 mm are spher-ical bubbles 3 to 10 mm are spheroidal and bubbles largerthan 10 mm are spherical-cap shaped[303132] Most bubblesin the continuous casting mold are nearly spherical due totheir size of 5 mm[33ndash36]
 The shape of the bubble also depends on the ratio of theturbulent pressure fluctuation to the capillary pressurewhich is related to the Weber number If the bubble Webernumber exceeds a critical value the bubble will break upThus bubble size decreases with increasing stirring inten-sity of the liquid phase[3] according to[37]
 dBmax We06Crit
 s 3 103
 r 3 103
 06
 ethe 3 10THORN04 3 102 [9]
 where dBmax 5 the maximum bubble size in m e is in Wtand the critical Weber number WeCrit 059 to 13 (Figure6) The stirring intensities of various metallurgical systemsare also shown in this figure[3] The highly turbulent flow inthe SEN will break up any gas pockets into fine bubbles5 mm in diameter[33ndash36] It was reported that the newlydeveloped swirl SEN generates a larger energy dissipationrate in the nozzle[38ndash41] According to Eq [9] this kind ofnozzle may generate smaller bubbles
 D Bubble Terminal Velocity
 The terminal velocity of bubbles rising in molten steel isdifficult to measure accurately The density viscosity andsurface tension of the liquid affect the bubble terminalvelocity as do bubble size and the turbulent fluid flowcharacteristics Figure 7 shows the terminal velocities ofgas bubbles in the molten steel as calculated by differentmodels[3] A smoothed mean of the bubble velocity pre-dicted by these models is compared with the predictionsof the model in the current work (presented later)
 Fig 6mdashMaximum argon bubble size in turbulent molten steel with bulkstirring powers of different vessels[3]
 Fig 4mdashSchematic of the attachment probability of inclusions to the bub-ble surface
 Fig 5mdashBubble shape characterized by its aspect ratio (e) as a function ofits size[29]
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  The terminal velocity of a bubble can be calculated froma force balance between the buoyancy force and the drag forceacting on the bubble The buoyancy force is expressed by
 FB frac14 pd3B6
 ethr rgTHORN [10]
 and the total drag force FD is calculated by integrating overthe surface of the bubble
 FD frac14ZS
 tijdA 5
 ZS
 pdij 1mujxi
 1uixj
 dA [11]
 The drag force depends on the size velocity and surfacecondition of the bubble while the buoyancy force onlydepends on the bubble size By applying FB 5 FD for a givensize bubble and surface condition the terminal velocity ofthe bubble can be obtained For a free bubble a zero shearcondition is the most appropriate boundary condition on thebubble surface The alternative surface boundary conditionof zero velocity (lsquolsquono sliprsquorsquo) is more appropriate for bubbleswith rigid surfaces such as those caused by surface-activeelements or covering the surface with particles Figure 7shows that the terminal velocity of bubbles calculated withthe zero shear surface condition agrees well with the mean ofother analytical models Thus the mean value of models 1 to5 is used as the terminal velocity of bubbles when the fluidflow around bubbles is simulated A peak occurs at a bubblediameter of 3 mm where the bubble shape starts to changefrom spherical to ellipsoidal Ellipsoidal bubbles (3 to 10 mm)have similar velocity For bubbles larger than 10 mmterminal velocity increases rapidly with increasing sizedue to their spherical-cap shape
 III INCLUSION ATTACHMENT TOGAS BUBBLES
 A Model Formulation
 To determine the interaction time and the attachmentprobability of inclusions to the bubble surface a computa-
 tional simulation of turbulent flow around an individualbubble and a simulation of inclusion transport through theflow field were developed First the steady turbulent flowof molten steel around an argon bubble was calculated bysolving the continuity equation Navier-Stokes equations andthe standard equations for turbulent energy and its dissipa-tion rate transport in two dimensions assuming axisymmetryThe domain included 15 to 20 times bubble diameter
 distance before and after the bubble using the finite differ-entiation code FLUENT[42] Possible deformation of thebubble shape by the flow and inclusion motion is ignoredThe bubble is fixed and the inlet velocity and far-fieldvelocity condition are set to the bubble terminal velocityassuming a suitable turbulent energy and dissipation rateand a far-field pressure outletBoth zero velocity and zero shear stress boundary con-
 ditions at the fluidndashbubble interface were applied and theresults were compared The terminal velocities of bubbleswere the mean value in Figure 7 The zero velocity condi-tion produces slightly lower velocities for small sphericalbubbles and higher velocities for larger spherical bubblesThe zero shear condition was assumed for the rest of theresults in this work The trajectory of each inclusion parti-cle was then calculated from the computed velocity field byintegrating the following particle velocity equation whichconsiders the balance between drag and buoyancy forces
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 The drag force coefficient is given by
 CD frac14 24
 Rep11 0186Re06529p
 [13]
 The first term in Eq [12] is the drag force per unit particlemass the second term is the gravitational force the thirdterm is the lsquolsquovirtual massrsquorsquo force[4] accelerating the fluidsurrounding the particle and the fourth term is the forcestemming from the pressure gradient in the fluid The liftforce is ignored in the current study For solid inclusions(300 mm) in liquid steel the lift force is not importantHowever for argon bubbles in liquid steel the lift force isimportant[443] though not as important as the drag forceand gravitational force In the future simulation of bubblemotion in the liquid steel the lift force will be includedTo incorporate the lsquolsquostochasticrsquorsquo effect of turbulent fluc-
 tuations on the particle motion this work uses the lsquolsquorandomwalkrsquorsquo model in FLUENT[44] In this model particle veloc-ity fluctuations are based on a Gaussian-distributed randomnumber chosen according to the local turbulent kineticenergy The random number is changed thus producinga new instantaneous velocity fluctuation at a frequencyequal to the characteristic lifetime of the eddy The instan-taneous fluid velocity is then given by
 u 5 u1 u0 [14]
 u0 5 jffiffiffiffiffiffiu02
 pfrac14 j
 ffiffiffiffiffiffiffiffiffiffi2k=3
 p[15]
 As boundary conditions inclusions reflect if they touch thesurface of the bubble Attachment between the inclusion
 Fig 7mdashBubble terminal rising velocity variation with stirring power an-alytical models 1 to 5 refer to Zhangrsquos study[3]
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  and the bubble was determined by the following steps Ifthe normal distance from the inclusion center to the surfaceof the bubble quickly becomes less than the inclusion radiusthen collision attachment takes place This was rare Thenthe interaction time between the bubble and the inclusion tIis calculated from the inclusion centerline trajectory resultsby tracking the sliding time that elapses while the distancefrom the inclusion center to the surface of the bubble is lessthan the inclusion radius Then if tI tF the inclusion willbe attached to the surface of the bubble
 The attachment probability is then calculated using Eq[7] by injecting several thousand inclusions uniformly withthe local velocity into the domain in a column with diam-eter dB 1 dp for nonstochastic cases
 The classic attachment probability schematic given inFigure 4(a) does not apply in turbulent conditions Due tothe stochastic effect of turbulence some inclusions insidethe column of dOS may not interact with the bubble On theother hand other inclusions even far outside the column dB 1dp may interact collide and attach onto the bubble surfaceTo model this effect inclusions were injected into a columnthat was 15 to 20 times of the bubble diameter to computethis accurately Then the attached probability (Figure 4(b))was obtained by
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 where i 5 the number of the annular area at which theinclusions are injected
 In the current investigation the following parameters areused r 5 7020 kgm3 rP5 2800 kgm3 rg5 16228 kgm3s 5 140 Nm u5 112 deg m5 00067 kgm s dp 5 1 to100 mm and dB 5 1 to 10 mm These parameters representtypical spherical solid inclusions such as alumina in moltensteel
 B Fluid Flow and Inclusion Motion Around a Bubble
 Figure 8 shows the fluid flow pattern behind a rigidsphere (15 mm in diameter) in water The simulation ofthe current work agrees well with the measurement[45] Thereis a recirculation region or swirl behind the solid particleThis swirl is not observed in fluid flow around a free bubble(zero shear velocity) (Figure 9) Figure 9 shows the fluidflow pattern and trajectories of 100-mm inclusions arounda 5-mm bubble in molten steel The tracer particles (7020kgm3 density) follow the stream lines and tend to touch thesurface of the bubble at the top point (exactly halfwayaround the bubble) (Figure 9(a)) Particles with densitylarger than that of the liquid such as solid particles in waterin mineral processing tend to touch the bubble before thetop point (Figure 9(b)) while lighter particles such asinclusions in the molten steel tend to touch the bubble afterthe top point (Figure 9(c)) Stochastic fluctuation of theturbulence makes the inclusions very dispersed so attach-ment may occur at a range of positions (Figure 9(d))
 The average turbulent energy in the bulk of the liquid haslittle effect on the local turbulent energy distribution aroundthe bubble As shown in Figure 10 (a) has four orders of
 magnitude larger average turbulent energy than in the far-field liquid (b) but it has slightly smaller local turbulentenergy around the bubble This is because (a) has a lowerbubble terminal velocity than (b) However the averageturbulent energy has a great effect on the inclusion motionaccording to Eqs [14] and [15]
 During the motion of bubbles in molten steel the fluidflow pattern around the bubble will change as inclusionsbecome attached (Figure 11) In this figure the points ofinclusions at and near the bubble surface are just randomlychosen no real coagulation model is used Because thebubble surface is considered to be free surface inclusionsattached to the front half surface of the bubble will slide tothe rear of the bubble (Figure 11(d)) A recirculation regionbehind the bubble is generated even for only five 50-mminclusions attached on the surface of the bubble This recir-culation does not exist behind a bubble that is free fromattached inclusions Thus the fluid flow pattern arounda bubble with attached solid inclusions is more like thataround solid particles such as shown in Figure 8 Figure12 indicates that high turbulent energy levels exist aroundthe inclusions attached on a bubble and the turbulentenergy in the wake of the bubble becomes smaller withmore attached inclusions The turbulence level around thebubble in turn affects inclusion attachment (Eqs [14] and[15]) Also forces on the particles will push them aroundthe bubble surface toward the back of the bubble Withthe current attachment model these phenomena are notincluded so further study is needed
 C Inclusion Attachment Probability to Bubbles
 The calculated collision times (Eq [3]) and film drainagetimes (Eq [4]) of inclusions onto bubbles are shown inFigure 13 for various inclusions in molten steel Figure13(a) shows that for wetting inclusions (with small contactangle) the film rupture time is very large but for nonwet-ting inclusions usually encountered in steelmaking (contactangle 90 deg) the film rupture time is very short (60 to67 ms) Figure 13(b) indicates that the collision time andfilm drainage time both increase with increasing inclusionsize but the film drainage time increases more steeply Forinclusions smaller than 10 mm the collision time is largerthan the film drainage time thus inclusions will attach onthe surface of the bubble once colliding with it and thisattachment is independent of the sliding process
 The calculated normal distances from the center of 100-mminclusions to the surface of a 1-mm bubble are shown inFigure 14(a) as function of time during the approach ofinclusions to this bubble The time interval when the dis-tance is less than the inclusion radius (50 mm) is the inter-action time (sliding time) between the inclusion and thebubble (Figure 14(b)) If this sliding time is larger thanthe film rupture time (Eq [4] and Figure 13) the inclusionis stably attached to the bubble surface Larger inclusionsrequire greater interaction times to attach on the order ofmillisecond
 The calculated attachment probability of inclusions (dP 55 10 20 35 50 70 100 mm) to bubbles (1 2 4 6 10 mm)are shown in Figure 15(a) based on trajectory calculationsof inclusions without considering the stochastic effect To
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  Fig 8mdashFluid flow behind a rigid sphere (15 mm in diameter) in water (a) Experiment[45] (b) Streamline by simulation (c) Velocity by simulation
 Fig 9mdashFluid flow and trajectories of 100-mm inclusions around a 5-mm bubble in the molten steel with density of 7020 kgm3 (a) Neutral-buoyancyparticles (7020 kgm3) (b) Denser particles (14040 kgm3) (c) Inclusions (2800 kgm3) (d) Random walk of inclusions
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  compute attachment rates for a continuous size distributionof inclusions and bubbles regression was performed onthese probabilities (Table I) The regression equationobtained Eq [17] is included in Figure 15
 P 5 CAdCBp [17]
 where CA and CB are
 CA frac14 0268 00737dB 1 000615d2B [18]
 CB frac14 1077d0334B [19]
 where dB is in mm and dp is in mmEq [17] should be used under the following conditions
 bubble size is in the range of 1 to 10 mm and bulk turbu-lent energy level is less than 102 m2s2 The attachmentprobability of inclusions to the surface of the bubble forprocesses with turbulent energy of more than 102 m2s2such as argon stirred ladles is investigated elsewhere[43] Ina continuous casting mold the bubble size is less than5 mm and the turbulent energy is in the order of 103 m2s2hence Eq [17] can be usedFigure 15(b) indicates that the regression equation
 matches roughly the numerical simulations Figure 15(c)shows the calculated attached attachment probability as a
 function of bubble size and inclusion size according toEq [17] If bubble size is less than 6 mm smaller bubblesand larger inclusions have larger attachment probabilitiesSmall 1-mm bubbles can have inclusion attachment proba-bilities as high as 30 pct while the inclusion attachmentprobability to bubbles larger than 5 mm is less than 1 pct
 Fig 11mdashFluid flow pattern around a 1-mm bubble with (a) 0 (b) 5 (c) 12and (d) 28 50-mm inclusions attached
 Fig 10mdashTurbulent energy distribution (1000 k in m2s2) around a 1-mmbubble (a) Bulk turbulent energy 162 3 104 m2s2 and its dissipationrate 143 3 103 m2s3 0129 ms bubble terminal velocity (b) Bulkturbulent energy 106 3 108 m2s2 and its dissipation rate 274 3107 m2s3 0162 ms bubble terminal velocity
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  However the attachment probability increases with increas-ing bubble size when bubbles are larger than 7 mm The shapeand the terminal velocity of bubbles around 7 mm (Figures5 and 7) dominate the fluid flow and particle motion aroundthe spheroidal bubbles The simulation indicates that moreinclusions are captured by the larger spheroidal bubble thanthe smaller spherical bubble which was confirmed again byAoki et al[4346]
 Typical attachment probabilities of inclusions to a bubblesurface including the stochastic effects of the turbulent floware shown in Table II The stochastic effect simulated bythe random walk method slightly increases the attachmentprobability of inclusions to the bubble surface Figure 16shows that this effect allows 50-mm inclusions starting4 bubble diameters from the column axis to collide andattach to the 1-mm bubble surface The largest attachmentopportunity is at 2 mm diameter On the other hand thesimulation indicates that without considering the stochasticeffect which means ignoring the random walk model(Figure 4(a)) all of the 50-mm inclusions injected within034 mm of the column axis attach to the bubbles andinclusions injected outside 034 mm of the column axis willnot touch the bubble at all Owing to the extra compu-tational effort required for the stochastic model it wasnot performed for all sizes of bubbles and inclusions Thestochastic attachment probability was estimated from thetwo cases to be 165116 5 14 times of the non-stochasticattachment probability
 IV FLUID FLOWAND BUBBLE MOTION IN THECONTINUOUS CASTING STRAND
 A Model Formulation and Flow Pattern
 Three-dimensional single-phase steady turbulent fluidflow in the SEN and continuous casting strand was modeledby solving the continuity equation Navier-Stokes equationsand standard equations for transport of turbulent energy andits dissipation rate[4748] The trajectories of bubbles are cal-culated by Eqs [12] through [15] which include the effectof chaotic turbulent motion using the random walk modelInclusion trajectories calculated with this approach matchreasonably well with those by large eddy simulation[49] Bubblesescape at the top surface and the open bottom of the 255-m-long mold domain and are reflected at other faces Bub-bles that escape from the bottom are considered to eventu-ally become entrapped by the solidifying shell This is acrude preliminary approximation of flow and bubble trans-port which is being investigated further as part of this pro-ject[50] The entrapment of particles into the solidifyingshell is very complex and is receiving well-deserved atten-tion in recent work[515253]
 The SEN has an 80-mm bore size a down 15-deg outportangle and a 65 3 80-mm outport size The submergencedepth of the SEN is 300 mm and the casting speed is 12 mmincorresponding to a steel throughput of 30 tonnemin Half-width of the mold is simulated in the current study (065 mhalf width 3 025 m thickness) The calculated weighted
 Fig 12mdashTurbulent energy distribution (1000 k in m2s2) around a 1-mm bubble with (a) 0 (b) 5 (c) 12 and (d) 28 50-mm inclusions attached
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  average turbulent energy and its dissipation rate at the SENoutport are 020 m2s2 and 527 m2s3 respectively Theargon flow rate injected into the molten steel through theupper nozzle and upper slide gate is 10 to 15 NlminAccording to previous multiphase fluid flow simulation[54]
 under this argon gas flow rate the fluid flow pattern in thecurrent mold is still a double roll flow pattern However ifthe argon gas flow rate is much larger the fluid flow patternin the mold will become single roll[4855] Thus the currentsimplification that ignores momentum transfer from thebubbles to the fluid just roughly represents the real multi-phase fluid flow in this mold In the further investigationthe two-phase fluid flow will be calculated
 The velocity vector distribution on the center face of thehalf-strand is shown in Figure 17 indicating a double rollflow pattern The upper loop reaches the meniscus of thenarrow face and the second loop takes steel downwardinto the liquid core and eventually flows back towardthe meniscus in the strand center The calculated volume-average turbulent energy and its dissipation rate in theCC strand are 165 3 103 m2s2 and 422 3 103 m2s3respectively
 B Bubble Trajectory Results
 Typical bubble trajectories are shown in Figure 18Smaller bubbles penetrate and circulate more deeply thanthe larger ones According to Figure 6 the maximum bub-ble size is around 5 mm Bubbles larger than 1 mm mainlymove in the upper roll and are quickly removed Bubbleswith a size of 02 mm can recirculate with paths as long as
 Fig 13mdashThe collision time and film drainage time of inclusions ontodifferent-size bubbles
 Fig 14mdashComputed normal distance from the center of 100-mm inclusionsto the surface of a 1-mm bubble (a) and interaction times (b)
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  665 m and 715 s before they escape from the top orbecome entrapped through the bottom while 05-mm bub-bles move 334 m and 2162 s 1-mm bubbles move 167 mand 92 s and 5-mm bubbles move 059 m and 059 s Themean path length (LB) and the residence time (tB) of 5000bubbles of each size are shown in Figure 19 and the fol-lowing regression equations are obtained
 LB frac14 9683 exp 1000dB0418
 1 0595 [20]
 tB frac14 1956 exp 1000dB0149
 1 2365 exp 1000dB
 0139
 1 2409 exp 1000dB8959
 [21]
 Combining the path length and the residence time theapparent average bubble speed is WB 5 LBtB The follow-ing regression equation is obtained
 WB frac14 0170eth1000dBTHORN0487 [22]
 Larger bubbles have larger average speed which can be ashigh as 05 ms for 10-mm bubbles
 V INCLUSION REMOVAL BY BUBBLES IN THECONTINUOUS CASTING STRAND
 A Model Formulation
 A model of inclusion removal by bubble flotation isdeveloped for the molten steel-alumina inclusion-argonbubble system by evaluating a simple algebraic equationthat incorporates the results of the previous sections Thefollowing assumptions are used
 (1) Bubbles all have the same size and the bubble size andthe gas flow rate are chosen independently
 (2) Inclusions have a size distribution and are uniformlydistributed in the molten steel and they are too smallto affect bubble motion or the flow pattern
 (3) Only the inclusions removed by bubble flotation areconsidered The transport and collision of inclusionsare ignored
 (4) Once stable attachment occurs between a bubble and aninclusion there is no detachment and the inclusion isconsidered to be removed from the molten steel owingto the high removal fraction of most bubbles
 The number of inclusions i NAi with diameter dpithat attach to a single bubble (sequence number j) with
 Fig 15mdashCalculated attachment probability of inclusions to bubbles
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  a diameter of dB during its motion through the moltensteel is
 NAi frac14 p
 4d2Bj
 LBj npijj
 Pi
 100[23]
 where LB is given by Eq [20] P (pct) is given by Eq [17]npi|j is the number density of inclusions with diameter dpiwhen bubble j is injected which can be represented by thefollowing recursion equation
 npijj frac14 npijj13eth100 PiTHORN
 1003
 p
 4d2B
 LB
 VM[24]
 In evaluating this equation the inclusion number densitydistribution is updated after the calculation of each individ-ual bubble to account for the significant change in inclusionconcentration caused by the simultaneous inclusionremoval of many bubbles
 In Eq [24] the volume of molten steel entering thestrand in time tB is given by
 VM frac14 VC
 60S tBj [25]
 where S 5 the area of the slab section (5025 3 13 m2)The number density of inclusions (1m3 steel) of size i
 removed by attachment to a single bubble is
 nAi frac14 NAi
 VM[26]
 Assuming that all inclusions are Al2O3 the oxygenremoved by this single bubble j (in ppm) then can beexpressed by
 DOj frac14 +i
 nAip
 6d3pi
 rpr 48102
 106
 [27]
 which can be rewritten by inserting Eqs [23] through [26]into Eq [27] and rearranging as
 DOj frac14 1163 105 1
 VCS
 d2B jLB j
 tB j
 rpr+i
 ethnpijj Pi d3piTHORN [28]
 Because it is assumed that all bubbles in the molten steelhave the same size the total number of bubbles withdiameter dB entering the molten steel during time tB is
 nB frac14 1
 2
 QG TM273
 p
 6d3B
 tB [29]
 where the factor of 12 is due to the simulation domain ofa half-mold
 The total oxygen removal by all of the bubbles can beexpressed by
 DO 5 +nB
 j5 1
 DOj [30]
 B Results and Discussion
 The inclusion size distributions measured in the tundishabove the outlets and in the CC slab are shown in Figure20(a) together with the calculated size distributions afterinclusion removal by bubble flotation for several differentbubble sizes The corresponding inclusion removal frac-tions are shown in Figure 20(b) If the bubbles are larger than5 mm less than 10 pct of the inclusions can be removed bybubble flotation at the gas flow rate of 15 Nlmin Thiscorresponds to a 3-ppm decrease in total oxygen (Figure21) Smaller bubbles appear to enable more inclusionremoval for the same gas flow rate Specifically 1-mmbubbles remove almost all of the inclusions larger than30 mm However it is unlikely that all of the bubbles thatare this small could escape from the top surface Those thatare entrapped in the solidifying shell would generate seri-ous defects in the steel product such as shown in Figures 1and 2 Increasing bubble size above 7 mm produces lesschange in the removal rate because the change in bubbleshape offsets the smaller number of bubbles
 Table I Regressed Inclusion Attachment Probability tothe Bubble Larger than 1 mm
 Bubble DiameterAttachment
 Probability (pct)
 1 mm P frac14 0189d1082p
 2 mm P frac14 0125d0187p
 4 mm P frac14 00570d0722p
 5 mm P frac14 00523d0634p
 10 mm P frac14 0130d0444p
 Table II Attachment Probabilities of Inclusions With and Without Random Walk to a 1-mm Bubble
 Case 1 Case 2
 Average turbulent energy (m2s2) 162 3 104 106 3 108
 Average turbulent energy dissipation rate (m2s2) 143 3 103 274 3 107
 Bubble velocity (ms) 1292 1620Bubble diameter (mm) 1 1Inclusions diameter (mm) 50 100Attachment probability (pct) Non-stochastic model 116 278
 Stochastic model 165 294
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  Increasing gas flow rate naturally causes more inclusionremoval by bubble flotation (Figure 21) Considering theeffect of turbulent stochastic motion slightly increasesinclusion removal by bubble flotation For the current CCconditions including a gas flow rate of 15 Nlmin thebubble size is likely to be around 5 mm assuming thereare a large number of active sites on the porous refractorythat cause a gas flow rate of less than 05 mL per pore[56]
 As shown in Figure 21 about 10 pct total oxygen isremoved by bubble flotation Previous investigations indi-cate that 8 pct of the inclusions are removed to the topsurface due to flow transport in the CC mold region[57]
 Thus the total predicted inclusion removal by flow trans-port and by bubble flotation is around 18 pct The measuredinclusion mass fraction is 668 ppm in the tundish and
 averages 519 ppm in the slab which corresponds to 22pct removal in the mold (Figure 20(a)) The predictionand the measurement agree roughly well considering thatsome inclusions are likely entrapped to the SEN walls tocause clogging and others float to the slag layer without theaid of bubblesDecreasing bubble size is shown in Figures 20 and 21 to be
 more efficient at removing inclusions As mentioned beforehowever small bubbles such as those smaller than 1 mmmay be trapped into the solidifying shell while movingthrough the lower recirculation zone Thus there should bean optimal bubble size that gives not only high inclusion-removal efficiencies but also low entrapment rates The pres-ent results suggest the optimal size might be from 2 to 4 mmDue to capturing many inclusions on its surface the appar-
 ent density of a bubble with attached inclusions increasesAccording to the current fluid flow and inclusions conditionin the CC mold the calculated apparent density of the bub-ble decreases with increasing bubble size (Figure 22(a))The maximum apparent bubble density is only around50 kgm3 Although this is much greater than the originalargon gas density of 16228 kgm3 it is still far smaller thanthat of the molten steel so it has little effect on the bubblemotion or bubble residence time in the strand (Eq [12])The inclusions attached to each bubble also have a sizedistribution (Figure 22(b)) There are typically severalthousand inclusions predicted to be attached to the bubblesurface which matches well with the measurements inFigure 22(c) Larger bubbles capture more inclusions thansmaller ones (Figure 22(b)) per bubble This is insufficientto make up for their smaller number however and further-more makes them more dangerous if captured Thus largebubbles should be avoided
 VI FUTURE FURTHER STUDY EFFECTOF TURBULENCE
 The effect of turbulence on the fluid flow near the bubblesurface the motion of inclusions near the bubble surfaceand the terminal velocity of bubbles should be furtherinvestigated in the future Pan et al measured the removalof particles (100 to 800 mm in size) by bubble flotation ina water model by analyzing high-speed camera photos[1]
 Zhang et al studied inclusion removal by bubble flotationin a water model under turbulent conditions by measuringthe particle number density (ie size distribution) using aCoulter Counter[6] Several other papers model the contri-bution of turbulence to the attachment of inclusions to bub-bles in a water system in terms of the turbulent energydissipation rate Schubert considered that the interactionbetween bubble and solid particles in water is just like theturbulent collision process of particles with similar sizes andreported the following attachment probability P[58]
 P e4=9 ethC1d7=9P THORN2 1 ethC2d
 7=9B THORN2
 h i1=2[31]
 This equation can be used only if
 dp dB $ 15ethn3=eTHORN1=4
 For metallurgical melts the typical value of e is 00001to 1 m2s3 so this equation can be used only if dpdB
 Fig 16mdashAttachment probability of 50-mm inclusions to a 1-mm bubbleincluding the stochastic effect of turbulence
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  Fig 17mdashFlow pattern in the CC strand center face with half-width (a) Velocity vectors (b) Streamline (c) Turbulent energy dissipation rate 1000 e m2s3(d) Turbulent energy 100 k m2s2
 Fig 18mdashTypical bubble trajectories in the mold with half-width
 374mdashVOLUME 37B JUNE 2006 METALLURGICAL AND MATERIALS TRANSACTIONS B
  $ 458 mm Zhang et al derived the following attachmentprobability with extensive water model experiments[6]
 P ethdp=dBTHORN265e0104Q1630G [32]
 The model for inclusion motion in the boundary layer nearthe bubble surface also needs to be further developed
 In the current study the terminal velocity of the bubble isthat in the quiescent liquid In the continuous casting asshown in Figure 17 the inlet jet has a much higher speedthan the bubble terminal speed The relative velocitybetween the bubble and the liquid steel and the relativevelocity between the bubble and the inclusion in the liquidsteel should be used but not the terminal velocity in thequiescent liquid In other words the bubble local velocityand speed in the mold will be quite different as the terminalvelocity in the quiescent liquid Figure 23 shows the calcu-lated bubble local speed and velocity when they move inthe mold as shown in Figure 18 also compared with thespeed and velocity of the solute particles Smaller bubblesmove more with the fluid flow and large bubbles havea clearly different velocity from the fluid flow When con-sidering the turbulent fluctuation (stochastic model) thebubble velocity is very different from that ignoring theturbulent fluctuation Figure 23 shows that the bubblevelocity and speed are very local depending on the localfluid flow velocity and local turbulent energy This and itseffect on the interaction between the bubble and the inclu-sion need to be further studied in the future
 VII SUMMARY AND CONCLUSIONS
 This work presents a fundamental approach to modelinginclusion removal due to bubble flotation in molten steelprocessing The problem of multiple length and time scalesis addressed by dividing the modeling into two modelingstages fundamentals of inclusionndashbubble interactions thatare independent of the macroscale process and macroscaleflow phenomena that can incorporate the results of themicroscale effects The small-scale model is validated withavailable measurements and applied to predict the changes
 in inclusion distribution that occur in the mold region ofa continuous slab caster Specific model findings include
 1 In molten steel bubbles smaller than 3 mm tend to bespherical 3- to 10-mm bubbles are spheroidal and bub-bles larger than 10 mm are sphericalndashcap-shaped Thebubble size depends mainly on the gas flow rate injec-tion method and stirring power in the molten steel Theaverage equivalent size of bubbles is estimated to be5 mm in the CC mold investigated in this work
 2 Inclusions tend to pass the midpoint of the bubble andfirst touch the bubble surface toward the bottom sidealthough stochastic fluctuations due to turbulence causemany variations The fluid flow pattern around a bubble
 Fig 19mdashMean path lengths residence times and apparent speed of bub-bles in the CC strand
 Fig 20mdashMeasured and calculated inclusion size distribution with differ-ent size bubble flotation (15 Nlmin gas)
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  with attached solid inclusions is similar to that of flowaround a large solid particle Inclusions attached to thebubble surface also increase the turbulent kinetic energydistributed around the bubble
 3 Smaller bubbles and larger inclusions have larger attach-ment probabilities Bubbles smaller than 1 mm in diam-eter have inclusion attachment probabilities as high as30 pct while the inclusion attachment probability for bub-bles larger than 5 mm is less than 1 pct The stochasticeffect of turbulence (modeled by the random walkmethod) slightly increases the attachment rate
 4 In the continuous casting strand smaller bubbles pene-trate and circulate more deeply than larger ones Bub-bles larger than 1 mm mainly move in the upper rollmoving 06 to 17 m in 06 to 92 s Smaller bubbles canmove over 6 m and take over 60 s before they eitherescape from the top surface or are entrapped through thebottom
 5 In the continuous casting mold if the bubbles are5 mmin diameter 10 pct of the inclusions are predicted tobe removed by bubble flotation corresponding to adecrease in total oxygen of around 3 ppm CombinedFig 21mdashCalculated inclusion removal by bubble flotation
 Fig 22mdashThe calculated apparent density of bubbles with attached inclusions (a) and the calculated (b) and measured (c)[9] number of inclusions attached onthe bubble in the steel
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  with 8 pct inclusion removal by flow transport thetotal is comparable to the measured inclusion-removalrate by the CC mold of 22 pct
 6 Smaller bubbles are more efficient at inclusion removalby bubble flotation so long as they are not entrappedin the solidifying shell A higher gas flow rate favorsinclusion removal by bubble flotation The optimalbubble size might be 2 to 4 mm
 7 Attached inclusions increase the bubble density byseveral times but do not affect its motion because theapparent density is still far smaller than that of molten steel
 Future research using this methodology is needed toinvestigate
 (1) The stochastic probability of all inclusion and bubblesizes
 (2) The effect of bubble size distribution(3) Multiphase fluid flow including momentum exchange
 between phases(4) The effect of inclusion collisions(5) The entrapment of bubbles and inclusions into the
 solidifying steel shell(6) Other process such as inclusion removal by bubble
 flotation in gas stirred ladles
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 NOMENCLATURE
 A Surface area of the bubble m2
 AB1P The cross section area of the column withdiameter of dB 1 2dP m
 2
 Ai The annular area at which the inclusions areinjected m2
 C Dimensionless factor of film rupture timeC = 4
 C1 C2 Constant in Eq [31]CA CB Constant in Eq [17]CD The dimensionless drag coefficientdB Bubble diameter m or mmdBmax The maximum bubble size mdp Particle diameter m or mmdOC The diameter of the column in which
 inclusions collide with the bubble mdOS The diameter of the column in which
 inclusions attached to the bubble me The aspect ratio e of bubbles in molten steel
 (Figure 5)
 Eo the Eotvos number Eo 5gd2Bethr rgTHORN
 sFB The buoyancy force NFD The the drag force Ng The gravitational acceleration ms2
 hCr The critical thickness of liquid film for filmrupture m
 k The local level of turbulent kinetic energym2s2
 LB The mean path length of 5000 bubbles mNAi The number of inclusions i attached to the
 bubblenAi The number of inclusions i attached to the
 bubble m3
 nB The total number of bubbles (dB) entering themolten steel during time tB
 Fig 23mdashBubble local velocity and speed in the mold
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  NO The number of inclusions attaching to thebubble
 npi|j The number density of inclusions withdiameter dpi when bubble j is injectedm3
 NT The number of inclusions in the column offluid swept by the column with diameterdB 1 dP
 p The pressure Nm2
 P Attachment probability of inclusions to abubble
 QG The gas flow NlminR DR The annular radius at which the inclusions
 are injected (Figure 4(b)) mRep Particle Reynolds number ethRep frac14 rdpju upj=mTHORNS Slab section area m2
 t Time stB The residence time of bubbles stc The collision time stF The film drainage time stI The interaction time between the bubble and
 the inclusion sTM The steel temperature 1823 Ku The instantaneous fluid velocity msuB The bubble terminal velocity mui and uj The velocity components of the fluid flow
 msuR The relative velocity between the bubble and
 the inclusion msupi Particle velocity at direction i (ms)u The mean fluid phase velocity msu9 Random velocity fluctuation msVC Casting speed mminVm The volume of molten steel entering the
 strand in time tB m3
 WB The apparent average bubble speed msWeCrit The critical Weber number WeCrit 059 to
 13xi and xj The coordinates ma The angle for the transition of the spherically
 deformed part of the bubble surface to thenonspherically deformed part in rad
 r The density of the molten steel kgm3
 rP Inclusion density kgm3
 rg The density of the argon gas kgm3
 f Dimensionless factor of collision time(Eq [2])
 u The contact angle of the inclusions at thebubblendashsteel interface deg
 e The turbulent energy dissipation rate in Wtor m2s3
 s The surface tension of the molten steelNm
 m The viscosity of the molten steel kg(m s)n The viscosity of the molten steel m2sdij The Kronecker delta which equals zero if i j
 else equals unittij The total shear force on the portion of the
 bubble surface Nj The random numberDOj The oxygen removed by this single bubble
 j ppm
 DO The total oxygen removed by all bubblesppm
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f frac14 2 arcsin 1112u2Rsrp
 d3pg2ethrp rTHORN2
 1=2
 [2]
 The value of f as a function of particle diameter dp and therelative velocity between the bubble and the inclusion uR isshown in Figure 3 which indicates 0 f p Only whenthe inclusion is larger than 100 mm and the relative velocitybetween the inclusion and the bubble is as small as 104 msdoes f approach p If dp 100 mm uR 01 ms andf 00038 p then the collision time of the inclusionto the bubble in our liquid steel system can be simplified into
 tc frac14 pd3prp
 12s
 1=2
 [3]
 The film drainage time tF is the time required for the drain-age of the liquid film between the bubble and the inclusionuntil a critical film thickness is reached and rupture occursSchulze[27] derived the rupture time of the film formedbetween a solid particle and a gas bubble as
 tF frac14 3
 64m
 a2
 Csh2Crd3P [4]
 where a the angle (in rad) for the transition of the spher-ically deformed part of the bubble surface to the nonspheri-cally deformed part is given by[3]
 a frac14 arccos 1 102pdprpu
 2R
 12s
 1=2
 [5]
 The critical thickness of liquid film for film rupture is givenby[3]
 hCr frac14 2333108frac121000seth1 cos uTHORN016 [6]
 In the current study uR is assumed to equal the bubbleterminal velocity uBWhen the inclusion collides with and slides on the bub-
 ble surface the bubble surface is deformed which affectsthe formation and rupture of the film Thus a is influencedboth by bubble property and by inclusion property Thededuction of Eq [5] is detailed in Zhangrsquos paper[3]
 After a particle has broken through the liquid film andreached the gas bubble it will reside stably at the gasliquidinterface regardless of the contact angle Subsequentdetachment is difficult especially for particles that aresmall relative to the bubble sizeThe process of inclusion removal by gas bubbles is char-
 acterized by the attachment probability This process isinfluenced by many factors including the turbulent fluidflow of the molten steel the shape and size of both thebubble and the inclusion surface tension effects and bubble-removal rates which are affected by slag properties Theattachment probability is the fraction of inclusions that passthe rising bubble and attach to it When turbulence levelsare small it can be defined as
 P 5NO
 NT5
 dOSdB 1 dP
 [7]
 where NO 5 the number of inclusions attaching to thebubble and NT 5 the number of inclusions in the columnof fluid swept by the moving bubble with diameter dB 1 dPWithout the stochastic effect of turbulence only particlesstarting within a critical distance from the bubble axis dOSwill be entrapped (Figure 4(a))
 Fig 3mdashThe dimensionless factor f (Eq [2]) for the collision time asa function of inclusion diameter and the relative velocity between theinclusion and the bubble
 Fig 2mdashInclusion sliver in longitudinal section of a rolled sheet product(a)[17] and pencil pipe lamination defect on a steel sheet (b)[15]
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  C Bubble Size
 Gas can be injected into the molten steel by variousdevices such as tuyeres lances and porous refractoryplugs which govern the initial bubble size Large bubblescan break up according to the local turbulence level Thesize of the largest surviving bubbles can be estimated by theforces imposed on the bubble[3] The average equivalentsize of bubbles to survive the turbulence in secondary steel-refining processes is predicted to be 10 to 20 mm[328] and5 mm in the CC mold[3] Bubble shape changes with sizeThe aspect ratio of the bubble e varies according to thefollowing empirical relationship[29]
 e 5 11 0163Eo0757 [8]
 where Eo 5 the Eotvos number which represents the ratiobetween the buoyancy and surface tension forces
 Figure 5 shows the aspect ratio e of bubbles in moltensteel indicating that bubbles smaller than 3 mm are spher-ical bubbles 3 to 10 mm are spheroidal and bubbles largerthan 10 mm are spherical-cap shaped[303132] Most bubblesin the continuous casting mold are nearly spherical due totheir size of 5 mm[33ndash36]
 The shape of the bubble also depends on the ratio of theturbulent pressure fluctuation to the capillary pressurewhich is related to the Weber number If the bubble Webernumber exceeds a critical value the bubble will break upThus bubble size decreases with increasing stirring inten-sity of the liquid phase[3] according to[37]
 dBmax We06Crit
 s 3 103
 r 3 103
 06
 ethe 3 10THORN04 3 102 [9]
 where dBmax 5 the maximum bubble size in m e is in Wtand the critical Weber number WeCrit 059 to 13 (Figure6) The stirring intensities of various metallurgical systemsare also shown in this figure[3] The highly turbulent flow inthe SEN will break up any gas pockets into fine bubbles5 mm in diameter[33ndash36] It was reported that the newlydeveloped swirl SEN generates a larger energy dissipationrate in the nozzle[38ndash41] According to Eq [9] this kind ofnozzle may generate smaller bubbles
 D Bubble Terminal Velocity
 The terminal velocity of bubbles rising in molten steel isdifficult to measure accurately The density viscosity andsurface tension of the liquid affect the bubble terminalvelocity as do bubble size and the turbulent fluid flowcharacteristics Figure 7 shows the terminal velocities ofgas bubbles in the molten steel as calculated by differentmodels[3] A smoothed mean of the bubble velocity pre-dicted by these models is compared with the predictionsof the model in the current work (presented later)
 Fig 6mdashMaximum argon bubble size in turbulent molten steel with bulkstirring powers of different vessels[3]
 Fig 4mdashSchematic of the attachment probability of inclusions to the bub-ble surface
 Fig 5mdashBubble shape characterized by its aspect ratio (e) as a function ofits size[29]
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  The terminal velocity of a bubble can be calculated froma force balance between the buoyancy force and the drag forceacting on the bubble The buoyancy force is expressed by
 FB frac14 pd3B6
 ethr rgTHORN [10]
 and the total drag force FD is calculated by integrating overthe surface of the bubble
 FD frac14ZS
 tijdA 5
 ZS
 pdij 1mujxi
 1uixj
 dA [11]
 The drag force depends on the size velocity and surfacecondition of the bubble while the buoyancy force onlydepends on the bubble size By applying FB 5 FD for a givensize bubble and surface condition the terminal velocity ofthe bubble can be obtained For a free bubble a zero shearcondition is the most appropriate boundary condition on thebubble surface The alternative surface boundary conditionof zero velocity (lsquolsquono sliprsquorsquo) is more appropriate for bubbleswith rigid surfaces such as those caused by surface-activeelements or covering the surface with particles Figure 7shows that the terminal velocity of bubbles calculated withthe zero shear surface condition agrees well with the mean ofother analytical models Thus the mean value of models 1 to5 is used as the terminal velocity of bubbles when the fluidflow around bubbles is simulated A peak occurs at a bubblediameter of 3 mm where the bubble shape starts to changefrom spherical to ellipsoidal Ellipsoidal bubbles (3 to 10 mm)have similar velocity For bubbles larger than 10 mmterminal velocity increases rapidly with increasing sizedue to their spherical-cap shape
 III INCLUSION ATTACHMENT TOGAS BUBBLES
 A Model Formulation
 To determine the interaction time and the attachmentprobability of inclusions to the bubble surface a computa-
 tional simulation of turbulent flow around an individualbubble and a simulation of inclusion transport through theflow field were developed First the steady turbulent flowof molten steel around an argon bubble was calculated bysolving the continuity equation Navier-Stokes equations andthe standard equations for turbulent energy and its dissipa-tion rate transport in two dimensions assuming axisymmetryThe domain included 15 to 20 times bubble diameter
 distance before and after the bubble using the finite differ-entiation code FLUENT[42] Possible deformation of thebubble shape by the flow and inclusion motion is ignoredThe bubble is fixed and the inlet velocity and far-fieldvelocity condition are set to the bubble terminal velocityassuming a suitable turbulent energy and dissipation rateand a far-field pressure outletBoth zero velocity and zero shear stress boundary con-
 ditions at the fluidndashbubble interface were applied and theresults were compared The terminal velocities of bubbleswere the mean value in Figure 7 The zero velocity condi-tion produces slightly lower velocities for small sphericalbubbles and higher velocities for larger spherical bubblesThe zero shear condition was assumed for the rest of theresults in this work The trajectory of each inclusion parti-cle was then calculated from the computed velocity field byintegrating the following particle velocity equation whichconsiders the balance between drag and buoyancy forces
 dupidt
 518m
 rPd2p
 CDRep
 24ethui upiTHORN1
 rp r
 rgi
 11
 2
 r
 rP
 d
 dtethui upiTHORN1 r
 rpuiuixi
 [12]
 The drag force coefficient is given by
 CD frac14 24
 Rep11 0186Re06529p
 [13]
 The first term in Eq [12] is the drag force per unit particlemass the second term is the gravitational force the thirdterm is the lsquolsquovirtual massrsquorsquo force[4] accelerating the fluidsurrounding the particle and the fourth term is the forcestemming from the pressure gradient in the fluid The liftforce is ignored in the current study For solid inclusions(300 mm) in liquid steel the lift force is not importantHowever for argon bubbles in liquid steel the lift force isimportant[443] though not as important as the drag forceand gravitational force In the future simulation of bubblemotion in the liquid steel the lift force will be includedTo incorporate the lsquolsquostochasticrsquorsquo effect of turbulent fluc-
 tuations on the particle motion this work uses the lsquolsquorandomwalkrsquorsquo model in FLUENT[44] In this model particle veloc-ity fluctuations are based on a Gaussian-distributed randomnumber chosen according to the local turbulent kineticenergy The random number is changed thus producinga new instantaneous velocity fluctuation at a frequencyequal to the characteristic lifetime of the eddy The instan-taneous fluid velocity is then given by
 u 5 u1 u0 [14]
 u0 5 jffiffiffiffiffiffiu02
 pfrac14 j
 ffiffiffiffiffiffiffiffiffiffi2k=3
 p[15]
 As boundary conditions inclusions reflect if they touch thesurface of the bubble Attachment between the inclusion
 Fig 7mdashBubble terminal rising velocity variation with stirring power an-alytical models 1 to 5 refer to Zhangrsquos study[3]
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  and the bubble was determined by the following steps Ifthe normal distance from the inclusion center to the surfaceof the bubble quickly becomes less than the inclusion radiusthen collision attachment takes place This was rare Thenthe interaction time between the bubble and the inclusion tIis calculated from the inclusion centerline trajectory resultsby tracking the sliding time that elapses while the distancefrom the inclusion center to the surface of the bubble is lessthan the inclusion radius Then if tI tF the inclusion willbe attached to the surface of the bubble
 The attachment probability is then calculated using Eq[7] by injecting several thousand inclusions uniformly withthe local velocity into the domain in a column with diam-eter dB 1 dp for nonstochastic cases
 The classic attachment probability schematic given inFigure 4(a) does not apply in turbulent conditions Due tothe stochastic effect of turbulence some inclusions insidethe column of dOS may not interact with the bubble On theother hand other inclusions even far outside the column dB 1dp may interact collide and attach onto the bubble surfaceTo model this effect inclusions were injected into a columnthat was 15 to 20 times of the bubble diameter to computethis accurately Then the attached probability (Figure 4(b))was obtained by
 P 5+i
 PiAi
 AB1P5
 +i
 NOi
 NT ipethRi 1DReth THORN2 pR2
 i THORN
 pethdB 1 dpTHORN24
 [16]
 where i 5 the number of the annular area at which theinclusions are injected
 In the current investigation the following parameters areused r 5 7020 kgm3 rP5 2800 kgm3 rg5 16228 kgm3s 5 140 Nm u5 112 deg m5 00067 kgm s dp 5 1 to100 mm and dB 5 1 to 10 mm These parameters representtypical spherical solid inclusions such as alumina in moltensteel
 B Fluid Flow and Inclusion Motion Around a Bubble
 Figure 8 shows the fluid flow pattern behind a rigidsphere (15 mm in diameter) in water The simulation ofthe current work agrees well with the measurement[45] Thereis a recirculation region or swirl behind the solid particleThis swirl is not observed in fluid flow around a free bubble(zero shear velocity) (Figure 9) Figure 9 shows the fluidflow pattern and trajectories of 100-mm inclusions arounda 5-mm bubble in molten steel The tracer particles (7020kgm3 density) follow the stream lines and tend to touch thesurface of the bubble at the top point (exactly halfwayaround the bubble) (Figure 9(a)) Particles with densitylarger than that of the liquid such as solid particles in waterin mineral processing tend to touch the bubble before thetop point (Figure 9(b)) while lighter particles such asinclusions in the molten steel tend to touch the bubble afterthe top point (Figure 9(c)) Stochastic fluctuation of theturbulence makes the inclusions very dispersed so attach-ment may occur at a range of positions (Figure 9(d))
 The average turbulent energy in the bulk of the liquid haslittle effect on the local turbulent energy distribution aroundthe bubble As shown in Figure 10 (a) has four orders of
 magnitude larger average turbulent energy than in the far-field liquid (b) but it has slightly smaller local turbulentenergy around the bubble This is because (a) has a lowerbubble terminal velocity than (b) However the averageturbulent energy has a great effect on the inclusion motionaccording to Eqs [14] and [15]
 During the motion of bubbles in molten steel the fluidflow pattern around the bubble will change as inclusionsbecome attached (Figure 11) In this figure the points ofinclusions at and near the bubble surface are just randomlychosen no real coagulation model is used Because thebubble surface is considered to be free surface inclusionsattached to the front half surface of the bubble will slide tothe rear of the bubble (Figure 11(d)) A recirculation regionbehind the bubble is generated even for only five 50-mminclusions attached on the surface of the bubble This recir-culation does not exist behind a bubble that is free fromattached inclusions Thus the fluid flow pattern arounda bubble with attached solid inclusions is more like thataround solid particles such as shown in Figure 8 Figure12 indicates that high turbulent energy levels exist aroundthe inclusions attached on a bubble and the turbulentenergy in the wake of the bubble becomes smaller withmore attached inclusions The turbulence level around thebubble in turn affects inclusion attachment (Eqs [14] and[15]) Also forces on the particles will push them aroundthe bubble surface toward the back of the bubble Withthe current attachment model these phenomena are notincluded so further study is needed
 C Inclusion Attachment Probability to Bubbles
 The calculated collision times (Eq [3]) and film drainagetimes (Eq [4]) of inclusions onto bubbles are shown inFigure 13 for various inclusions in molten steel Figure13(a) shows that for wetting inclusions (with small contactangle) the film rupture time is very large but for nonwet-ting inclusions usually encountered in steelmaking (contactangle 90 deg) the film rupture time is very short (60 to67 ms) Figure 13(b) indicates that the collision time andfilm drainage time both increase with increasing inclusionsize but the film drainage time increases more steeply Forinclusions smaller than 10 mm the collision time is largerthan the film drainage time thus inclusions will attach onthe surface of the bubble once colliding with it and thisattachment is independent of the sliding process
 The calculated normal distances from the center of 100-mminclusions to the surface of a 1-mm bubble are shown inFigure 14(a) as function of time during the approach ofinclusions to this bubble The time interval when the dis-tance is less than the inclusion radius (50 mm) is the inter-action time (sliding time) between the inclusion and thebubble (Figure 14(b)) If this sliding time is larger thanthe film rupture time (Eq [4] and Figure 13) the inclusionis stably attached to the bubble surface Larger inclusionsrequire greater interaction times to attach on the order ofmillisecond
 The calculated attachment probability of inclusions (dP 55 10 20 35 50 70 100 mm) to bubbles (1 2 4 6 10 mm)are shown in Figure 15(a) based on trajectory calculationsof inclusions without considering the stochastic effect To
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  Fig 8mdashFluid flow behind a rigid sphere (15 mm in diameter) in water (a) Experiment[45] (b) Streamline by simulation (c) Velocity by simulation
 Fig 9mdashFluid flow and trajectories of 100-mm inclusions around a 5-mm bubble in the molten steel with density of 7020 kgm3 (a) Neutral-buoyancyparticles (7020 kgm3) (b) Denser particles (14040 kgm3) (c) Inclusions (2800 kgm3) (d) Random walk of inclusions
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  compute attachment rates for a continuous size distributionof inclusions and bubbles regression was performed onthese probabilities (Table I) The regression equationobtained Eq [17] is included in Figure 15
 P 5 CAdCBp [17]
 where CA and CB are
 CA frac14 0268 00737dB 1 000615d2B [18]
 CB frac14 1077d0334B [19]
 where dB is in mm and dp is in mmEq [17] should be used under the following conditions
 bubble size is in the range of 1 to 10 mm and bulk turbu-lent energy level is less than 102 m2s2 The attachmentprobability of inclusions to the surface of the bubble forprocesses with turbulent energy of more than 102 m2s2such as argon stirred ladles is investigated elsewhere[43] Ina continuous casting mold the bubble size is less than5 mm and the turbulent energy is in the order of 103 m2s2hence Eq [17] can be usedFigure 15(b) indicates that the regression equation
 matches roughly the numerical simulations Figure 15(c)shows the calculated attached attachment probability as a
 function of bubble size and inclusion size according toEq [17] If bubble size is less than 6 mm smaller bubblesand larger inclusions have larger attachment probabilitiesSmall 1-mm bubbles can have inclusion attachment proba-bilities as high as 30 pct while the inclusion attachmentprobability to bubbles larger than 5 mm is less than 1 pct
 Fig 11mdashFluid flow pattern around a 1-mm bubble with (a) 0 (b) 5 (c) 12and (d) 28 50-mm inclusions attached
 Fig 10mdashTurbulent energy distribution (1000 k in m2s2) around a 1-mmbubble (a) Bulk turbulent energy 162 3 104 m2s2 and its dissipationrate 143 3 103 m2s3 0129 ms bubble terminal velocity (b) Bulkturbulent energy 106 3 108 m2s2 and its dissipation rate 274 3107 m2s3 0162 ms bubble terminal velocity
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  However the attachment probability increases with increas-ing bubble size when bubbles are larger than 7 mm The shapeand the terminal velocity of bubbles around 7 mm (Figures5 and 7) dominate the fluid flow and particle motion aroundthe spheroidal bubbles The simulation indicates that moreinclusions are captured by the larger spheroidal bubble thanthe smaller spherical bubble which was confirmed again byAoki et al[4346]
 Typical attachment probabilities of inclusions to a bubblesurface including the stochastic effects of the turbulent floware shown in Table II The stochastic effect simulated bythe random walk method slightly increases the attachmentprobability of inclusions to the bubble surface Figure 16shows that this effect allows 50-mm inclusions starting4 bubble diameters from the column axis to collide andattach to the 1-mm bubble surface The largest attachmentopportunity is at 2 mm diameter On the other hand thesimulation indicates that without considering the stochasticeffect which means ignoring the random walk model(Figure 4(a)) all of the 50-mm inclusions injected within034 mm of the column axis attach to the bubbles andinclusions injected outside 034 mm of the column axis willnot touch the bubble at all Owing to the extra compu-tational effort required for the stochastic model it wasnot performed for all sizes of bubbles and inclusions Thestochastic attachment probability was estimated from thetwo cases to be 165116 5 14 times of the non-stochasticattachment probability
 IV FLUID FLOWAND BUBBLE MOTION IN THECONTINUOUS CASTING STRAND
 A Model Formulation and Flow Pattern
 Three-dimensional single-phase steady turbulent fluidflow in the SEN and continuous casting strand was modeledby solving the continuity equation Navier-Stokes equationsand standard equations for transport of turbulent energy andits dissipation rate[4748] The trajectories of bubbles are cal-culated by Eqs [12] through [15] which include the effectof chaotic turbulent motion using the random walk modelInclusion trajectories calculated with this approach matchreasonably well with those by large eddy simulation[49] Bubblesescape at the top surface and the open bottom of the 255-m-long mold domain and are reflected at other faces Bub-bles that escape from the bottom are considered to eventu-ally become entrapped by the solidifying shell This is acrude preliminary approximation of flow and bubble trans-port which is being investigated further as part of this pro-ject[50] The entrapment of particles into the solidifyingshell is very complex and is receiving well-deserved atten-tion in recent work[515253]
 The SEN has an 80-mm bore size a down 15-deg outportangle and a 65 3 80-mm outport size The submergencedepth of the SEN is 300 mm and the casting speed is 12 mmincorresponding to a steel throughput of 30 tonnemin Half-width of the mold is simulated in the current study (065 mhalf width 3 025 m thickness) The calculated weighted
 Fig 12mdashTurbulent energy distribution (1000 k in m2s2) around a 1-mm bubble with (a) 0 (b) 5 (c) 12 and (d) 28 50-mm inclusions attached
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  average turbulent energy and its dissipation rate at the SENoutport are 020 m2s2 and 527 m2s3 respectively Theargon flow rate injected into the molten steel through theupper nozzle and upper slide gate is 10 to 15 NlminAccording to previous multiphase fluid flow simulation[54]
 under this argon gas flow rate the fluid flow pattern in thecurrent mold is still a double roll flow pattern However ifthe argon gas flow rate is much larger the fluid flow patternin the mold will become single roll[4855] Thus the currentsimplification that ignores momentum transfer from thebubbles to the fluid just roughly represents the real multi-phase fluid flow in this mold In the further investigationthe two-phase fluid flow will be calculated
 The velocity vector distribution on the center face of thehalf-strand is shown in Figure 17 indicating a double rollflow pattern The upper loop reaches the meniscus of thenarrow face and the second loop takes steel downwardinto the liquid core and eventually flows back towardthe meniscus in the strand center The calculated volume-average turbulent energy and its dissipation rate in theCC strand are 165 3 103 m2s2 and 422 3 103 m2s3respectively
 B Bubble Trajectory Results
 Typical bubble trajectories are shown in Figure 18Smaller bubbles penetrate and circulate more deeply thanthe larger ones According to Figure 6 the maximum bub-ble size is around 5 mm Bubbles larger than 1 mm mainlymove in the upper roll and are quickly removed Bubbleswith a size of 02 mm can recirculate with paths as long as
 Fig 13mdashThe collision time and film drainage time of inclusions ontodifferent-size bubbles
 Fig 14mdashComputed normal distance from the center of 100-mm inclusionsto the surface of a 1-mm bubble (a) and interaction times (b)
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  665 m and 715 s before they escape from the top orbecome entrapped through the bottom while 05-mm bub-bles move 334 m and 2162 s 1-mm bubbles move 167 mand 92 s and 5-mm bubbles move 059 m and 059 s Themean path length (LB) and the residence time (tB) of 5000bubbles of each size are shown in Figure 19 and the fol-lowing regression equations are obtained
 LB frac14 9683 exp 1000dB0418
 1 0595 [20]
 tB frac14 1956 exp 1000dB0149
 1 2365 exp 1000dB
 0139
 1 2409 exp 1000dB8959
 [21]
 Combining the path length and the residence time theapparent average bubble speed is WB 5 LBtB The follow-ing regression equation is obtained
 WB frac14 0170eth1000dBTHORN0487 [22]
 Larger bubbles have larger average speed which can be ashigh as 05 ms for 10-mm bubbles
 V INCLUSION REMOVAL BY BUBBLES IN THECONTINUOUS CASTING STRAND
 A Model Formulation
 A model of inclusion removal by bubble flotation isdeveloped for the molten steel-alumina inclusion-argonbubble system by evaluating a simple algebraic equationthat incorporates the results of the previous sections Thefollowing assumptions are used
 (1) Bubbles all have the same size and the bubble size andthe gas flow rate are chosen independently
 (2) Inclusions have a size distribution and are uniformlydistributed in the molten steel and they are too smallto affect bubble motion or the flow pattern
 (3) Only the inclusions removed by bubble flotation areconsidered The transport and collision of inclusionsare ignored
 (4) Once stable attachment occurs between a bubble and aninclusion there is no detachment and the inclusion isconsidered to be removed from the molten steel owingto the high removal fraction of most bubbles
 The number of inclusions i NAi with diameter dpithat attach to a single bubble (sequence number j) with
 Fig 15mdashCalculated attachment probability of inclusions to bubbles
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  a diameter of dB during its motion through the moltensteel is
 NAi frac14 p
 4d2Bj
 LBj npijj
 Pi
 100[23]
 where LB is given by Eq [20] P (pct) is given by Eq [17]npi|j is the number density of inclusions with diameter dpiwhen bubble j is injected which can be represented by thefollowing recursion equation
 npijj frac14 npijj13eth100 PiTHORN
 1003
 p
 4d2B
 LB
 VM[24]
 In evaluating this equation the inclusion number densitydistribution is updated after the calculation of each individ-ual bubble to account for the significant change in inclusionconcentration caused by the simultaneous inclusionremoval of many bubbles
 In Eq [24] the volume of molten steel entering thestrand in time tB is given by
 VM frac14 VC
 60S tBj [25]
 where S 5 the area of the slab section (5025 3 13 m2)The number density of inclusions (1m3 steel) of size i
 removed by attachment to a single bubble is
 nAi frac14 NAi
 VM[26]
 Assuming that all inclusions are Al2O3 the oxygenremoved by this single bubble j (in ppm) then can beexpressed by
 DOj frac14 +i
 nAip
 6d3pi
 rpr 48102
 106
 [27]
 which can be rewritten by inserting Eqs [23] through [26]into Eq [27] and rearranging as
 DOj frac14 1163 105 1
 VCS
 d2B jLB j
 tB j
 rpr+i
 ethnpijj Pi d3piTHORN [28]
 Because it is assumed that all bubbles in the molten steelhave the same size the total number of bubbles withdiameter dB entering the molten steel during time tB is
 nB frac14 1
 2
 QG TM273
 p
 6d3B
 tB [29]
 where the factor of 12 is due to the simulation domain ofa half-mold
 The total oxygen removal by all of the bubbles can beexpressed by
 DO 5 +nB
 j5 1
 DOj [30]
 B Results and Discussion
 The inclusion size distributions measured in the tundishabove the outlets and in the CC slab are shown in Figure20(a) together with the calculated size distributions afterinclusion removal by bubble flotation for several differentbubble sizes The corresponding inclusion removal frac-tions are shown in Figure 20(b) If the bubbles are larger than5 mm less than 10 pct of the inclusions can be removed bybubble flotation at the gas flow rate of 15 Nlmin Thiscorresponds to a 3-ppm decrease in total oxygen (Figure21) Smaller bubbles appear to enable more inclusionremoval for the same gas flow rate Specifically 1-mmbubbles remove almost all of the inclusions larger than30 mm However it is unlikely that all of the bubbles thatare this small could escape from the top surface Those thatare entrapped in the solidifying shell would generate seri-ous defects in the steel product such as shown in Figures 1and 2 Increasing bubble size above 7 mm produces lesschange in the removal rate because the change in bubbleshape offsets the smaller number of bubbles
 Table I Regressed Inclusion Attachment Probability tothe Bubble Larger than 1 mm
 Bubble DiameterAttachment
 Probability (pct)
 1 mm P frac14 0189d1082p
 2 mm P frac14 0125d0187p
 4 mm P frac14 00570d0722p
 5 mm P frac14 00523d0634p
 10 mm P frac14 0130d0444p
 Table II Attachment Probabilities of Inclusions With and Without Random Walk to a 1-mm Bubble
 Case 1 Case 2
 Average turbulent energy (m2s2) 162 3 104 106 3 108
 Average turbulent energy dissipation rate (m2s2) 143 3 103 274 3 107
 Bubble velocity (ms) 1292 1620Bubble diameter (mm) 1 1Inclusions diameter (mm) 50 100Attachment probability (pct) Non-stochastic model 116 278
 Stochastic model 165 294
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  Increasing gas flow rate naturally causes more inclusionremoval by bubble flotation (Figure 21) Considering theeffect of turbulent stochastic motion slightly increasesinclusion removal by bubble flotation For the current CCconditions including a gas flow rate of 15 Nlmin thebubble size is likely to be around 5 mm assuming thereare a large number of active sites on the porous refractorythat cause a gas flow rate of less than 05 mL per pore[56]
 As shown in Figure 21 about 10 pct total oxygen isremoved by bubble flotation Previous investigations indi-cate that 8 pct of the inclusions are removed to the topsurface due to flow transport in the CC mold region[57]
 Thus the total predicted inclusion removal by flow trans-port and by bubble flotation is around 18 pct The measuredinclusion mass fraction is 668 ppm in the tundish and
 averages 519 ppm in the slab which corresponds to 22pct removal in the mold (Figure 20(a)) The predictionand the measurement agree roughly well considering thatsome inclusions are likely entrapped to the SEN walls tocause clogging and others float to the slag layer without theaid of bubblesDecreasing bubble size is shown in Figures 20 and 21 to be
 more efficient at removing inclusions As mentioned beforehowever small bubbles such as those smaller than 1 mmmay be trapped into the solidifying shell while movingthrough the lower recirculation zone Thus there should bean optimal bubble size that gives not only high inclusion-removal efficiencies but also low entrapment rates The pres-ent results suggest the optimal size might be from 2 to 4 mmDue to capturing many inclusions on its surface the appar-
 ent density of a bubble with attached inclusions increasesAccording to the current fluid flow and inclusions conditionin the CC mold the calculated apparent density of the bub-ble decreases with increasing bubble size (Figure 22(a))The maximum apparent bubble density is only around50 kgm3 Although this is much greater than the originalargon gas density of 16228 kgm3 it is still far smaller thanthat of the molten steel so it has little effect on the bubblemotion or bubble residence time in the strand (Eq [12])The inclusions attached to each bubble also have a sizedistribution (Figure 22(b)) There are typically severalthousand inclusions predicted to be attached to the bubblesurface which matches well with the measurements inFigure 22(c) Larger bubbles capture more inclusions thansmaller ones (Figure 22(b)) per bubble This is insufficientto make up for their smaller number however and further-more makes them more dangerous if captured Thus largebubbles should be avoided
 VI FUTURE FURTHER STUDY EFFECTOF TURBULENCE
 The effect of turbulence on the fluid flow near the bubblesurface the motion of inclusions near the bubble surfaceand the terminal velocity of bubbles should be furtherinvestigated in the future Pan et al measured the removalof particles (100 to 800 mm in size) by bubble flotation ina water model by analyzing high-speed camera photos[1]
 Zhang et al studied inclusion removal by bubble flotationin a water model under turbulent conditions by measuringthe particle number density (ie size distribution) using aCoulter Counter[6] Several other papers model the contri-bution of turbulence to the attachment of inclusions to bub-bles in a water system in terms of the turbulent energydissipation rate Schubert considered that the interactionbetween bubble and solid particles in water is just like theturbulent collision process of particles with similar sizes andreported the following attachment probability P[58]
 P e4=9 ethC1d7=9P THORN2 1 ethC2d
 7=9B THORN2
 h i1=2[31]
 This equation can be used only if
 dp dB $ 15ethn3=eTHORN1=4
 For metallurgical melts the typical value of e is 00001to 1 m2s3 so this equation can be used only if dpdB
 Fig 16mdashAttachment probability of 50-mm inclusions to a 1-mm bubbleincluding the stochastic effect of turbulence
 METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 37B JUNE 2006mdash373
  Fig 17mdashFlow pattern in the CC strand center face with half-width (a) Velocity vectors (b) Streamline (c) Turbulent energy dissipation rate 1000 e m2s3(d) Turbulent energy 100 k m2s2
 Fig 18mdashTypical bubble trajectories in the mold with half-width
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  $ 458 mm Zhang et al derived the following attachmentprobability with extensive water model experiments[6]
 P ethdp=dBTHORN265e0104Q1630G [32]
 The model for inclusion motion in the boundary layer nearthe bubble surface also needs to be further developed
 In the current study the terminal velocity of the bubble isthat in the quiescent liquid In the continuous casting asshown in Figure 17 the inlet jet has a much higher speedthan the bubble terminal speed The relative velocitybetween the bubble and the liquid steel and the relativevelocity between the bubble and the inclusion in the liquidsteel should be used but not the terminal velocity in thequiescent liquid In other words the bubble local velocityand speed in the mold will be quite different as the terminalvelocity in the quiescent liquid Figure 23 shows the calcu-lated bubble local speed and velocity when they move inthe mold as shown in Figure 18 also compared with thespeed and velocity of the solute particles Smaller bubblesmove more with the fluid flow and large bubbles havea clearly different velocity from the fluid flow When con-sidering the turbulent fluctuation (stochastic model) thebubble velocity is very different from that ignoring theturbulent fluctuation Figure 23 shows that the bubblevelocity and speed are very local depending on the localfluid flow velocity and local turbulent energy This and itseffect on the interaction between the bubble and the inclu-sion need to be further studied in the future
 VII SUMMARY AND CONCLUSIONS
 This work presents a fundamental approach to modelinginclusion removal due to bubble flotation in molten steelprocessing The problem of multiple length and time scalesis addressed by dividing the modeling into two modelingstages fundamentals of inclusionndashbubble interactions thatare independent of the macroscale process and macroscaleflow phenomena that can incorporate the results of themicroscale effects The small-scale model is validated withavailable measurements and applied to predict the changes
 in inclusion distribution that occur in the mold region ofa continuous slab caster Specific model findings include
 1 In molten steel bubbles smaller than 3 mm tend to bespherical 3- to 10-mm bubbles are spheroidal and bub-bles larger than 10 mm are sphericalndashcap-shaped Thebubble size depends mainly on the gas flow rate injec-tion method and stirring power in the molten steel Theaverage equivalent size of bubbles is estimated to be5 mm in the CC mold investigated in this work
 2 Inclusions tend to pass the midpoint of the bubble andfirst touch the bubble surface toward the bottom sidealthough stochastic fluctuations due to turbulence causemany variations The fluid flow pattern around a bubble
 Fig 19mdashMean path lengths residence times and apparent speed of bub-bles in the CC strand
 Fig 20mdashMeasured and calculated inclusion size distribution with differ-ent size bubble flotation (15 Nlmin gas)
 METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 37B JUNE 2006mdash375
  with attached solid inclusions is similar to that of flowaround a large solid particle Inclusions attached to thebubble surface also increase the turbulent kinetic energydistributed around the bubble
 3 Smaller bubbles and larger inclusions have larger attach-ment probabilities Bubbles smaller than 1 mm in diam-eter have inclusion attachment probabilities as high as30 pct while the inclusion attachment probability for bub-bles larger than 5 mm is less than 1 pct The stochasticeffect of turbulence (modeled by the random walkmethod) slightly increases the attachment rate
 4 In the continuous casting strand smaller bubbles pene-trate and circulate more deeply than larger ones Bub-bles larger than 1 mm mainly move in the upper rollmoving 06 to 17 m in 06 to 92 s Smaller bubbles canmove over 6 m and take over 60 s before they eitherescape from the top surface or are entrapped through thebottom
 5 In the continuous casting mold if the bubbles are5 mmin diameter 10 pct of the inclusions are predicted tobe removed by bubble flotation corresponding to adecrease in total oxygen of around 3 ppm CombinedFig 21mdashCalculated inclusion removal by bubble flotation
 Fig 22mdashThe calculated apparent density of bubbles with attached inclusions (a) and the calculated (b) and measured (c)[9] number of inclusions attached onthe bubble in the steel
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  with 8 pct inclusion removal by flow transport thetotal is comparable to the measured inclusion-removalrate by the CC mold of 22 pct
 6 Smaller bubbles are more efficient at inclusion removalby bubble flotation so long as they are not entrappedin the solidifying shell A higher gas flow rate favorsinclusion removal by bubble flotation The optimalbubble size might be 2 to 4 mm
 7 Attached inclusions increase the bubble density byseveral times but do not affect its motion because theapparent density is still far smaller than that of molten steel
 Future research using this methodology is needed toinvestigate
 (1) The stochastic probability of all inclusion and bubblesizes
 (2) The effect of bubble size distribution(3) Multiphase fluid flow including momentum exchange
 between phases(4) The effect of inclusion collisions(5) The entrapment of bubbles and inclusions into the
 solidifying steel shell(6) Other process such as inclusion removal by bubble
 flotation in gas stirred ladles
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 NOMENCLATURE
 A Surface area of the bubble m2
 AB1P The cross section area of the column withdiameter of dB 1 2dP m
 2
 Ai The annular area at which the inclusions areinjected m2
 C Dimensionless factor of film rupture timeC = 4
 C1 C2 Constant in Eq [31]CA CB Constant in Eq [17]CD The dimensionless drag coefficientdB Bubble diameter m or mmdBmax The maximum bubble size mdp Particle diameter m or mmdOC The diameter of the column in which
 inclusions collide with the bubble mdOS The diameter of the column in which
 inclusions attached to the bubble me The aspect ratio e of bubbles in molten steel
 (Figure 5)
 Eo the Eotvos number Eo 5gd2Bethr rgTHORN
 sFB The buoyancy force NFD The the drag force Ng The gravitational acceleration ms2
 hCr The critical thickness of liquid film for filmrupture m
 k The local level of turbulent kinetic energym2s2
 LB The mean path length of 5000 bubbles mNAi The number of inclusions i attached to the
 bubblenAi The number of inclusions i attached to the
 bubble m3
 nB The total number of bubbles (dB) entering themolten steel during time tB
 Fig 23mdashBubble local velocity and speed in the mold
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  NO The number of inclusions attaching to thebubble
 npi|j The number density of inclusions withdiameter dpi when bubble j is injectedm3
 NT The number of inclusions in the column offluid swept by the column with diameterdB 1 dP
 p The pressure Nm2
 P Attachment probability of inclusions to abubble
 QG The gas flow NlminR DR The annular radius at which the inclusions
 are injected (Figure 4(b)) mRep Particle Reynolds number ethRep frac14 rdpju upj=mTHORNS Slab section area m2
 t Time stB The residence time of bubbles stc The collision time stF The film drainage time stI The interaction time between the bubble and
 the inclusion sTM The steel temperature 1823 Ku The instantaneous fluid velocity msuB The bubble terminal velocity mui and uj The velocity components of the fluid flow
 msuR The relative velocity between the bubble and
 the inclusion msupi Particle velocity at direction i (ms)u The mean fluid phase velocity msu9 Random velocity fluctuation msVC Casting speed mminVm The volume of molten steel entering the
 strand in time tB m3
 WB The apparent average bubble speed msWeCrit The critical Weber number WeCrit 059 to
 13xi and xj The coordinates ma The angle for the transition of the spherically
 deformed part of the bubble surface to thenonspherically deformed part in rad
 r The density of the molten steel kgm3
 rP Inclusion density kgm3
 rg The density of the argon gas kgm3
 f Dimensionless factor of collision time(Eq [2])
 u The contact angle of the inclusions at thebubblendashsteel interface deg
 e The turbulent energy dissipation rate in Wtor m2s3
 s The surface tension of the molten steelNm
 m The viscosity of the molten steel kg(m s)n The viscosity of the molten steel m2sdij The Kronecker delta which equals zero if i j
 else equals unittij The total shear force on the portion of the
 bubble surface Nj The random numberDOj The oxygen removed by this single bubble
 j ppm
 DO The total oxygen removed by all bubblesppm
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C Bubble Size
 Gas can be injected into the molten steel by variousdevices such as tuyeres lances and porous refractoryplugs which govern the initial bubble size Large bubblescan break up according to the local turbulence level Thesize of the largest surviving bubbles can be estimated by theforces imposed on the bubble[3] The average equivalentsize of bubbles to survive the turbulence in secondary steel-refining processes is predicted to be 10 to 20 mm[328] and5 mm in the CC mold[3] Bubble shape changes with sizeThe aspect ratio of the bubble e varies according to thefollowing empirical relationship[29]
 e 5 11 0163Eo0757 [8]
 where Eo 5 the Eotvos number which represents the ratiobetween the buoyancy and surface tension forces
 Figure 5 shows the aspect ratio e of bubbles in moltensteel indicating that bubbles smaller than 3 mm are spher-ical bubbles 3 to 10 mm are spheroidal and bubbles largerthan 10 mm are spherical-cap shaped[303132] Most bubblesin the continuous casting mold are nearly spherical due totheir size of 5 mm[33ndash36]
 The shape of the bubble also depends on the ratio of theturbulent pressure fluctuation to the capillary pressurewhich is related to the Weber number If the bubble Webernumber exceeds a critical value the bubble will break upThus bubble size decreases with increasing stirring inten-sity of the liquid phase[3] according to[37]
 dBmax We06Crit
 s 3 103
 r 3 103
 06
 ethe 3 10THORN04 3 102 [9]
 where dBmax 5 the maximum bubble size in m e is in Wtand the critical Weber number WeCrit 059 to 13 (Figure6) The stirring intensities of various metallurgical systemsare also shown in this figure[3] The highly turbulent flow inthe SEN will break up any gas pockets into fine bubbles5 mm in diameter[33ndash36] It was reported that the newlydeveloped swirl SEN generates a larger energy dissipationrate in the nozzle[38ndash41] According to Eq [9] this kind ofnozzle may generate smaller bubbles
 D Bubble Terminal Velocity
 The terminal velocity of bubbles rising in molten steel isdifficult to measure accurately The density viscosity andsurface tension of the liquid affect the bubble terminalvelocity as do bubble size and the turbulent fluid flowcharacteristics Figure 7 shows the terminal velocities ofgas bubbles in the molten steel as calculated by differentmodels[3] A smoothed mean of the bubble velocity pre-dicted by these models is compared with the predictionsof the model in the current work (presented later)
 Fig 6mdashMaximum argon bubble size in turbulent molten steel with bulkstirring powers of different vessels[3]
 Fig 4mdashSchematic of the attachment probability of inclusions to the bub-ble surface
 Fig 5mdashBubble shape characterized by its aspect ratio (e) as a function ofits size[29]
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  The terminal velocity of a bubble can be calculated froma force balance between the buoyancy force and the drag forceacting on the bubble The buoyancy force is expressed by
 FB frac14 pd3B6
 ethr rgTHORN [10]
 and the total drag force FD is calculated by integrating overthe surface of the bubble
 FD frac14ZS
 tijdA 5
 ZS
 pdij 1mujxi
 1uixj
 dA [11]
 The drag force depends on the size velocity and surfacecondition of the bubble while the buoyancy force onlydepends on the bubble size By applying FB 5 FD for a givensize bubble and surface condition the terminal velocity ofthe bubble can be obtained For a free bubble a zero shearcondition is the most appropriate boundary condition on thebubble surface The alternative surface boundary conditionof zero velocity (lsquolsquono sliprsquorsquo) is more appropriate for bubbleswith rigid surfaces such as those caused by surface-activeelements or covering the surface with particles Figure 7shows that the terminal velocity of bubbles calculated withthe zero shear surface condition agrees well with the mean ofother analytical models Thus the mean value of models 1 to5 is used as the terminal velocity of bubbles when the fluidflow around bubbles is simulated A peak occurs at a bubblediameter of 3 mm where the bubble shape starts to changefrom spherical to ellipsoidal Ellipsoidal bubbles (3 to 10 mm)have similar velocity For bubbles larger than 10 mmterminal velocity increases rapidly with increasing sizedue to their spherical-cap shape
 III INCLUSION ATTACHMENT TOGAS BUBBLES
 A Model Formulation
 To determine the interaction time and the attachmentprobability of inclusions to the bubble surface a computa-
 tional simulation of turbulent flow around an individualbubble and a simulation of inclusion transport through theflow field were developed First the steady turbulent flowof molten steel around an argon bubble was calculated bysolving the continuity equation Navier-Stokes equations andthe standard equations for turbulent energy and its dissipa-tion rate transport in two dimensions assuming axisymmetryThe domain included 15 to 20 times bubble diameter
 distance before and after the bubble using the finite differ-entiation code FLUENT[42] Possible deformation of thebubble shape by the flow and inclusion motion is ignoredThe bubble is fixed and the inlet velocity and far-fieldvelocity condition are set to the bubble terminal velocityassuming a suitable turbulent energy and dissipation rateand a far-field pressure outletBoth zero velocity and zero shear stress boundary con-
 ditions at the fluidndashbubble interface were applied and theresults were compared The terminal velocities of bubbleswere the mean value in Figure 7 The zero velocity condi-tion produces slightly lower velocities for small sphericalbubbles and higher velocities for larger spherical bubblesThe zero shear condition was assumed for the rest of theresults in this work The trajectory of each inclusion parti-cle was then calculated from the computed velocity field byintegrating the following particle velocity equation whichconsiders the balance between drag and buoyancy forces
 dupidt
 518m
 rPd2p
 CDRep
 24ethui upiTHORN1
 rp r
 rgi
 11
 2
 r
 rP
 d
 dtethui upiTHORN1 r
 rpuiuixi
 [12]
 The drag force coefficient is given by
 CD frac14 24
 Rep11 0186Re06529p
 [13]
 The first term in Eq [12] is the drag force per unit particlemass the second term is the gravitational force the thirdterm is the lsquolsquovirtual massrsquorsquo force[4] accelerating the fluidsurrounding the particle and the fourth term is the forcestemming from the pressure gradient in the fluid The liftforce is ignored in the current study For solid inclusions(300 mm) in liquid steel the lift force is not importantHowever for argon bubbles in liquid steel the lift force isimportant[443] though not as important as the drag forceand gravitational force In the future simulation of bubblemotion in the liquid steel the lift force will be includedTo incorporate the lsquolsquostochasticrsquorsquo effect of turbulent fluc-
 tuations on the particle motion this work uses the lsquolsquorandomwalkrsquorsquo model in FLUENT[44] In this model particle veloc-ity fluctuations are based on a Gaussian-distributed randomnumber chosen according to the local turbulent kineticenergy The random number is changed thus producinga new instantaneous velocity fluctuation at a frequencyequal to the characteristic lifetime of the eddy The instan-taneous fluid velocity is then given by
 u 5 u1 u0 [14]
 u0 5 jffiffiffiffiffiffiu02
 pfrac14 j
 ffiffiffiffiffiffiffiffiffiffi2k=3
 p[15]
 As boundary conditions inclusions reflect if they touch thesurface of the bubble Attachment between the inclusion
 Fig 7mdashBubble terminal rising velocity variation with stirring power an-alytical models 1 to 5 refer to Zhangrsquos study[3]
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  and the bubble was determined by the following steps Ifthe normal distance from the inclusion center to the surfaceof the bubble quickly becomes less than the inclusion radiusthen collision attachment takes place This was rare Thenthe interaction time between the bubble and the inclusion tIis calculated from the inclusion centerline trajectory resultsby tracking the sliding time that elapses while the distancefrom the inclusion center to the surface of the bubble is lessthan the inclusion radius Then if tI tF the inclusion willbe attached to the surface of the bubble
 The attachment probability is then calculated using Eq[7] by injecting several thousand inclusions uniformly withthe local velocity into the domain in a column with diam-eter dB 1 dp for nonstochastic cases
 The classic attachment probability schematic given inFigure 4(a) does not apply in turbulent conditions Due tothe stochastic effect of turbulence some inclusions insidethe column of dOS may not interact with the bubble On theother hand other inclusions even far outside the column dB 1dp may interact collide and attach onto the bubble surfaceTo model this effect inclusions were injected into a columnthat was 15 to 20 times of the bubble diameter to computethis accurately Then the attached probability (Figure 4(b))was obtained by
 P 5+i
 PiAi
 AB1P5
 +i
 NOi
 NT ipethRi 1DReth THORN2 pR2
 i THORN
 pethdB 1 dpTHORN24
 [16]
 where i 5 the number of the annular area at which theinclusions are injected
 In the current investigation the following parameters areused r 5 7020 kgm3 rP5 2800 kgm3 rg5 16228 kgm3s 5 140 Nm u5 112 deg m5 00067 kgm s dp 5 1 to100 mm and dB 5 1 to 10 mm These parameters representtypical spherical solid inclusions such as alumina in moltensteel
 B Fluid Flow and Inclusion Motion Around a Bubble
 Figure 8 shows the fluid flow pattern behind a rigidsphere (15 mm in diameter) in water The simulation ofthe current work agrees well with the measurement[45] Thereis a recirculation region or swirl behind the solid particleThis swirl is not observed in fluid flow around a free bubble(zero shear velocity) (Figure 9) Figure 9 shows the fluidflow pattern and trajectories of 100-mm inclusions arounda 5-mm bubble in molten steel The tracer particles (7020kgm3 density) follow the stream lines and tend to touch thesurface of the bubble at the top point (exactly halfwayaround the bubble) (Figure 9(a)) Particles with densitylarger than that of the liquid such as solid particles in waterin mineral processing tend to touch the bubble before thetop point (Figure 9(b)) while lighter particles such asinclusions in the molten steel tend to touch the bubble afterthe top point (Figure 9(c)) Stochastic fluctuation of theturbulence makes the inclusions very dispersed so attach-ment may occur at a range of positions (Figure 9(d))
 The average turbulent energy in the bulk of the liquid haslittle effect on the local turbulent energy distribution aroundthe bubble As shown in Figure 10 (a) has four orders of
 magnitude larger average turbulent energy than in the far-field liquid (b) but it has slightly smaller local turbulentenergy around the bubble This is because (a) has a lowerbubble terminal velocity than (b) However the averageturbulent energy has a great effect on the inclusion motionaccording to Eqs [14] and [15]
 During the motion of bubbles in molten steel the fluidflow pattern around the bubble will change as inclusionsbecome attached (Figure 11) In this figure the points ofinclusions at and near the bubble surface are just randomlychosen no real coagulation model is used Because thebubble surface is considered to be free surface inclusionsattached to the front half surface of the bubble will slide tothe rear of the bubble (Figure 11(d)) A recirculation regionbehind the bubble is generated even for only five 50-mminclusions attached on the surface of the bubble This recir-culation does not exist behind a bubble that is free fromattached inclusions Thus the fluid flow pattern arounda bubble with attached solid inclusions is more like thataround solid particles such as shown in Figure 8 Figure12 indicates that high turbulent energy levels exist aroundthe inclusions attached on a bubble and the turbulentenergy in the wake of the bubble becomes smaller withmore attached inclusions The turbulence level around thebubble in turn affects inclusion attachment (Eqs [14] and[15]) Also forces on the particles will push them aroundthe bubble surface toward the back of the bubble Withthe current attachment model these phenomena are notincluded so further study is needed
 C Inclusion Attachment Probability to Bubbles
 The calculated collision times (Eq [3]) and film drainagetimes (Eq [4]) of inclusions onto bubbles are shown inFigure 13 for various inclusions in molten steel Figure13(a) shows that for wetting inclusions (with small contactangle) the film rupture time is very large but for nonwet-ting inclusions usually encountered in steelmaking (contactangle 90 deg) the film rupture time is very short (60 to67 ms) Figure 13(b) indicates that the collision time andfilm drainage time both increase with increasing inclusionsize but the film drainage time increases more steeply Forinclusions smaller than 10 mm the collision time is largerthan the film drainage time thus inclusions will attach onthe surface of the bubble once colliding with it and thisattachment is independent of the sliding process
 The calculated normal distances from the center of 100-mminclusions to the surface of a 1-mm bubble are shown inFigure 14(a) as function of time during the approach ofinclusions to this bubble The time interval when the dis-tance is less than the inclusion radius (50 mm) is the inter-action time (sliding time) between the inclusion and thebubble (Figure 14(b)) If this sliding time is larger thanthe film rupture time (Eq [4] and Figure 13) the inclusionis stably attached to the bubble surface Larger inclusionsrequire greater interaction times to attach on the order ofmillisecond
 The calculated attachment probability of inclusions (dP 55 10 20 35 50 70 100 mm) to bubbles (1 2 4 6 10 mm)are shown in Figure 15(a) based on trajectory calculationsof inclusions without considering the stochastic effect To
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  Fig 8mdashFluid flow behind a rigid sphere (15 mm in diameter) in water (a) Experiment[45] (b) Streamline by simulation (c) Velocity by simulation
 Fig 9mdashFluid flow and trajectories of 100-mm inclusions around a 5-mm bubble in the molten steel with density of 7020 kgm3 (a) Neutral-buoyancyparticles (7020 kgm3) (b) Denser particles (14040 kgm3) (c) Inclusions (2800 kgm3) (d) Random walk of inclusions
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  compute attachment rates for a continuous size distributionof inclusions and bubbles regression was performed onthese probabilities (Table I) The regression equationobtained Eq [17] is included in Figure 15
 P 5 CAdCBp [17]
 where CA and CB are
 CA frac14 0268 00737dB 1 000615d2B [18]
 CB frac14 1077d0334B [19]
 where dB is in mm and dp is in mmEq [17] should be used under the following conditions
 bubble size is in the range of 1 to 10 mm and bulk turbu-lent energy level is less than 102 m2s2 The attachmentprobability of inclusions to the surface of the bubble forprocesses with turbulent energy of more than 102 m2s2such as argon stirred ladles is investigated elsewhere[43] Ina continuous casting mold the bubble size is less than5 mm and the turbulent energy is in the order of 103 m2s2hence Eq [17] can be usedFigure 15(b) indicates that the regression equation
 matches roughly the numerical simulations Figure 15(c)shows the calculated attached attachment probability as a
 function of bubble size and inclusion size according toEq [17] If bubble size is less than 6 mm smaller bubblesand larger inclusions have larger attachment probabilitiesSmall 1-mm bubbles can have inclusion attachment proba-bilities as high as 30 pct while the inclusion attachmentprobability to bubbles larger than 5 mm is less than 1 pct
 Fig 11mdashFluid flow pattern around a 1-mm bubble with (a) 0 (b) 5 (c) 12and (d) 28 50-mm inclusions attached
 Fig 10mdashTurbulent energy distribution (1000 k in m2s2) around a 1-mmbubble (a) Bulk turbulent energy 162 3 104 m2s2 and its dissipationrate 143 3 103 m2s3 0129 ms bubble terminal velocity (b) Bulkturbulent energy 106 3 108 m2s2 and its dissipation rate 274 3107 m2s3 0162 ms bubble terminal velocity
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  However the attachment probability increases with increas-ing bubble size when bubbles are larger than 7 mm The shapeand the terminal velocity of bubbles around 7 mm (Figures5 and 7) dominate the fluid flow and particle motion aroundthe spheroidal bubbles The simulation indicates that moreinclusions are captured by the larger spheroidal bubble thanthe smaller spherical bubble which was confirmed again byAoki et al[4346]
 Typical attachment probabilities of inclusions to a bubblesurface including the stochastic effects of the turbulent floware shown in Table II The stochastic effect simulated bythe random walk method slightly increases the attachmentprobability of inclusions to the bubble surface Figure 16shows that this effect allows 50-mm inclusions starting4 bubble diameters from the column axis to collide andattach to the 1-mm bubble surface The largest attachmentopportunity is at 2 mm diameter On the other hand thesimulation indicates that without considering the stochasticeffect which means ignoring the random walk model(Figure 4(a)) all of the 50-mm inclusions injected within034 mm of the column axis attach to the bubbles andinclusions injected outside 034 mm of the column axis willnot touch the bubble at all Owing to the extra compu-tational effort required for the stochastic model it wasnot performed for all sizes of bubbles and inclusions Thestochastic attachment probability was estimated from thetwo cases to be 165116 5 14 times of the non-stochasticattachment probability
 IV FLUID FLOWAND BUBBLE MOTION IN THECONTINUOUS CASTING STRAND
 A Model Formulation and Flow Pattern
 Three-dimensional single-phase steady turbulent fluidflow in the SEN and continuous casting strand was modeledby solving the continuity equation Navier-Stokes equationsand standard equations for transport of turbulent energy andits dissipation rate[4748] The trajectories of bubbles are cal-culated by Eqs [12] through [15] which include the effectof chaotic turbulent motion using the random walk modelInclusion trajectories calculated with this approach matchreasonably well with those by large eddy simulation[49] Bubblesescape at the top surface and the open bottom of the 255-m-long mold domain and are reflected at other faces Bub-bles that escape from the bottom are considered to eventu-ally become entrapped by the solidifying shell This is acrude preliminary approximation of flow and bubble trans-port which is being investigated further as part of this pro-ject[50] The entrapment of particles into the solidifyingshell is very complex and is receiving well-deserved atten-tion in recent work[515253]
 The SEN has an 80-mm bore size a down 15-deg outportangle and a 65 3 80-mm outport size The submergencedepth of the SEN is 300 mm and the casting speed is 12 mmincorresponding to a steel throughput of 30 tonnemin Half-width of the mold is simulated in the current study (065 mhalf width 3 025 m thickness) The calculated weighted
 Fig 12mdashTurbulent energy distribution (1000 k in m2s2) around a 1-mm bubble with (a) 0 (b) 5 (c) 12 and (d) 28 50-mm inclusions attached
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  average turbulent energy and its dissipation rate at the SENoutport are 020 m2s2 and 527 m2s3 respectively Theargon flow rate injected into the molten steel through theupper nozzle and upper slide gate is 10 to 15 NlminAccording to previous multiphase fluid flow simulation[54]
 under this argon gas flow rate the fluid flow pattern in thecurrent mold is still a double roll flow pattern However ifthe argon gas flow rate is much larger the fluid flow patternin the mold will become single roll[4855] Thus the currentsimplification that ignores momentum transfer from thebubbles to the fluid just roughly represents the real multi-phase fluid flow in this mold In the further investigationthe two-phase fluid flow will be calculated
 The velocity vector distribution on the center face of thehalf-strand is shown in Figure 17 indicating a double rollflow pattern The upper loop reaches the meniscus of thenarrow face and the second loop takes steel downwardinto the liquid core and eventually flows back towardthe meniscus in the strand center The calculated volume-average turbulent energy and its dissipation rate in theCC strand are 165 3 103 m2s2 and 422 3 103 m2s3respectively
 B Bubble Trajectory Results
 Typical bubble trajectories are shown in Figure 18Smaller bubbles penetrate and circulate more deeply thanthe larger ones According to Figure 6 the maximum bub-ble size is around 5 mm Bubbles larger than 1 mm mainlymove in the upper roll and are quickly removed Bubbleswith a size of 02 mm can recirculate with paths as long as
 Fig 13mdashThe collision time and film drainage time of inclusions ontodifferent-size bubbles
 Fig 14mdashComputed normal distance from the center of 100-mm inclusionsto the surface of a 1-mm bubble (a) and interaction times (b)
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  665 m and 715 s before they escape from the top orbecome entrapped through the bottom while 05-mm bub-bles move 334 m and 2162 s 1-mm bubbles move 167 mand 92 s and 5-mm bubbles move 059 m and 059 s Themean path length (LB) and the residence time (tB) of 5000bubbles of each size are shown in Figure 19 and the fol-lowing regression equations are obtained
 LB frac14 9683 exp 1000dB0418
 1 0595 [20]
 tB frac14 1956 exp 1000dB0149
 1 2365 exp 1000dB
 0139
 1 2409 exp 1000dB8959
 [21]
 Combining the path length and the residence time theapparent average bubble speed is WB 5 LBtB The follow-ing regression equation is obtained
 WB frac14 0170eth1000dBTHORN0487 [22]
 Larger bubbles have larger average speed which can be ashigh as 05 ms for 10-mm bubbles
 V INCLUSION REMOVAL BY BUBBLES IN THECONTINUOUS CASTING STRAND
 A Model Formulation
 A model of inclusion removal by bubble flotation isdeveloped for the molten steel-alumina inclusion-argonbubble system by evaluating a simple algebraic equationthat incorporates the results of the previous sections Thefollowing assumptions are used
 (1) Bubbles all have the same size and the bubble size andthe gas flow rate are chosen independently
 (2) Inclusions have a size distribution and are uniformlydistributed in the molten steel and they are too smallto affect bubble motion or the flow pattern
 (3) Only the inclusions removed by bubble flotation areconsidered The transport and collision of inclusionsare ignored
 (4) Once stable attachment occurs between a bubble and aninclusion there is no detachment and the inclusion isconsidered to be removed from the molten steel owingto the high removal fraction of most bubbles
 The number of inclusions i NAi with diameter dpithat attach to a single bubble (sequence number j) with
 Fig 15mdashCalculated attachment probability of inclusions to bubbles
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  a diameter of dB during its motion through the moltensteel is
 NAi frac14 p
 4d2Bj
 LBj npijj
 Pi
 100[23]
 where LB is given by Eq [20] P (pct) is given by Eq [17]npi|j is the number density of inclusions with diameter dpiwhen bubble j is injected which can be represented by thefollowing recursion equation
 npijj frac14 npijj13eth100 PiTHORN
 1003
 p
 4d2B
 LB
 VM[24]
 In evaluating this equation the inclusion number densitydistribution is updated after the calculation of each individ-ual bubble to account for the significant change in inclusionconcentration caused by the simultaneous inclusionremoval of many bubbles
 In Eq [24] the volume of molten steel entering thestrand in time tB is given by
 VM frac14 VC
 60S tBj [25]
 where S 5 the area of the slab section (5025 3 13 m2)The number density of inclusions (1m3 steel) of size i
 removed by attachment to a single bubble is
 nAi frac14 NAi
 VM[26]
 Assuming that all inclusions are Al2O3 the oxygenremoved by this single bubble j (in ppm) then can beexpressed by
 DOj frac14 +i
 nAip
 6d3pi
 rpr 48102
 106
 [27]
 which can be rewritten by inserting Eqs [23] through [26]into Eq [27] and rearranging as
 DOj frac14 1163 105 1
 VCS
 d2B jLB j
 tB j
 rpr+i
 ethnpijj Pi d3piTHORN [28]
 Because it is assumed that all bubbles in the molten steelhave the same size the total number of bubbles withdiameter dB entering the molten steel during time tB is
 nB frac14 1
 2
 QG TM273
 p
 6d3B
 tB [29]
 where the factor of 12 is due to the simulation domain ofa half-mold
 The total oxygen removal by all of the bubbles can beexpressed by
 DO 5 +nB
 j5 1
 DOj [30]
 B Results and Discussion
 The inclusion size distributions measured in the tundishabove the outlets and in the CC slab are shown in Figure20(a) together with the calculated size distributions afterinclusion removal by bubble flotation for several differentbubble sizes The corresponding inclusion removal frac-tions are shown in Figure 20(b) If the bubbles are larger than5 mm less than 10 pct of the inclusions can be removed bybubble flotation at the gas flow rate of 15 Nlmin Thiscorresponds to a 3-ppm decrease in total oxygen (Figure21) Smaller bubbles appear to enable more inclusionremoval for the same gas flow rate Specifically 1-mmbubbles remove almost all of the inclusions larger than30 mm However it is unlikely that all of the bubbles thatare this small could escape from the top surface Those thatare entrapped in the solidifying shell would generate seri-ous defects in the steel product such as shown in Figures 1and 2 Increasing bubble size above 7 mm produces lesschange in the removal rate because the change in bubbleshape offsets the smaller number of bubbles
 Table I Regressed Inclusion Attachment Probability tothe Bubble Larger than 1 mm
 Bubble DiameterAttachment
 Probability (pct)
 1 mm P frac14 0189d1082p
 2 mm P frac14 0125d0187p
 4 mm P frac14 00570d0722p
 5 mm P frac14 00523d0634p
 10 mm P frac14 0130d0444p
 Table II Attachment Probabilities of Inclusions With and Without Random Walk to a 1-mm Bubble
 Case 1 Case 2
 Average turbulent energy (m2s2) 162 3 104 106 3 108
 Average turbulent energy dissipation rate (m2s2) 143 3 103 274 3 107
 Bubble velocity (ms) 1292 1620Bubble diameter (mm) 1 1Inclusions diameter (mm) 50 100Attachment probability (pct) Non-stochastic model 116 278
 Stochastic model 165 294
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  Increasing gas flow rate naturally causes more inclusionremoval by bubble flotation (Figure 21) Considering theeffect of turbulent stochastic motion slightly increasesinclusion removal by bubble flotation For the current CCconditions including a gas flow rate of 15 Nlmin thebubble size is likely to be around 5 mm assuming thereare a large number of active sites on the porous refractorythat cause a gas flow rate of less than 05 mL per pore[56]
 As shown in Figure 21 about 10 pct total oxygen isremoved by bubble flotation Previous investigations indi-cate that 8 pct of the inclusions are removed to the topsurface due to flow transport in the CC mold region[57]
 Thus the total predicted inclusion removal by flow trans-port and by bubble flotation is around 18 pct The measuredinclusion mass fraction is 668 ppm in the tundish and
 averages 519 ppm in the slab which corresponds to 22pct removal in the mold (Figure 20(a)) The predictionand the measurement agree roughly well considering thatsome inclusions are likely entrapped to the SEN walls tocause clogging and others float to the slag layer without theaid of bubblesDecreasing bubble size is shown in Figures 20 and 21 to be
 more efficient at removing inclusions As mentioned beforehowever small bubbles such as those smaller than 1 mmmay be trapped into the solidifying shell while movingthrough the lower recirculation zone Thus there should bean optimal bubble size that gives not only high inclusion-removal efficiencies but also low entrapment rates The pres-ent results suggest the optimal size might be from 2 to 4 mmDue to capturing many inclusions on its surface the appar-
 ent density of a bubble with attached inclusions increasesAccording to the current fluid flow and inclusions conditionin the CC mold the calculated apparent density of the bub-ble decreases with increasing bubble size (Figure 22(a))The maximum apparent bubble density is only around50 kgm3 Although this is much greater than the originalargon gas density of 16228 kgm3 it is still far smaller thanthat of the molten steel so it has little effect on the bubblemotion or bubble residence time in the strand (Eq [12])The inclusions attached to each bubble also have a sizedistribution (Figure 22(b)) There are typically severalthousand inclusions predicted to be attached to the bubblesurface which matches well with the measurements inFigure 22(c) Larger bubbles capture more inclusions thansmaller ones (Figure 22(b)) per bubble This is insufficientto make up for their smaller number however and further-more makes them more dangerous if captured Thus largebubbles should be avoided
 VI FUTURE FURTHER STUDY EFFECTOF TURBULENCE
 The effect of turbulence on the fluid flow near the bubblesurface the motion of inclusions near the bubble surfaceand the terminal velocity of bubbles should be furtherinvestigated in the future Pan et al measured the removalof particles (100 to 800 mm in size) by bubble flotation ina water model by analyzing high-speed camera photos[1]
 Zhang et al studied inclusion removal by bubble flotationin a water model under turbulent conditions by measuringthe particle number density (ie size distribution) using aCoulter Counter[6] Several other papers model the contri-bution of turbulence to the attachment of inclusions to bub-bles in a water system in terms of the turbulent energydissipation rate Schubert considered that the interactionbetween bubble and solid particles in water is just like theturbulent collision process of particles with similar sizes andreported the following attachment probability P[58]
 P e4=9 ethC1d7=9P THORN2 1 ethC2d
 7=9B THORN2
 h i1=2[31]
 This equation can be used only if
 dp dB $ 15ethn3=eTHORN1=4
 For metallurgical melts the typical value of e is 00001to 1 m2s3 so this equation can be used only if dpdB
 Fig 16mdashAttachment probability of 50-mm inclusions to a 1-mm bubbleincluding the stochastic effect of turbulence
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  Fig 17mdashFlow pattern in the CC strand center face with half-width (a) Velocity vectors (b) Streamline (c) Turbulent energy dissipation rate 1000 e m2s3(d) Turbulent energy 100 k m2s2
 Fig 18mdashTypical bubble trajectories in the mold with half-width
 374mdashVOLUME 37B JUNE 2006 METALLURGICAL AND MATERIALS TRANSACTIONS B
  $ 458 mm Zhang et al derived the following attachmentprobability with extensive water model experiments[6]
 P ethdp=dBTHORN265e0104Q1630G [32]
 The model for inclusion motion in the boundary layer nearthe bubble surface also needs to be further developed
 In the current study the terminal velocity of the bubble isthat in the quiescent liquid In the continuous casting asshown in Figure 17 the inlet jet has a much higher speedthan the bubble terminal speed The relative velocitybetween the bubble and the liquid steel and the relativevelocity between the bubble and the inclusion in the liquidsteel should be used but not the terminal velocity in thequiescent liquid In other words the bubble local velocityand speed in the mold will be quite different as the terminalvelocity in the quiescent liquid Figure 23 shows the calcu-lated bubble local speed and velocity when they move inthe mold as shown in Figure 18 also compared with thespeed and velocity of the solute particles Smaller bubblesmove more with the fluid flow and large bubbles havea clearly different velocity from the fluid flow When con-sidering the turbulent fluctuation (stochastic model) thebubble velocity is very different from that ignoring theturbulent fluctuation Figure 23 shows that the bubblevelocity and speed are very local depending on the localfluid flow velocity and local turbulent energy This and itseffect on the interaction between the bubble and the inclu-sion need to be further studied in the future
 VII SUMMARY AND CONCLUSIONS
 This work presents a fundamental approach to modelinginclusion removal due to bubble flotation in molten steelprocessing The problem of multiple length and time scalesis addressed by dividing the modeling into two modelingstages fundamentals of inclusionndashbubble interactions thatare independent of the macroscale process and macroscaleflow phenomena that can incorporate the results of themicroscale effects The small-scale model is validated withavailable measurements and applied to predict the changes
 in inclusion distribution that occur in the mold region ofa continuous slab caster Specific model findings include
 1 In molten steel bubbles smaller than 3 mm tend to bespherical 3- to 10-mm bubbles are spheroidal and bub-bles larger than 10 mm are sphericalndashcap-shaped Thebubble size depends mainly on the gas flow rate injec-tion method and stirring power in the molten steel Theaverage equivalent size of bubbles is estimated to be5 mm in the CC mold investigated in this work
 2 Inclusions tend to pass the midpoint of the bubble andfirst touch the bubble surface toward the bottom sidealthough stochastic fluctuations due to turbulence causemany variations The fluid flow pattern around a bubble
 Fig 19mdashMean path lengths residence times and apparent speed of bub-bles in the CC strand
 Fig 20mdashMeasured and calculated inclusion size distribution with differ-ent size bubble flotation (15 Nlmin gas)
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  with attached solid inclusions is similar to that of flowaround a large solid particle Inclusions attached to thebubble surface also increase the turbulent kinetic energydistributed around the bubble
 3 Smaller bubbles and larger inclusions have larger attach-ment probabilities Bubbles smaller than 1 mm in diam-eter have inclusion attachment probabilities as high as30 pct while the inclusion attachment probability for bub-bles larger than 5 mm is less than 1 pct The stochasticeffect of turbulence (modeled by the random walkmethod) slightly increases the attachment rate
 4 In the continuous casting strand smaller bubbles pene-trate and circulate more deeply than larger ones Bub-bles larger than 1 mm mainly move in the upper rollmoving 06 to 17 m in 06 to 92 s Smaller bubbles canmove over 6 m and take over 60 s before they eitherescape from the top surface or are entrapped through thebottom
 5 In the continuous casting mold if the bubbles are5 mmin diameter 10 pct of the inclusions are predicted tobe removed by bubble flotation corresponding to adecrease in total oxygen of around 3 ppm CombinedFig 21mdashCalculated inclusion removal by bubble flotation
 Fig 22mdashThe calculated apparent density of bubbles with attached inclusions (a) and the calculated (b) and measured (c)[9] number of inclusions attached onthe bubble in the steel
 376mdashVOLUME 37B JUNE 2006 METALLURGICAL AND MATERIALS TRANSACTIONS B
  with 8 pct inclusion removal by flow transport thetotal is comparable to the measured inclusion-removalrate by the CC mold of 22 pct
 6 Smaller bubbles are more efficient at inclusion removalby bubble flotation so long as they are not entrappedin the solidifying shell A higher gas flow rate favorsinclusion removal by bubble flotation The optimalbubble size might be 2 to 4 mm
 7 Attached inclusions increase the bubble density byseveral times but do not affect its motion because theapparent density is still far smaller than that of molten steel
 Future research using this methodology is needed toinvestigate
 (1) The stochastic probability of all inclusion and bubblesizes
 (2) The effect of bubble size distribution(3) Multiphase fluid flow including momentum exchange
 between phases(4) The effect of inclusion collisions(5) The entrapment of bubbles and inclusions into the
 solidifying steel shell(6) Other process such as inclusion removal by bubble
 flotation in gas stirred ladles
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 NOMENCLATURE
 A Surface area of the bubble m2
 AB1P The cross section area of the column withdiameter of dB 1 2dP m
 2
 Ai The annular area at which the inclusions areinjected m2
 C Dimensionless factor of film rupture timeC = 4
 C1 C2 Constant in Eq [31]CA CB Constant in Eq [17]CD The dimensionless drag coefficientdB Bubble diameter m or mmdBmax The maximum bubble size mdp Particle diameter m or mmdOC The diameter of the column in which
 inclusions collide with the bubble mdOS The diameter of the column in which
 inclusions attached to the bubble me The aspect ratio e of bubbles in molten steel
 (Figure 5)
 Eo the Eotvos number Eo 5gd2Bethr rgTHORN
 sFB The buoyancy force NFD The the drag force Ng The gravitational acceleration ms2
 hCr The critical thickness of liquid film for filmrupture m
 k The local level of turbulent kinetic energym2s2
 LB The mean path length of 5000 bubbles mNAi The number of inclusions i attached to the
 bubblenAi The number of inclusions i attached to the
 bubble m3
 nB The total number of bubbles (dB) entering themolten steel during time tB
 Fig 23mdashBubble local velocity and speed in the mold
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  NO The number of inclusions attaching to thebubble
 npi|j The number density of inclusions withdiameter dpi when bubble j is injectedm3
 NT The number of inclusions in the column offluid swept by the column with diameterdB 1 dP
 p The pressure Nm2
 P Attachment probability of inclusions to abubble
 QG The gas flow NlminR DR The annular radius at which the inclusions
 are injected (Figure 4(b)) mRep Particle Reynolds number ethRep frac14 rdpju upj=mTHORNS Slab section area m2
 t Time stB The residence time of bubbles stc The collision time stF The film drainage time stI The interaction time between the bubble and
 the inclusion sTM The steel temperature 1823 Ku The instantaneous fluid velocity msuB The bubble terminal velocity mui and uj The velocity components of the fluid flow
 msuR The relative velocity between the bubble and
 the inclusion msupi Particle velocity at direction i (ms)u The mean fluid phase velocity msu9 Random velocity fluctuation msVC Casting speed mminVm The volume of molten steel entering the
 strand in time tB m3
 WB The apparent average bubble speed msWeCrit The critical Weber number WeCrit 059 to
 13xi and xj The coordinates ma The angle for the transition of the spherically
 deformed part of the bubble surface to thenonspherically deformed part in rad
 r The density of the molten steel kgm3
 rP Inclusion density kgm3
 rg The density of the argon gas kgm3
 f Dimensionless factor of collision time(Eq [2])
 u The contact angle of the inclusions at thebubblendashsteel interface deg
 e The turbulent energy dissipation rate in Wtor m2s3
 s The surface tension of the molten steelNm
 m The viscosity of the molten steel kg(m s)n The viscosity of the molten steel m2sdij The Kronecker delta which equals zero if i j
 else equals unittij The total shear force on the portion of the
 bubble surface Nj The random numberDOj The oxygen removed by this single bubble
 j ppm
 DO The total oxygen removed by all bubblesppm
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The terminal velocity of a bubble can be calculated froma force balance between the buoyancy force and the drag forceacting on the bubble The buoyancy force is expressed by
 FB frac14 pd3B6
 ethr rgTHORN [10]
 and the total drag force FD is calculated by integrating overthe surface of the bubble
 FD frac14ZS
 tijdA 5
 ZS
 pdij 1mujxi
 1uixj
 dA [11]
 The drag force depends on the size velocity and surfacecondition of the bubble while the buoyancy force onlydepends on the bubble size By applying FB 5 FD for a givensize bubble and surface condition the terminal velocity ofthe bubble can be obtained For a free bubble a zero shearcondition is the most appropriate boundary condition on thebubble surface The alternative surface boundary conditionof zero velocity (lsquolsquono sliprsquorsquo) is more appropriate for bubbleswith rigid surfaces such as those caused by surface-activeelements or covering the surface with particles Figure 7shows that the terminal velocity of bubbles calculated withthe zero shear surface condition agrees well with the mean ofother analytical models Thus the mean value of models 1 to5 is used as the terminal velocity of bubbles when the fluidflow around bubbles is simulated A peak occurs at a bubblediameter of 3 mm where the bubble shape starts to changefrom spherical to ellipsoidal Ellipsoidal bubbles (3 to 10 mm)have similar velocity For bubbles larger than 10 mmterminal velocity increases rapidly with increasing sizedue to their spherical-cap shape
 III INCLUSION ATTACHMENT TOGAS BUBBLES
 A Model Formulation
 To determine the interaction time and the attachmentprobability of inclusions to the bubble surface a computa-
 tional simulation of turbulent flow around an individualbubble and a simulation of inclusion transport through theflow field were developed First the steady turbulent flowof molten steel around an argon bubble was calculated bysolving the continuity equation Navier-Stokes equations andthe standard equations for turbulent energy and its dissipa-tion rate transport in two dimensions assuming axisymmetryThe domain included 15 to 20 times bubble diameter
 distance before and after the bubble using the finite differ-entiation code FLUENT[42] Possible deformation of thebubble shape by the flow and inclusion motion is ignoredThe bubble is fixed and the inlet velocity and far-fieldvelocity condition are set to the bubble terminal velocityassuming a suitable turbulent energy and dissipation rateand a far-field pressure outletBoth zero velocity and zero shear stress boundary con-
 ditions at the fluidndashbubble interface were applied and theresults were compared The terminal velocities of bubbleswere the mean value in Figure 7 The zero velocity condi-tion produces slightly lower velocities for small sphericalbubbles and higher velocities for larger spherical bubblesThe zero shear condition was assumed for the rest of theresults in this work The trajectory of each inclusion parti-cle was then calculated from the computed velocity field byintegrating the following particle velocity equation whichconsiders the balance between drag and buoyancy forces
 dupidt
 518m
 rPd2p
 CDRep
 24ethui upiTHORN1
 rp r
 rgi
 11
 2
 r
 rP
 d
 dtethui upiTHORN1 r
 rpuiuixi
 [12]
 The drag force coefficient is given by
 CD frac14 24
 Rep11 0186Re06529p
 [13]
 The first term in Eq [12] is the drag force per unit particlemass the second term is the gravitational force the thirdterm is the lsquolsquovirtual massrsquorsquo force[4] accelerating the fluidsurrounding the particle and the fourth term is the forcestemming from the pressure gradient in the fluid The liftforce is ignored in the current study For solid inclusions(300 mm) in liquid steel the lift force is not importantHowever for argon bubbles in liquid steel the lift force isimportant[443] though not as important as the drag forceand gravitational force In the future simulation of bubblemotion in the liquid steel the lift force will be includedTo incorporate the lsquolsquostochasticrsquorsquo effect of turbulent fluc-
 tuations on the particle motion this work uses the lsquolsquorandomwalkrsquorsquo model in FLUENT[44] In this model particle veloc-ity fluctuations are based on a Gaussian-distributed randomnumber chosen according to the local turbulent kineticenergy The random number is changed thus producinga new instantaneous velocity fluctuation at a frequencyequal to the characteristic lifetime of the eddy The instan-taneous fluid velocity is then given by
 u 5 u1 u0 [14]
 u0 5 jffiffiffiffiffiffiu02
 pfrac14 j
 ffiffiffiffiffiffiffiffiffiffi2k=3
 p[15]
 As boundary conditions inclusions reflect if they touch thesurface of the bubble Attachment between the inclusion
 Fig 7mdashBubble terminal rising velocity variation with stirring power an-alytical models 1 to 5 refer to Zhangrsquos study[3]
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  and the bubble was determined by the following steps Ifthe normal distance from the inclusion center to the surfaceof the bubble quickly becomes less than the inclusion radiusthen collision attachment takes place This was rare Thenthe interaction time between the bubble and the inclusion tIis calculated from the inclusion centerline trajectory resultsby tracking the sliding time that elapses while the distancefrom the inclusion center to the surface of the bubble is lessthan the inclusion radius Then if tI tF the inclusion willbe attached to the surface of the bubble
 The attachment probability is then calculated using Eq[7] by injecting several thousand inclusions uniformly withthe local velocity into the domain in a column with diam-eter dB 1 dp for nonstochastic cases
 The classic attachment probability schematic given inFigure 4(a) does not apply in turbulent conditions Due tothe stochastic effect of turbulence some inclusions insidethe column of dOS may not interact with the bubble On theother hand other inclusions even far outside the column dB 1dp may interact collide and attach onto the bubble surfaceTo model this effect inclusions were injected into a columnthat was 15 to 20 times of the bubble diameter to computethis accurately Then the attached probability (Figure 4(b))was obtained by
 P 5+i
 PiAi
 AB1P5
 +i
 NOi
 NT ipethRi 1DReth THORN2 pR2
 i THORN
 pethdB 1 dpTHORN24
 [16]
 where i 5 the number of the annular area at which theinclusions are injected
 In the current investigation the following parameters areused r 5 7020 kgm3 rP5 2800 kgm3 rg5 16228 kgm3s 5 140 Nm u5 112 deg m5 00067 kgm s dp 5 1 to100 mm and dB 5 1 to 10 mm These parameters representtypical spherical solid inclusions such as alumina in moltensteel
 B Fluid Flow and Inclusion Motion Around a Bubble
 Figure 8 shows the fluid flow pattern behind a rigidsphere (15 mm in diameter) in water The simulation ofthe current work agrees well with the measurement[45] Thereis a recirculation region or swirl behind the solid particleThis swirl is not observed in fluid flow around a free bubble(zero shear velocity) (Figure 9) Figure 9 shows the fluidflow pattern and trajectories of 100-mm inclusions arounda 5-mm bubble in molten steel The tracer particles (7020kgm3 density) follow the stream lines and tend to touch thesurface of the bubble at the top point (exactly halfwayaround the bubble) (Figure 9(a)) Particles with densitylarger than that of the liquid such as solid particles in waterin mineral processing tend to touch the bubble before thetop point (Figure 9(b)) while lighter particles such asinclusions in the molten steel tend to touch the bubble afterthe top point (Figure 9(c)) Stochastic fluctuation of theturbulence makes the inclusions very dispersed so attach-ment may occur at a range of positions (Figure 9(d))
 The average turbulent energy in the bulk of the liquid haslittle effect on the local turbulent energy distribution aroundthe bubble As shown in Figure 10 (a) has four orders of
 magnitude larger average turbulent energy than in the far-field liquid (b) but it has slightly smaller local turbulentenergy around the bubble This is because (a) has a lowerbubble terminal velocity than (b) However the averageturbulent energy has a great effect on the inclusion motionaccording to Eqs [14] and [15]
 During the motion of bubbles in molten steel the fluidflow pattern around the bubble will change as inclusionsbecome attached (Figure 11) In this figure the points ofinclusions at and near the bubble surface are just randomlychosen no real coagulation model is used Because thebubble surface is considered to be free surface inclusionsattached to the front half surface of the bubble will slide tothe rear of the bubble (Figure 11(d)) A recirculation regionbehind the bubble is generated even for only five 50-mminclusions attached on the surface of the bubble This recir-culation does not exist behind a bubble that is free fromattached inclusions Thus the fluid flow pattern arounda bubble with attached solid inclusions is more like thataround solid particles such as shown in Figure 8 Figure12 indicates that high turbulent energy levels exist aroundthe inclusions attached on a bubble and the turbulentenergy in the wake of the bubble becomes smaller withmore attached inclusions The turbulence level around thebubble in turn affects inclusion attachment (Eqs [14] and[15]) Also forces on the particles will push them aroundthe bubble surface toward the back of the bubble Withthe current attachment model these phenomena are notincluded so further study is needed
 C Inclusion Attachment Probability to Bubbles
 The calculated collision times (Eq [3]) and film drainagetimes (Eq [4]) of inclusions onto bubbles are shown inFigure 13 for various inclusions in molten steel Figure13(a) shows that for wetting inclusions (with small contactangle) the film rupture time is very large but for nonwet-ting inclusions usually encountered in steelmaking (contactangle 90 deg) the film rupture time is very short (60 to67 ms) Figure 13(b) indicates that the collision time andfilm drainage time both increase with increasing inclusionsize but the film drainage time increases more steeply Forinclusions smaller than 10 mm the collision time is largerthan the film drainage time thus inclusions will attach onthe surface of the bubble once colliding with it and thisattachment is independent of the sliding process
 The calculated normal distances from the center of 100-mminclusions to the surface of a 1-mm bubble are shown inFigure 14(a) as function of time during the approach ofinclusions to this bubble The time interval when the dis-tance is less than the inclusion radius (50 mm) is the inter-action time (sliding time) between the inclusion and thebubble (Figure 14(b)) If this sliding time is larger thanthe film rupture time (Eq [4] and Figure 13) the inclusionis stably attached to the bubble surface Larger inclusionsrequire greater interaction times to attach on the order ofmillisecond
 The calculated attachment probability of inclusions (dP 55 10 20 35 50 70 100 mm) to bubbles (1 2 4 6 10 mm)are shown in Figure 15(a) based on trajectory calculationsof inclusions without considering the stochastic effect To
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  Fig 8mdashFluid flow behind a rigid sphere (15 mm in diameter) in water (a) Experiment[45] (b) Streamline by simulation (c) Velocity by simulation
 Fig 9mdashFluid flow and trajectories of 100-mm inclusions around a 5-mm bubble in the molten steel with density of 7020 kgm3 (a) Neutral-buoyancyparticles (7020 kgm3) (b) Denser particles (14040 kgm3) (c) Inclusions (2800 kgm3) (d) Random walk of inclusions
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  compute attachment rates for a continuous size distributionof inclusions and bubbles regression was performed onthese probabilities (Table I) The regression equationobtained Eq [17] is included in Figure 15
 P 5 CAdCBp [17]
 where CA and CB are
 CA frac14 0268 00737dB 1 000615d2B [18]
 CB frac14 1077d0334B [19]
 where dB is in mm and dp is in mmEq [17] should be used under the following conditions
 bubble size is in the range of 1 to 10 mm and bulk turbu-lent energy level is less than 102 m2s2 The attachmentprobability of inclusions to the surface of the bubble forprocesses with turbulent energy of more than 102 m2s2such as argon stirred ladles is investigated elsewhere[43] Ina continuous casting mold the bubble size is less than5 mm and the turbulent energy is in the order of 103 m2s2hence Eq [17] can be usedFigure 15(b) indicates that the regression equation
 matches roughly the numerical simulations Figure 15(c)shows the calculated attached attachment probability as a
 function of bubble size and inclusion size according toEq [17] If bubble size is less than 6 mm smaller bubblesand larger inclusions have larger attachment probabilitiesSmall 1-mm bubbles can have inclusion attachment proba-bilities as high as 30 pct while the inclusion attachmentprobability to bubbles larger than 5 mm is less than 1 pct
 Fig 11mdashFluid flow pattern around a 1-mm bubble with (a) 0 (b) 5 (c) 12and (d) 28 50-mm inclusions attached
 Fig 10mdashTurbulent energy distribution (1000 k in m2s2) around a 1-mmbubble (a) Bulk turbulent energy 162 3 104 m2s2 and its dissipationrate 143 3 103 m2s3 0129 ms bubble terminal velocity (b) Bulkturbulent energy 106 3 108 m2s2 and its dissipation rate 274 3107 m2s3 0162 ms bubble terminal velocity
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  However the attachment probability increases with increas-ing bubble size when bubbles are larger than 7 mm The shapeand the terminal velocity of bubbles around 7 mm (Figures5 and 7) dominate the fluid flow and particle motion aroundthe spheroidal bubbles The simulation indicates that moreinclusions are captured by the larger spheroidal bubble thanthe smaller spherical bubble which was confirmed again byAoki et al[4346]
 Typical attachment probabilities of inclusions to a bubblesurface including the stochastic effects of the turbulent floware shown in Table II The stochastic effect simulated bythe random walk method slightly increases the attachmentprobability of inclusions to the bubble surface Figure 16shows that this effect allows 50-mm inclusions starting4 bubble diameters from the column axis to collide andattach to the 1-mm bubble surface The largest attachmentopportunity is at 2 mm diameter On the other hand thesimulation indicates that without considering the stochasticeffect which means ignoring the random walk model(Figure 4(a)) all of the 50-mm inclusions injected within034 mm of the column axis attach to the bubbles andinclusions injected outside 034 mm of the column axis willnot touch the bubble at all Owing to the extra compu-tational effort required for the stochastic model it wasnot performed for all sizes of bubbles and inclusions Thestochastic attachment probability was estimated from thetwo cases to be 165116 5 14 times of the non-stochasticattachment probability
 IV FLUID FLOWAND BUBBLE MOTION IN THECONTINUOUS CASTING STRAND
 A Model Formulation and Flow Pattern
 Three-dimensional single-phase steady turbulent fluidflow in the SEN and continuous casting strand was modeledby solving the continuity equation Navier-Stokes equationsand standard equations for transport of turbulent energy andits dissipation rate[4748] The trajectories of bubbles are cal-culated by Eqs [12] through [15] which include the effectof chaotic turbulent motion using the random walk modelInclusion trajectories calculated with this approach matchreasonably well with those by large eddy simulation[49] Bubblesescape at the top surface and the open bottom of the 255-m-long mold domain and are reflected at other faces Bub-bles that escape from the bottom are considered to eventu-ally become entrapped by the solidifying shell This is acrude preliminary approximation of flow and bubble trans-port which is being investigated further as part of this pro-ject[50] The entrapment of particles into the solidifyingshell is very complex and is receiving well-deserved atten-tion in recent work[515253]
 The SEN has an 80-mm bore size a down 15-deg outportangle and a 65 3 80-mm outport size The submergencedepth of the SEN is 300 mm and the casting speed is 12 mmincorresponding to a steel throughput of 30 tonnemin Half-width of the mold is simulated in the current study (065 mhalf width 3 025 m thickness) The calculated weighted
 Fig 12mdashTurbulent energy distribution (1000 k in m2s2) around a 1-mm bubble with (a) 0 (b) 5 (c) 12 and (d) 28 50-mm inclusions attached
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  average turbulent energy and its dissipation rate at the SENoutport are 020 m2s2 and 527 m2s3 respectively Theargon flow rate injected into the molten steel through theupper nozzle and upper slide gate is 10 to 15 NlminAccording to previous multiphase fluid flow simulation[54]
 under this argon gas flow rate the fluid flow pattern in thecurrent mold is still a double roll flow pattern However ifthe argon gas flow rate is much larger the fluid flow patternin the mold will become single roll[4855] Thus the currentsimplification that ignores momentum transfer from thebubbles to the fluid just roughly represents the real multi-phase fluid flow in this mold In the further investigationthe two-phase fluid flow will be calculated
 The velocity vector distribution on the center face of thehalf-strand is shown in Figure 17 indicating a double rollflow pattern The upper loop reaches the meniscus of thenarrow face and the second loop takes steel downwardinto the liquid core and eventually flows back towardthe meniscus in the strand center The calculated volume-average turbulent energy and its dissipation rate in theCC strand are 165 3 103 m2s2 and 422 3 103 m2s3respectively
 B Bubble Trajectory Results
 Typical bubble trajectories are shown in Figure 18Smaller bubbles penetrate and circulate more deeply thanthe larger ones According to Figure 6 the maximum bub-ble size is around 5 mm Bubbles larger than 1 mm mainlymove in the upper roll and are quickly removed Bubbleswith a size of 02 mm can recirculate with paths as long as
 Fig 13mdashThe collision time and film drainage time of inclusions ontodifferent-size bubbles
 Fig 14mdashComputed normal distance from the center of 100-mm inclusionsto the surface of a 1-mm bubble (a) and interaction times (b)
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  665 m and 715 s before they escape from the top orbecome entrapped through the bottom while 05-mm bub-bles move 334 m and 2162 s 1-mm bubbles move 167 mand 92 s and 5-mm bubbles move 059 m and 059 s Themean path length (LB) and the residence time (tB) of 5000bubbles of each size are shown in Figure 19 and the fol-lowing regression equations are obtained
 LB frac14 9683 exp 1000dB0418
 1 0595 [20]
 tB frac14 1956 exp 1000dB0149
 1 2365 exp 1000dB
 0139
 1 2409 exp 1000dB8959
 [21]
 Combining the path length and the residence time theapparent average bubble speed is WB 5 LBtB The follow-ing regression equation is obtained
 WB frac14 0170eth1000dBTHORN0487 [22]
 Larger bubbles have larger average speed which can be ashigh as 05 ms for 10-mm bubbles
 V INCLUSION REMOVAL BY BUBBLES IN THECONTINUOUS CASTING STRAND
 A Model Formulation
 A model of inclusion removal by bubble flotation isdeveloped for the molten steel-alumina inclusion-argonbubble system by evaluating a simple algebraic equationthat incorporates the results of the previous sections Thefollowing assumptions are used
 (1) Bubbles all have the same size and the bubble size andthe gas flow rate are chosen independently
 (2) Inclusions have a size distribution and are uniformlydistributed in the molten steel and they are too smallto affect bubble motion or the flow pattern
 (3) Only the inclusions removed by bubble flotation areconsidered The transport and collision of inclusionsare ignored
 (4) Once stable attachment occurs between a bubble and aninclusion there is no detachment and the inclusion isconsidered to be removed from the molten steel owingto the high removal fraction of most bubbles
 The number of inclusions i NAi with diameter dpithat attach to a single bubble (sequence number j) with
 Fig 15mdashCalculated attachment probability of inclusions to bubbles
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  a diameter of dB during its motion through the moltensteel is
 NAi frac14 p
 4d2Bj
 LBj npijj
 Pi
 100[23]
 where LB is given by Eq [20] P (pct) is given by Eq [17]npi|j is the number density of inclusions with diameter dpiwhen bubble j is injected which can be represented by thefollowing recursion equation
 npijj frac14 npijj13eth100 PiTHORN
 1003
 p
 4d2B
 LB
 VM[24]
 In evaluating this equation the inclusion number densitydistribution is updated after the calculation of each individ-ual bubble to account for the significant change in inclusionconcentration caused by the simultaneous inclusionremoval of many bubbles
 In Eq [24] the volume of molten steel entering thestrand in time tB is given by
 VM frac14 VC
 60S tBj [25]
 where S 5 the area of the slab section (5025 3 13 m2)The number density of inclusions (1m3 steel) of size i
 removed by attachment to a single bubble is
 nAi frac14 NAi
 VM[26]
 Assuming that all inclusions are Al2O3 the oxygenremoved by this single bubble j (in ppm) then can beexpressed by
 DOj frac14 +i
 nAip
 6d3pi
 rpr 48102
 106
 [27]
 which can be rewritten by inserting Eqs [23] through [26]into Eq [27] and rearranging as
 DOj frac14 1163 105 1
 VCS
 d2B jLB j
 tB j
 rpr+i
 ethnpijj Pi d3piTHORN [28]
 Because it is assumed that all bubbles in the molten steelhave the same size the total number of bubbles withdiameter dB entering the molten steel during time tB is
 nB frac14 1
 2
 QG TM273
 p
 6d3B
 tB [29]
 where the factor of 12 is due to the simulation domain ofa half-mold
 The total oxygen removal by all of the bubbles can beexpressed by
 DO 5 +nB
 j5 1
 DOj [30]
 B Results and Discussion
 The inclusion size distributions measured in the tundishabove the outlets and in the CC slab are shown in Figure20(a) together with the calculated size distributions afterinclusion removal by bubble flotation for several differentbubble sizes The corresponding inclusion removal frac-tions are shown in Figure 20(b) If the bubbles are larger than5 mm less than 10 pct of the inclusions can be removed bybubble flotation at the gas flow rate of 15 Nlmin Thiscorresponds to a 3-ppm decrease in total oxygen (Figure21) Smaller bubbles appear to enable more inclusionremoval for the same gas flow rate Specifically 1-mmbubbles remove almost all of the inclusions larger than30 mm However it is unlikely that all of the bubbles thatare this small could escape from the top surface Those thatare entrapped in the solidifying shell would generate seri-ous defects in the steel product such as shown in Figures 1and 2 Increasing bubble size above 7 mm produces lesschange in the removal rate because the change in bubbleshape offsets the smaller number of bubbles
 Table I Regressed Inclusion Attachment Probability tothe Bubble Larger than 1 mm
 Bubble DiameterAttachment
 Probability (pct)
 1 mm P frac14 0189d1082p
 2 mm P frac14 0125d0187p
 4 mm P frac14 00570d0722p
 5 mm P frac14 00523d0634p
 10 mm P frac14 0130d0444p
 Table II Attachment Probabilities of Inclusions With and Without Random Walk to a 1-mm Bubble
 Case 1 Case 2
 Average turbulent energy (m2s2) 162 3 104 106 3 108
 Average turbulent energy dissipation rate (m2s2) 143 3 103 274 3 107
 Bubble velocity (ms) 1292 1620Bubble diameter (mm) 1 1Inclusions diameter (mm) 50 100Attachment probability (pct) Non-stochastic model 116 278
 Stochastic model 165 294
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  Increasing gas flow rate naturally causes more inclusionremoval by bubble flotation (Figure 21) Considering theeffect of turbulent stochastic motion slightly increasesinclusion removal by bubble flotation For the current CCconditions including a gas flow rate of 15 Nlmin thebubble size is likely to be around 5 mm assuming thereare a large number of active sites on the porous refractorythat cause a gas flow rate of less than 05 mL per pore[56]
 As shown in Figure 21 about 10 pct total oxygen isremoved by bubble flotation Previous investigations indi-cate that 8 pct of the inclusions are removed to the topsurface due to flow transport in the CC mold region[57]
 Thus the total predicted inclusion removal by flow trans-port and by bubble flotation is around 18 pct The measuredinclusion mass fraction is 668 ppm in the tundish and
 averages 519 ppm in the slab which corresponds to 22pct removal in the mold (Figure 20(a)) The predictionand the measurement agree roughly well considering thatsome inclusions are likely entrapped to the SEN walls tocause clogging and others float to the slag layer without theaid of bubblesDecreasing bubble size is shown in Figures 20 and 21 to be
 more efficient at removing inclusions As mentioned beforehowever small bubbles such as those smaller than 1 mmmay be trapped into the solidifying shell while movingthrough the lower recirculation zone Thus there should bean optimal bubble size that gives not only high inclusion-removal efficiencies but also low entrapment rates The pres-ent results suggest the optimal size might be from 2 to 4 mmDue to capturing many inclusions on its surface the appar-
 ent density of a bubble with attached inclusions increasesAccording to the current fluid flow and inclusions conditionin the CC mold the calculated apparent density of the bub-ble decreases with increasing bubble size (Figure 22(a))The maximum apparent bubble density is only around50 kgm3 Although this is much greater than the originalargon gas density of 16228 kgm3 it is still far smaller thanthat of the molten steel so it has little effect on the bubblemotion or bubble residence time in the strand (Eq [12])The inclusions attached to each bubble also have a sizedistribution (Figure 22(b)) There are typically severalthousand inclusions predicted to be attached to the bubblesurface which matches well with the measurements inFigure 22(c) Larger bubbles capture more inclusions thansmaller ones (Figure 22(b)) per bubble This is insufficientto make up for their smaller number however and further-more makes them more dangerous if captured Thus largebubbles should be avoided
 VI FUTURE FURTHER STUDY EFFECTOF TURBULENCE
 The effect of turbulence on the fluid flow near the bubblesurface the motion of inclusions near the bubble surfaceand the terminal velocity of bubbles should be furtherinvestigated in the future Pan et al measured the removalof particles (100 to 800 mm in size) by bubble flotation ina water model by analyzing high-speed camera photos[1]
 Zhang et al studied inclusion removal by bubble flotationin a water model under turbulent conditions by measuringthe particle number density (ie size distribution) using aCoulter Counter[6] Several other papers model the contri-bution of turbulence to the attachment of inclusions to bub-bles in a water system in terms of the turbulent energydissipation rate Schubert considered that the interactionbetween bubble and solid particles in water is just like theturbulent collision process of particles with similar sizes andreported the following attachment probability P[58]
 P e4=9 ethC1d7=9P THORN2 1 ethC2d
 7=9B THORN2
 h i1=2[31]
 This equation can be used only if
 dp dB $ 15ethn3=eTHORN1=4
 For metallurgical melts the typical value of e is 00001to 1 m2s3 so this equation can be used only if dpdB
 Fig 16mdashAttachment probability of 50-mm inclusions to a 1-mm bubbleincluding the stochastic effect of turbulence
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  Fig 17mdashFlow pattern in the CC strand center face with half-width (a) Velocity vectors (b) Streamline (c) Turbulent energy dissipation rate 1000 e m2s3(d) Turbulent energy 100 k m2s2
 Fig 18mdashTypical bubble trajectories in the mold with half-width
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  $ 458 mm Zhang et al derived the following attachmentprobability with extensive water model experiments[6]
 P ethdp=dBTHORN265e0104Q1630G [32]
 The model for inclusion motion in the boundary layer nearthe bubble surface also needs to be further developed
 In the current study the terminal velocity of the bubble isthat in the quiescent liquid In the continuous casting asshown in Figure 17 the inlet jet has a much higher speedthan the bubble terminal speed The relative velocitybetween the bubble and the liquid steel and the relativevelocity between the bubble and the inclusion in the liquidsteel should be used but not the terminal velocity in thequiescent liquid In other words the bubble local velocityand speed in the mold will be quite different as the terminalvelocity in the quiescent liquid Figure 23 shows the calcu-lated bubble local speed and velocity when they move inthe mold as shown in Figure 18 also compared with thespeed and velocity of the solute particles Smaller bubblesmove more with the fluid flow and large bubbles havea clearly different velocity from the fluid flow When con-sidering the turbulent fluctuation (stochastic model) thebubble velocity is very different from that ignoring theturbulent fluctuation Figure 23 shows that the bubblevelocity and speed are very local depending on the localfluid flow velocity and local turbulent energy This and itseffect on the interaction between the bubble and the inclu-sion need to be further studied in the future
 VII SUMMARY AND CONCLUSIONS
 This work presents a fundamental approach to modelinginclusion removal due to bubble flotation in molten steelprocessing The problem of multiple length and time scalesis addressed by dividing the modeling into two modelingstages fundamentals of inclusionndashbubble interactions thatare independent of the macroscale process and macroscaleflow phenomena that can incorporate the results of themicroscale effects The small-scale model is validated withavailable measurements and applied to predict the changes
 in inclusion distribution that occur in the mold region ofa continuous slab caster Specific model findings include
 1 In molten steel bubbles smaller than 3 mm tend to bespherical 3- to 10-mm bubbles are spheroidal and bub-bles larger than 10 mm are sphericalndashcap-shaped Thebubble size depends mainly on the gas flow rate injec-tion method and stirring power in the molten steel Theaverage equivalent size of bubbles is estimated to be5 mm in the CC mold investigated in this work
 2 Inclusions tend to pass the midpoint of the bubble andfirst touch the bubble surface toward the bottom sidealthough stochastic fluctuations due to turbulence causemany variations The fluid flow pattern around a bubble
 Fig 19mdashMean path lengths residence times and apparent speed of bub-bles in the CC strand
 Fig 20mdashMeasured and calculated inclusion size distribution with differ-ent size bubble flotation (15 Nlmin gas)
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  with attached solid inclusions is similar to that of flowaround a large solid particle Inclusions attached to thebubble surface also increase the turbulent kinetic energydistributed around the bubble
 3 Smaller bubbles and larger inclusions have larger attach-ment probabilities Bubbles smaller than 1 mm in diam-eter have inclusion attachment probabilities as high as30 pct while the inclusion attachment probability for bub-bles larger than 5 mm is less than 1 pct The stochasticeffect of turbulence (modeled by the random walkmethod) slightly increases the attachment rate
 4 In the continuous casting strand smaller bubbles pene-trate and circulate more deeply than larger ones Bub-bles larger than 1 mm mainly move in the upper rollmoving 06 to 17 m in 06 to 92 s Smaller bubbles canmove over 6 m and take over 60 s before they eitherescape from the top surface or are entrapped through thebottom
 5 In the continuous casting mold if the bubbles are5 mmin diameter 10 pct of the inclusions are predicted tobe removed by bubble flotation corresponding to adecrease in total oxygen of around 3 ppm CombinedFig 21mdashCalculated inclusion removal by bubble flotation
 Fig 22mdashThe calculated apparent density of bubbles with attached inclusions (a) and the calculated (b) and measured (c)[9] number of inclusions attached onthe bubble in the steel
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  with 8 pct inclusion removal by flow transport thetotal is comparable to the measured inclusion-removalrate by the CC mold of 22 pct
 6 Smaller bubbles are more efficient at inclusion removalby bubble flotation so long as they are not entrappedin the solidifying shell A higher gas flow rate favorsinclusion removal by bubble flotation The optimalbubble size might be 2 to 4 mm
 7 Attached inclusions increase the bubble density byseveral times but do not affect its motion because theapparent density is still far smaller than that of molten steel
 Future research using this methodology is needed toinvestigate
 (1) The stochastic probability of all inclusion and bubblesizes
 (2) The effect of bubble size distribution(3) Multiphase fluid flow including momentum exchange
 between phases(4) The effect of inclusion collisions(5) The entrapment of bubbles and inclusions into the
 solidifying steel shell(6) Other process such as inclusion removal by bubble
 flotation in gas stirred ladles
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 NOMENCLATURE
 A Surface area of the bubble m2
 AB1P The cross section area of the column withdiameter of dB 1 2dP m
 2
 Ai The annular area at which the inclusions areinjected m2
 C Dimensionless factor of film rupture timeC = 4
 C1 C2 Constant in Eq [31]CA CB Constant in Eq [17]CD The dimensionless drag coefficientdB Bubble diameter m or mmdBmax The maximum bubble size mdp Particle diameter m or mmdOC The diameter of the column in which
 inclusions collide with the bubble mdOS The diameter of the column in which
 inclusions attached to the bubble me The aspect ratio e of bubbles in molten steel
 (Figure 5)
 Eo the Eotvos number Eo 5gd2Bethr rgTHORN
 sFB The buoyancy force NFD The the drag force Ng The gravitational acceleration ms2
 hCr The critical thickness of liquid film for filmrupture m
 k The local level of turbulent kinetic energym2s2
 LB The mean path length of 5000 bubbles mNAi The number of inclusions i attached to the
 bubblenAi The number of inclusions i attached to the
 bubble m3
 nB The total number of bubbles (dB) entering themolten steel during time tB
 Fig 23mdashBubble local velocity and speed in the mold
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  NO The number of inclusions attaching to thebubble
 npi|j The number density of inclusions withdiameter dpi when bubble j is injectedm3
 NT The number of inclusions in the column offluid swept by the column with diameterdB 1 dP
 p The pressure Nm2
 P Attachment probability of inclusions to abubble
 QG The gas flow NlminR DR The annular radius at which the inclusions
 are injected (Figure 4(b)) mRep Particle Reynolds number ethRep frac14 rdpju upj=mTHORNS Slab section area m2
 t Time stB The residence time of bubbles stc The collision time stF The film drainage time stI The interaction time between the bubble and
 the inclusion sTM The steel temperature 1823 Ku The instantaneous fluid velocity msuB The bubble terminal velocity mui and uj The velocity components of the fluid flow
 msuR The relative velocity between the bubble and
 the inclusion msupi Particle velocity at direction i (ms)u The mean fluid phase velocity msu9 Random velocity fluctuation msVC Casting speed mminVm The volume of molten steel entering the
 strand in time tB m3
 WB The apparent average bubble speed msWeCrit The critical Weber number WeCrit 059 to
 13xi and xj The coordinates ma The angle for the transition of the spherically
 deformed part of the bubble surface to thenonspherically deformed part in rad
 r The density of the molten steel kgm3
 rP Inclusion density kgm3
 rg The density of the argon gas kgm3
 f Dimensionless factor of collision time(Eq [2])
 u The contact angle of the inclusions at thebubblendashsteel interface deg
 e The turbulent energy dissipation rate in Wtor m2s3
 s The surface tension of the molten steelNm
 m The viscosity of the molten steel kg(m s)n The viscosity of the molten steel m2sdij The Kronecker delta which equals zero if i j
 else equals unittij The total shear force on the portion of the
 bubble surface Nj The random numberDOj The oxygen removed by this single bubble
 j ppm
 DO The total oxygen removed by all bubblesppm
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and the bubble was determined by the following steps Ifthe normal distance from the inclusion center to the surfaceof the bubble quickly becomes less than the inclusion radiusthen collision attachment takes place This was rare Thenthe interaction time between the bubble and the inclusion tIis calculated from the inclusion centerline trajectory resultsby tracking the sliding time that elapses while the distancefrom the inclusion center to the surface of the bubble is lessthan the inclusion radius Then if tI tF the inclusion willbe attached to the surface of the bubble
 The attachment probability is then calculated using Eq[7] by injecting several thousand inclusions uniformly withthe local velocity into the domain in a column with diam-eter dB 1 dp for nonstochastic cases
 The classic attachment probability schematic given inFigure 4(a) does not apply in turbulent conditions Due tothe stochastic effect of turbulence some inclusions insidethe column of dOS may not interact with the bubble On theother hand other inclusions even far outside the column dB 1dp may interact collide and attach onto the bubble surfaceTo model this effect inclusions were injected into a columnthat was 15 to 20 times of the bubble diameter to computethis accurately Then the attached probability (Figure 4(b))was obtained by
 P 5+i
 PiAi
 AB1P5
 +i
 NOi
 NT ipethRi 1DReth THORN2 pR2
 i THORN
 pethdB 1 dpTHORN24
 [16]
 where i 5 the number of the annular area at which theinclusions are injected
 In the current investigation the following parameters areused r 5 7020 kgm3 rP5 2800 kgm3 rg5 16228 kgm3s 5 140 Nm u5 112 deg m5 00067 kgm s dp 5 1 to100 mm and dB 5 1 to 10 mm These parameters representtypical spherical solid inclusions such as alumina in moltensteel
 B Fluid Flow and Inclusion Motion Around a Bubble
 Figure 8 shows the fluid flow pattern behind a rigidsphere (15 mm in diameter) in water The simulation ofthe current work agrees well with the measurement[45] Thereis a recirculation region or swirl behind the solid particleThis swirl is not observed in fluid flow around a free bubble(zero shear velocity) (Figure 9) Figure 9 shows the fluidflow pattern and trajectories of 100-mm inclusions arounda 5-mm bubble in molten steel The tracer particles (7020kgm3 density) follow the stream lines and tend to touch thesurface of the bubble at the top point (exactly halfwayaround the bubble) (Figure 9(a)) Particles with densitylarger than that of the liquid such as solid particles in waterin mineral processing tend to touch the bubble before thetop point (Figure 9(b)) while lighter particles such asinclusions in the molten steel tend to touch the bubble afterthe top point (Figure 9(c)) Stochastic fluctuation of theturbulence makes the inclusions very dispersed so attach-ment may occur at a range of positions (Figure 9(d))
 The average turbulent energy in the bulk of the liquid haslittle effect on the local turbulent energy distribution aroundthe bubble As shown in Figure 10 (a) has four orders of
 magnitude larger average turbulent energy than in the far-field liquid (b) but it has slightly smaller local turbulentenergy around the bubble This is because (a) has a lowerbubble terminal velocity than (b) However the averageturbulent energy has a great effect on the inclusion motionaccording to Eqs [14] and [15]
 During the motion of bubbles in molten steel the fluidflow pattern around the bubble will change as inclusionsbecome attached (Figure 11) In this figure the points ofinclusions at and near the bubble surface are just randomlychosen no real coagulation model is used Because thebubble surface is considered to be free surface inclusionsattached to the front half surface of the bubble will slide tothe rear of the bubble (Figure 11(d)) A recirculation regionbehind the bubble is generated even for only five 50-mminclusions attached on the surface of the bubble This recir-culation does not exist behind a bubble that is free fromattached inclusions Thus the fluid flow pattern arounda bubble with attached solid inclusions is more like thataround solid particles such as shown in Figure 8 Figure12 indicates that high turbulent energy levels exist aroundthe inclusions attached on a bubble and the turbulentenergy in the wake of the bubble becomes smaller withmore attached inclusions The turbulence level around thebubble in turn affects inclusion attachment (Eqs [14] and[15]) Also forces on the particles will push them aroundthe bubble surface toward the back of the bubble Withthe current attachment model these phenomena are notincluded so further study is needed
 C Inclusion Attachment Probability to Bubbles
 The calculated collision times (Eq [3]) and film drainagetimes (Eq [4]) of inclusions onto bubbles are shown inFigure 13 for various inclusions in molten steel Figure13(a) shows that for wetting inclusions (with small contactangle) the film rupture time is very large but for nonwet-ting inclusions usually encountered in steelmaking (contactangle 90 deg) the film rupture time is very short (60 to67 ms) Figure 13(b) indicates that the collision time andfilm drainage time both increase with increasing inclusionsize but the film drainage time increases more steeply Forinclusions smaller than 10 mm the collision time is largerthan the film drainage time thus inclusions will attach onthe surface of the bubble once colliding with it and thisattachment is independent of the sliding process
 The calculated normal distances from the center of 100-mminclusions to the surface of a 1-mm bubble are shown inFigure 14(a) as function of time during the approach ofinclusions to this bubble The time interval when the dis-tance is less than the inclusion radius (50 mm) is the inter-action time (sliding time) between the inclusion and thebubble (Figure 14(b)) If this sliding time is larger thanthe film rupture time (Eq [4] and Figure 13) the inclusionis stably attached to the bubble surface Larger inclusionsrequire greater interaction times to attach on the order ofmillisecond
 The calculated attachment probability of inclusions (dP 55 10 20 35 50 70 100 mm) to bubbles (1 2 4 6 10 mm)are shown in Figure 15(a) based on trajectory calculationsof inclusions without considering the stochastic effect To
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  Fig 8mdashFluid flow behind a rigid sphere (15 mm in diameter) in water (a) Experiment[45] (b) Streamline by simulation (c) Velocity by simulation
 Fig 9mdashFluid flow and trajectories of 100-mm inclusions around a 5-mm bubble in the molten steel with density of 7020 kgm3 (a) Neutral-buoyancyparticles (7020 kgm3) (b) Denser particles (14040 kgm3) (c) Inclusions (2800 kgm3) (d) Random walk of inclusions
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  compute attachment rates for a continuous size distributionof inclusions and bubbles regression was performed onthese probabilities (Table I) The regression equationobtained Eq [17] is included in Figure 15
 P 5 CAdCBp [17]
 where CA and CB are
 CA frac14 0268 00737dB 1 000615d2B [18]
 CB frac14 1077d0334B [19]
 where dB is in mm and dp is in mmEq [17] should be used under the following conditions
 bubble size is in the range of 1 to 10 mm and bulk turbu-lent energy level is less than 102 m2s2 The attachmentprobability of inclusions to the surface of the bubble forprocesses with turbulent energy of more than 102 m2s2such as argon stirred ladles is investigated elsewhere[43] Ina continuous casting mold the bubble size is less than5 mm and the turbulent energy is in the order of 103 m2s2hence Eq [17] can be usedFigure 15(b) indicates that the regression equation
 matches roughly the numerical simulations Figure 15(c)shows the calculated attached attachment probability as a
 function of bubble size and inclusion size according toEq [17] If bubble size is less than 6 mm smaller bubblesand larger inclusions have larger attachment probabilitiesSmall 1-mm bubbles can have inclusion attachment proba-bilities as high as 30 pct while the inclusion attachmentprobability to bubbles larger than 5 mm is less than 1 pct
 Fig 11mdashFluid flow pattern around a 1-mm bubble with (a) 0 (b) 5 (c) 12and (d) 28 50-mm inclusions attached
 Fig 10mdashTurbulent energy distribution (1000 k in m2s2) around a 1-mmbubble (a) Bulk turbulent energy 162 3 104 m2s2 and its dissipationrate 143 3 103 m2s3 0129 ms bubble terminal velocity (b) Bulkturbulent energy 106 3 108 m2s2 and its dissipation rate 274 3107 m2s3 0162 ms bubble terminal velocity
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  However the attachment probability increases with increas-ing bubble size when bubbles are larger than 7 mm The shapeand the terminal velocity of bubbles around 7 mm (Figures5 and 7) dominate the fluid flow and particle motion aroundthe spheroidal bubbles The simulation indicates that moreinclusions are captured by the larger spheroidal bubble thanthe smaller spherical bubble which was confirmed again byAoki et al[4346]
 Typical attachment probabilities of inclusions to a bubblesurface including the stochastic effects of the turbulent floware shown in Table II The stochastic effect simulated bythe random walk method slightly increases the attachmentprobability of inclusions to the bubble surface Figure 16shows that this effect allows 50-mm inclusions starting4 bubble diameters from the column axis to collide andattach to the 1-mm bubble surface The largest attachmentopportunity is at 2 mm diameter On the other hand thesimulation indicates that without considering the stochasticeffect which means ignoring the random walk model(Figure 4(a)) all of the 50-mm inclusions injected within034 mm of the column axis attach to the bubbles andinclusions injected outside 034 mm of the column axis willnot touch the bubble at all Owing to the extra compu-tational effort required for the stochastic model it wasnot performed for all sizes of bubbles and inclusions Thestochastic attachment probability was estimated from thetwo cases to be 165116 5 14 times of the non-stochasticattachment probability
 IV FLUID FLOWAND BUBBLE MOTION IN THECONTINUOUS CASTING STRAND
 A Model Formulation and Flow Pattern
 Three-dimensional single-phase steady turbulent fluidflow in the SEN and continuous casting strand was modeledby solving the continuity equation Navier-Stokes equationsand standard equations for transport of turbulent energy andits dissipation rate[4748] The trajectories of bubbles are cal-culated by Eqs [12] through [15] which include the effectof chaotic turbulent motion using the random walk modelInclusion trajectories calculated with this approach matchreasonably well with those by large eddy simulation[49] Bubblesescape at the top surface and the open bottom of the 255-m-long mold domain and are reflected at other faces Bub-bles that escape from the bottom are considered to eventu-ally become entrapped by the solidifying shell This is acrude preliminary approximation of flow and bubble trans-port which is being investigated further as part of this pro-ject[50] The entrapment of particles into the solidifyingshell is very complex and is receiving well-deserved atten-tion in recent work[515253]
 The SEN has an 80-mm bore size a down 15-deg outportangle and a 65 3 80-mm outport size The submergencedepth of the SEN is 300 mm and the casting speed is 12 mmincorresponding to a steel throughput of 30 tonnemin Half-width of the mold is simulated in the current study (065 mhalf width 3 025 m thickness) The calculated weighted
 Fig 12mdashTurbulent energy distribution (1000 k in m2s2) around a 1-mm bubble with (a) 0 (b) 5 (c) 12 and (d) 28 50-mm inclusions attached
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  average turbulent energy and its dissipation rate at the SENoutport are 020 m2s2 and 527 m2s3 respectively Theargon flow rate injected into the molten steel through theupper nozzle and upper slide gate is 10 to 15 NlminAccording to previous multiphase fluid flow simulation[54]
 under this argon gas flow rate the fluid flow pattern in thecurrent mold is still a double roll flow pattern However ifthe argon gas flow rate is much larger the fluid flow patternin the mold will become single roll[4855] Thus the currentsimplification that ignores momentum transfer from thebubbles to the fluid just roughly represents the real multi-phase fluid flow in this mold In the further investigationthe two-phase fluid flow will be calculated
 The velocity vector distribution on the center face of thehalf-strand is shown in Figure 17 indicating a double rollflow pattern The upper loop reaches the meniscus of thenarrow face and the second loop takes steel downwardinto the liquid core and eventually flows back towardthe meniscus in the strand center The calculated volume-average turbulent energy and its dissipation rate in theCC strand are 165 3 103 m2s2 and 422 3 103 m2s3respectively
 B Bubble Trajectory Results
 Typical bubble trajectories are shown in Figure 18Smaller bubbles penetrate and circulate more deeply thanthe larger ones According to Figure 6 the maximum bub-ble size is around 5 mm Bubbles larger than 1 mm mainlymove in the upper roll and are quickly removed Bubbleswith a size of 02 mm can recirculate with paths as long as
 Fig 13mdashThe collision time and film drainage time of inclusions ontodifferent-size bubbles
 Fig 14mdashComputed normal distance from the center of 100-mm inclusionsto the surface of a 1-mm bubble (a) and interaction times (b)
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  665 m and 715 s before they escape from the top orbecome entrapped through the bottom while 05-mm bub-bles move 334 m and 2162 s 1-mm bubbles move 167 mand 92 s and 5-mm bubbles move 059 m and 059 s Themean path length (LB) and the residence time (tB) of 5000bubbles of each size are shown in Figure 19 and the fol-lowing regression equations are obtained
 LB frac14 9683 exp 1000dB0418
 1 0595 [20]
 tB frac14 1956 exp 1000dB0149
 1 2365 exp 1000dB
 0139
 1 2409 exp 1000dB8959
 [21]
 Combining the path length and the residence time theapparent average bubble speed is WB 5 LBtB The follow-ing regression equation is obtained
 WB frac14 0170eth1000dBTHORN0487 [22]
 Larger bubbles have larger average speed which can be ashigh as 05 ms for 10-mm bubbles
 V INCLUSION REMOVAL BY BUBBLES IN THECONTINUOUS CASTING STRAND
 A Model Formulation
 A model of inclusion removal by bubble flotation isdeveloped for the molten steel-alumina inclusion-argonbubble system by evaluating a simple algebraic equationthat incorporates the results of the previous sections Thefollowing assumptions are used
 (1) Bubbles all have the same size and the bubble size andthe gas flow rate are chosen independently
 (2) Inclusions have a size distribution and are uniformlydistributed in the molten steel and they are too smallto affect bubble motion or the flow pattern
 (3) Only the inclusions removed by bubble flotation areconsidered The transport and collision of inclusionsare ignored
 (4) Once stable attachment occurs between a bubble and aninclusion there is no detachment and the inclusion isconsidered to be removed from the molten steel owingto the high removal fraction of most bubbles
 The number of inclusions i NAi with diameter dpithat attach to a single bubble (sequence number j) with
 Fig 15mdashCalculated attachment probability of inclusions to bubbles
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  a diameter of dB during its motion through the moltensteel is
 NAi frac14 p
 4d2Bj
 LBj npijj
 Pi
 100[23]
 where LB is given by Eq [20] P (pct) is given by Eq [17]npi|j is the number density of inclusions with diameter dpiwhen bubble j is injected which can be represented by thefollowing recursion equation
 npijj frac14 npijj13eth100 PiTHORN
 1003
 p
 4d2B
 LB
 VM[24]
 In evaluating this equation the inclusion number densitydistribution is updated after the calculation of each individ-ual bubble to account for the significant change in inclusionconcentration caused by the simultaneous inclusionremoval of many bubbles
 In Eq [24] the volume of molten steel entering thestrand in time tB is given by
 VM frac14 VC
 60S tBj [25]
 where S 5 the area of the slab section (5025 3 13 m2)The number density of inclusions (1m3 steel) of size i
 removed by attachment to a single bubble is
 nAi frac14 NAi
 VM[26]
 Assuming that all inclusions are Al2O3 the oxygenremoved by this single bubble j (in ppm) then can beexpressed by
 DOj frac14 +i
 nAip
 6d3pi
 rpr 48102
 106
 [27]
 which can be rewritten by inserting Eqs [23] through [26]into Eq [27] and rearranging as
 DOj frac14 1163 105 1
 VCS
 d2B jLB j
 tB j
 rpr+i
 ethnpijj Pi d3piTHORN [28]
 Because it is assumed that all bubbles in the molten steelhave the same size the total number of bubbles withdiameter dB entering the molten steel during time tB is
 nB frac14 1
 2
 QG TM273
 p
 6d3B
 tB [29]
 where the factor of 12 is due to the simulation domain ofa half-mold
 The total oxygen removal by all of the bubbles can beexpressed by
 DO 5 +nB
 j5 1
 DOj [30]
 B Results and Discussion
 The inclusion size distributions measured in the tundishabove the outlets and in the CC slab are shown in Figure20(a) together with the calculated size distributions afterinclusion removal by bubble flotation for several differentbubble sizes The corresponding inclusion removal frac-tions are shown in Figure 20(b) If the bubbles are larger than5 mm less than 10 pct of the inclusions can be removed bybubble flotation at the gas flow rate of 15 Nlmin Thiscorresponds to a 3-ppm decrease in total oxygen (Figure21) Smaller bubbles appear to enable more inclusionremoval for the same gas flow rate Specifically 1-mmbubbles remove almost all of the inclusions larger than30 mm However it is unlikely that all of the bubbles thatare this small could escape from the top surface Those thatare entrapped in the solidifying shell would generate seri-ous defects in the steel product such as shown in Figures 1and 2 Increasing bubble size above 7 mm produces lesschange in the removal rate because the change in bubbleshape offsets the smaller number of bubbles
 Table I Regressed Inclusion Attachment Probability tothe Bubble Larger than 1 mm
 Bubble DiameterAttachment
 Probability (pct)
 1 mm P frac14 0189d1082p
 2 mm P frac14 0125d0187p
 4 mm P frac14 00570d0722p
 5 mm P frac14 00523d0634p
 10 mm P frac14 0130d0444p
 Table II Attachment Probabilities of Inclusions With and Without Random Walk to a 1-mm Bubble
 Case 1 Case 2
 Average turbulent energy (m2s2) 162 3 104 106 3 108
 Average turbulent energy dissipation rate (m2s2) 143 3 103 274 3 107
 Bubble velocity (ms) 1292 1620Bubble diameter (mm) 1 1Inclusions diameter (mm) 50 100Attachment probability (pct) Non-stochastic model 116 278
 Stochastic model 165 294
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  Increasing gas flow rate naturally causes more inclusionremoval by bubble flotation (Figure 21) Considering theeffect of turbulent stochastic motion slightly increasesinclusion removal by bubble flotation For the current CCconditions including a gas flow rate of 15 Nlmin thebubble size is likely to be around 5 mm assuming thereare a large number of active sites on the porous refractorythat cause a gas flow rate of less than 05 mL per pore[56]
 As shown in Figure 21 about 10 pct total oxygen isremoved by bubble flotation Previous investigations indi-cate that 8 pct of the inclusions are removed to the topsurface due to flow transport in the CC mold region[57]
 Thus the total predicted inclusion removal by flow trans-port and by bubble flotation is around 18 pct The measuredinclusion mass fraction is 668 ppm in the tundish and
 averages 519 ppm in the slab which corresponds to 22pct removal in the mold (Figure 20(a)) The predictionand the measurement agree roughly well considering thatsome inclusions are likely entrapped to the SEN walls tocause clogging and others float to the slag layer without theaid of bubblesDecreasing bubble size is shown in Figures 20 and 21 to be
 more efficient at removing inclusions As mentioned beforehowever small bubbles such as those smaller than 1 mmmay be trapped into the solidifying shell while movingthrough the lower recirculation zone Thus there should bean optimal bubble size that gives not only high inclusion-removal efficiencies but also low entrapment rates The pres-ent results suggest the optimal size might be from 2 to 4 mmDue to capturing many inclusions on its surface the appar-
 ent density of a bubble with attached inclusions increasesAccording to the current fluid flow and inclusions conditionin the CC mold the calculated apparent density of the bub-ble decreases with increasing bubble size (Figure 22(a))The maximum apparent bubble density is only around50 kgm3 Although this is much greater than the originalargon gas density of 16228 kgm3 it is still far smaller thanthat of the molten steel so it has little effect on the bubblemotion or bubble residence time in the strand (Eq [12])The inclusions attached to each bubble also have a sizedistribution (Figure 22(b)) There are typically severalthousand inclusions predicted to be attached to the bubblesurface which matches well with the measurements inFigure 22(c) Larger bubbles capture more inclusions thansmaller ones (Figure 22(b)) per bubble This is insufficientto make up for their smaller number however and further-more makes them more dangerous if captured Thus largebubbles should be avoided
 VI FUTURE FURTHER STUDY EFFECTOF TURBULENCE
 The effect of turbulence on the fluid flow near the bubblesurface the motion of inclusions near the bubble surfaceand the terminal velocity of bubbles should be furtherinvestigated in the future Pan et al measured the removalof particles (100 to 800 mm in size) by bubble flotation ina water model by analyzing high-speed camera photos[1]
 Zhang et al studied inclusion removal by bubble flotationin a water model under turbulent conditions by measuringthe particle number density (ie size distribution) using aCoulter Counter[6] Several other papers model the contri-bution of turbulence to the attachment of inclusions to bub-bles in a water system in terms of the turbulent energydissipation rate Schubert considered that the interactionbetween bubble and solid particles in water is just like theturbulent collision process of particles with similar sizes andreported the following attachment probability P[58]
 P e4=9 ethC1d7=9P THORN2 1 ethC2d
 7=9B THORN2
 h i1=2[31]
 This equation can be used only if
 dp dB $ 15ethn3=eTHORN1=4
 For metallurgical melts the typical value of e is 00001to 1 m2s3 so this equation can be used only if dpdB
 Fig 16mdashAttachment probability of 50-mm inclusions to a 1-mm bubbleincluding the stochastic effect of turbulence
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  Fig 17mdashFlow pattern in the CC strand center face with half-width (a) Velocity vectors (b) Streamline (c) Turbulent energy dissipation rate 1000 e m2s3(d) Turbulent energy 100 k m2s2
 Fig 18mdashTypical bubble trajectories in the mold with half-width
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  $ 458 mm Zhang et al derived the following attachmentprobability with extensive water model experiments[6]
 P ethdp=dBTHORN265e0104Q1630G [32]
 The model for inclusion motion in the boundary layer nearthe bubble surface also needs to be further developed
 In the current study the terminal velocity of the bubble isthat in the quiescent liquid In the continuous casting asshown in Figure 17 the inlet jet has a much higher speedthan the bubble terminal speed The relative velocitybetween the bubble and the liquid steel and the relativevelocity between the bubble and the inclusion in the liquidsteel should be used but not the terminal velocity in thequiescent liquid In other words the bubble local velocityand speed in the mold will be quite different as the terminalvelocity in the quiescent liquid Figure 23 shows the calcu-lated bubble local speed and velocity when they move inthe mold as shown in Figure 18 also compared with thespeed and velocity of the solute particles Smaller bubblesmove more with the fluid flow and large bubbles havea clearly different velocity from the fluid flow When con-sidering the turbulent fluctuation (stochastic model) thebubble velocity is very different from that ignoring theturbulent fluctuation Figure 23 shows that the bubblevelocity and speed are very local depending on the localfluid flow velocity and local turbulent energy This and itseffect on the interaction between the bubble and the inclu-sion need to be further studied in the future
 VII SUMMARY AND CONCLUSIONS
 This work presents a fundamental approach to modelinginclusion removal due to bubble flotation in molten steelprocessing The problem of multiple length and time scalesis addressed by dividing the modeling into two modelingstages fundamentals of inclusionndashbubble interactions thatare independent of the macroscale process and macroscaleflow phenomena that can incorporate the results of themicroscale effects The small-scale model is validated withavailable measurements and applied to predict the changes
 in inclusion distribution that occur in the mold region ofa continuous slab caster Specific model findings include
 1 In molten steel bubbles smaller than 3 mm tend to bespherical 3- to 10-mm bubbles are spheroidal and bub-bles larger than 10 mm are sphericalndashcap-shaped Thebubble size depends mainly on the gas flow rate injec-tion method and stirring power in the molten steel Theaverage equivalent size of bubbles is estimated to be5 mm in the CC mold investigated in this work
 2 Inclusions tend to pass the midpoint of the bubble andfirst touch the bubble surface toward the bottom sidealthough stochastic fluctuations due to turbulence causemany variations The fluid flow pattern around a bubble
 Fig 19mdashMean path lengths residence times and apparent speed of bub-bles in the CC strand
 Fig 20mdashMeasured and calculated inclusion size distribution with differ-ent size bubble flotation (15 Nlmin gas)
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  with attached solid inclusions is similar to that of flowaround a large solid particle Inclusions attached to thebubble surface also increase the turbulent kinetic energydistributed around the bubble
 3 Smaller bubbles and larger inclusions have larger attach-ment probabilities Bubbles smaller than 1 mm in diam-eter have inclusion attachment probabilities as high as30 pct while the inclusion attachment probability for bub-bles larger than 5 mm is less than 1 pct The stochasticeffect of turbulence (modeled by the random walkmethod) slightly increases the attachment rate
 4 In the continuous casting strand smaller bubbles pene-trate and circulate more deeply than larger ones Bub-bles larger than 1 mm mainly move in the upper rollmoving 06 to 17 m in 06 to 92 s Smaller bubbles canmove over 6 m and take over 60 s before they eitherescape from the top surface or are entrapped through thebottom
 5 In the continuous casting mold if the bubbles are5 mmin diameter 10 pct of the inclusions are predicted tobe removed by bubble flotation corresponding to adecrease in total oxygen of around 3 ppm CombinedFig 21mdashCalculated inclusion removal by bubble flotation
 Fig 22mdashThe calculated apparent density of bubbles with attached inclusions (a) and the calculated (b) and measured (c)[9] number of inclusions attached onthe bubble in the steel
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  with 8 pct inclusion removal by flow transport thetotal is comparable to the measured inclusion-removalrate by the CC mold of 22 pct
 6 Smaller bubbles are more efficient at inclusion removalby bubble flotation so long as they are not entrappedin the solidifying shell A higher gas flow rate favorsinclusion removal by bubble flotation The optimalbubble size might be 2 to 4 mm
 7 Attached inclusions increase the bubble density byseveral times but do not affect its motion because theapparent density is still far smaller than that of molten steel
 Future research using this methodology is needed toinvestigate
 (1) The stochastic probability of all inclusion and bubblesizes
 (2) The effect of bubble size distribution(3) Multiphase fluid flow including momentum exchange
 between phases(4) The effect of inclusion collisions(5) The entrapment of bubbles and inclusions into the
 solidifying steel shell(6) Other process such as inclusion removal by bubble
 flotation in gas stirred ladles
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 NOMENCLATURE
 A Surface area of the bubble m2
 AB1P The cross section area of the column withdiameter of dB 1 2dP m
 2
 Ai The annular area at which the inclusions areinjected m2
 C Dimensionless factor of film rupture timeC = 4
 C1 C2 Constant in Eq [31]CA CB Constant in Eq [17]CD The dimensionless drag coefficientdB Bubble diameter m or mmdBmax The maximum bubble size mdp Particle diameter m or mmdOC The diameter of the column in which
 inclusions collide with the bubble mdOS The diameter of the column in which
 inclusions attached to the bubble me The aspect ratio e of bubbles in molten steel
 (Figure 5)
 Eo the Eotvos number Eo 5gd2Bethr rgTHORN
 sFB The buoyancy force NFD The the drag force Ng The gravitational acceleration ms2
 hCr The critical thickness of liquid film for filmrupture m
 k The local level of turbulent kinetic energym2s2
 LB The mean path length of 5000 bubbles mNAi The number of inclusions i attached to the
 bubblenAi The number of inclusions i attached to the
 bubble m3
 nB The total number of bubbles (dB) entering themolten steel during time tB
 Fig 23mdashBubble local velocity and speed in the mold
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  NO The number of inclusions attaching to thebubble
 npi|j The number density of inclusions withdiameter dpi when bubble j is injectedm3
 NT The number of inclusions in the column offluid swept by the column with diameterdB 1 dP
 p The pressure Nm2
 P Attachment probability of inclusions to abubble
 QG The gas flow NlminR DR The annular radius at which the inclusions
 are injected (Figure 4(b)) mRep Particle Reynolds number ethRep frac14 rdpju upj=mTHORNS Slab section area m2
 t Time stB The residence time of bubbles stc The collision time stF The film drainage time stI The interaction time between the bubble and
 the inclusion sTM The steel temperature 1823 Ku The instantaneous fluid velocity msuB The bubble terminal velocity mui and uj The velocity components of the fluid flow
 msuR The relative velocity between the bubble and
 the inclusion msupi Particle velocity at direction i (ms)u The mean fluid phase velocity msu9 Random velocity fluctuation msVC Casting speed mminVm The volume of molten steel entering the
 strand in time tB m3
 WB The apparent average bubble speed msWeCrit The critical Weber number WeCrit 059 to
 13xi and xj The coordinates ma The angle for the transition of the spherically
 deformed part of the bubble surface to thenonspherically deformed part in rad
 r The density of the molten steel kgm3
 rP Inclusion density kgm3
 rg The density of the argon gas kgm3
 f Dimensionless factor of collision time(Eq [2])
 u The contact angle of the inclusions at thebubblendashsteel interface deg
 e The turbulent energy dissipation rate in Wtor m2s3
 s The surface tension of the molten steelNm
 m The viscosity of the molten steel kg(m s)n The viscosity of the molten steel m2sdij The Kronecker delta which equals zero if i j
 else equals unittij The total shear force on the portion of the
 bubble surface Nj The random numberDOj The oxygen removed by this single bubble
 j ppm
 DO The total oxygen removed by all bubblesppm
 REFERENCES
 1 W Pan K Uemura and S Koyama Tetsu to Hagane 1992 vol 78(8) pp 87-94
 2 L Wang H-G Lee and P Hayes Steel Res 1995 vol 66 (7) pp279-86
 3 L Zhang and S Taniguchi Int Mater Rev 2000 vol 45 (2) pp 59-82
 4 L Zhang Modell Simul Mater Sci Eng 2000 vol 8 (4) pp 463-76
 5 L Zhang and S Taniguchi Fluid flow and particle removal by bubbleflotation in a mechanically stirred vessel Materials Processing in theComputer Age III 2000 pp 111-22
 6 L Zhang and S Taniguchi Ironmaking Steelmaking 2002 vol 29 (5)pp 326-36
 7 G Abbel W Damen G de Dendt and W Tiekink ISIJ 1996 vol36 pp S219-22
 8 WH Emling TA Waugaman SL Feldbauer and AW Cramb inSteelmaking Conference Proceedings vol 77 Chicago IL April 13ndash16 1997 ISS Warrendale PA 1994 pp 371-79
 9 L Kiriha H Tosawa and K Sorimachi VCAMP-ISIJ 2000 vol 13p 120
 10 BG Thomas A Denissov and H Bai in Steelmaking ConferenceProceedings vol 80 Chicago IL April 13ndash16 1997 ISS Warren-dale PA 1997 pp 375-84
 11 J Knoepke M Hubbard J Kelly R Kittridge and J Lucas inSteelmaking Conference Proceedings vol 77 ISS Warrendale PA1994 pp 381-88
 12 N Kasai H Mizukami and A Mutou Tetsu to Hagane 2003 vol 89(11) pp 1120-27
 13 L Zhang B Rietow K Eakin and BG Thomas ISIJ Inter 2006vol 46 in press
 14 Y Miki and S Takeuchi ISIJ Int 2003 vol 43 (10) pp 1548-5515 R Gass H Knoepke J Moscoe R Shah J Beck J Dzierzawski and
 PE Ponikvar in ISSTech2003 Conference Proceedings ISS Warren-dale PA 2003 pp 3-18
 16 P Rocabois J-N Pontoire V Delville and I Marolleau inISSTech2003 Conference Proceedings ISS Warrendale PA 2003pp 995-1006
 17 H Yin and HT Tsai in ISSTech2003 Conference Proceedings ISSWarrendale PA 2003 pp 217-26
 18 HJ Schulze in Developments in Mineral Processing vol 4 DWFuerstenau ed Elsevier 1984 pp 65-66
 19 L Wang H-G Lee and P Hayes ISIJ Int 1996 vol 36 (1) pp 17-24
 20 X Zheng P Hayes and H-G Lee ISIJ Int 1997 vol 37 (11) pp1091-97
 21 N Ahmed and GJ Jamson Miner Process Extr Metall Rev 1989vol 5 pp 77-99
 22 AG Szekely Metall Trans B 1976 vol 7B (3) pp 259-7023 K Okumura M Kitazawa N Hakamada M Hirasawa M Sano and
 K Mori ISIJ Inter 1995 vol 35 (7) pp 832-3724 PE Anagbo and JK Brimacombe Metall Mater Trans 1990 vol
 21B pp 637-4825 Y Miki BG Thomas A Denissov and Y Shimada Iron and Steel-
 maker 1997 vol 24 (8) pp 31-3826 Y Ye and JD Miller Int J Miner Process 1989 vol 25 (3ndash4) pp
 199-21927 HJ Schulze Miner Process Extractive Metall Rev 1989 vol 5 pp
 43-7628 Y Xie S Orsten and F Oeters ISIJ Int 1992 vol 32 (1) pp 66-7529 RM Wellek AK Agrawal and AHP Skelland AIChE J 1966
 vol 12 (5) pp 854-6230 Y Sahai and RIL Guthrie Metall Trans B vol 13B (2) pp 193-
 20231 H Tokunaga M Iguchi and H Tatemichi Metall Mater Trans B
 1999 vol 30B (1) pp 61-6632 M Iguchi H Tokunaga and H Tatemichi Metall Mater Trans B
 1997 vol 28B (6) pp 1053-6133 H Bai PhD Thesis University of Illinois 200034 H Bai and BG Thomas Metall Mater Trans B 2001 vol 32B (4)
 pp 702-22
 378mdashVOLUME 37B JUNE 2006 METALLURGICAL AND MATERIALS TRANSACTIONS B
  35 H Bai and BG Thomas Metall Mater Trans B 2001 vol 32B (2)pp 253-67
 36 W Damen G Abbel and G de Dendt Revue de Metallurgie CIT1997 vol 94 (6) pp 745-50
 37 M Sevik and SH Park J Fluids Eng Trans AIME 1973 pp 53-6038 S Yokoya S Takagi K Tada M Iguchi K Marukawa and S Hara
 ISIJ Int 2001 vol 41 (10) pp 1201-0739 S Yokoya S Takagi S Ootani M Iguchi and K Marukawa ISIJ
 Int 2001 vol 41 (10) pp 1208-1440 S Yokoya S Takagi M Kaneko M Iguchi K Marukawa and
 S Hara ISIJ Int 2001 vol 41 (10) pp 1215-2041 S Yokoya S Takagi M Iguchi K Marukawa and S Hara ISIJ Int
 2001 vol 41 (Suppl) pp S47-5142 FLUENT 61 Manual Fluent Inc Lebanon NH 200343 J Aoki L Zhang and BG Thomas in ICS 2005 The 3rd Interna-
 tional Congress on the Science and Technology of Steelmaking AISTWarrendale PA 2005 pp 319-22
 44 FLUENT 51 Fluent Inc Lebanon NH 200045 R Clift JR Grace and ME Weber Bubbles Drops and Particles
 Academics Press Inc New York NY 197846 J Aoki Master Thesis University of Illinois at Urbana-Champaign
 200647 L Zhang and BG Thomas in Proceedings of XXIV Steelmaking
 National Symposium Mexico 2003
 48 BG Thomas and L Zhang ISIJ Inter 2001 vol 41 (10) pp 1181-93
 49 L Zhang and BG Thomas Particle Motion with Random Walk Modelin k-e Two-Equation Model Compared with LES Simulation Univer-sity of Illinois at Urbana-Champaign Report No CCC200501 2005
 50 Q Yuan BG Thomas and SP VankaMetall Mater Trans B 2004vol 35B (4) pp 703-14
 51 M Yemmou MAA Azouni and P Casses J Cryst Growth 1993vol 128 (4) pp 1130-36
 52 JK Kim and PK Rohatgi Metall Mater Trans B 1998 vol 29A(1) pp 351-75
 53 DM Stefanescu and AV Catalina ISIJ Inter 1998 vol 38 (5) pp503-05
 54 BG Thomas L Zhang and T Shi Effect of Argon Gas Distributionon Fluid Flow in the Mold Using Time-Averaged k-e Models Univer-sity of Illinois at Urbana-Champaign Report No CCC200105 2001
 55 L Zhang and BG Thomas ISIJ Inter 2003 vol 43 (3) pp271-91
 56 H Bai and BG Thomas Metall Mater Trans B 2001 vol 32B pp1143-59
 57 L Zhang BG Thomas K Cai L Zhu and J Cui in ISSTech 2003ISS Warrendale PA 2003 pp 141-56
 58 H Schubert Int J Miner Process 1999 vol 56 pp 257-76
 METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 37B JUNE 2006mdash379
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Page 7
                        

Fig 8mdashFluid flow behind a rigid sphere (15 mm in diameter) in water (a) Experiment[45] (b) Streamline by simulation (c) Velocity by simulation
 Fig 9mdashFluid flow and trajectories of 100-mm inclusions around a 5-mm bubble in the molten steel with density of 7020 kgm3 (a) Neutral-buoyancyparticles (7020 kgm3) (b) Denser particles (14040 kgm3) (c) Inclusions (2800 kgm3) (d) Random walk of inclusions
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  compute attachment rates for a continuous size distributionof inclusions and bubbles regression was performed onthese probabilities (Table I) The regression equationobtained Eq [17] is included in Figure 15
 P 5 CAdCBp [17]
 where CA and CB are
 CA frac14 0268 00737dB 1 000615d2B [18]
 CB frac14 1077d0334B [19]
 where dB is in mm and dp is in mmEq [17] should be used under the following conditions
 bubble size is in the range of 1 to 10 mm and bulk turbu-lent energy level is less than 102 m2s2 The attachmentprobability of inclusions to the surface of the bubble forprocesses with turbulent energy of more than 102 m2s2such as argon stirred ladles is investigated elsewhere[43] Ina continuous casting mold the bubble size is less than5 mm and the turbulent energy is in the order of 103 m2s2hence Eq [17] can be usedFigure 15(b) indicates that the regression equation
 matches roughly the numerical simulations Figure 15(c)shows the calculated attached attachment probability as a
 function of bubble size and inclusion size according toEq [17] If bubble size is less than 6 mm smaller bubblesand larger inclusions have larger attachment probabilitiesSmall 1-mm bubbles can have inclusion attachment proba-bilities as high as 30 pct while the inclusion attachmentprobability to bubbles larger than 5 mm is less than 1 pct
 Fig 11mdashFluid flow pattern around a 1-mm bubble with (a) 0 (b) 5 (c) 12and (d) 28 50-mm inclusions attached
 Fig 10mdashTurbulent energy distribution (1000 k in m2s2) around a 1-mmbubble (a) Bulk turbulent energy 162 3 104 m2s2 and its dissipationrate 143 3 103 m2s3 0129 ms bubble terminal velocity (b) Bulkturbulent energy 106 3 108 m2s2 and its dissipation rate 274 3107 m2s3 0162 ms bubble terminal velocity
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  However the attachment probability increases with increas-ing bubble size when bubbles are larger than 7 mm The shapeand the terminal velocity of bubbles around 7 mm (Figures5 and 7) dominate the fluid flow and particle motion aroundthe spheroidal bubbles The simulation indicates that moreinclusions are captured by the larger spheroidal bubble thanthe smaller spherical bubble which was confirmed again byAoki et al[4346]
 Typical attachment probabilities of inclusions to a bubblesurface including the stochastic effects of the turbulent floware shown in Table II The stochastic effect simulated bythe random walk method slightly increases the attachmentprobability of inclusions to the bubble surface Figure 16shows that this effect allows 50-mm inclusions starting4 bubble diameters from the column axis to collide andattach to the 1-mm bubble surface The largest attachmentopportunity is at 2 mm diameter On the other hand thesimulation indicates that without considering the stochasticeffect which means ignoring the random walk model(Figure 4(a)) all of the 50-mm inclusions injected within034 mm of the column axis attach to the bubbles andinclusions injected outside 034 mm of the column axis willnot touch the bubble at all Owing to the extra compu-tational effort required for the stochastic model it wasnot performed for all sizes of bubbles and inclusions Thestochastic attachment probability was estimated from thetwo cases to be 165116 5 14 times of the non-stochasticattachment probability
 IV FLUID FLOWAND BUBBLE MOTION IN THECONTINUOUS CASTING STRAND
 A Model Formulation and Flow Pattern
 Three-dimensional single-phase steady turbulent fluidflow in the SEN and continuous casting strand was modeledby solving the continuity equation Navier-Stokes equationsand standard equations for transport of turbulent energy andits dissipation rate[4748] The trajectories of bubbles are cal-culated by Eqs [12] through [15] which include the effectof chaotic turbulent motion using the random walk modelInclusion trajectories calculated with this approach matchreasonably well with those by large eddy simulation[49] Bubblesescape at the top surface and the open bottom of the 255-m-long mold domain and are reflected at other faces Bub-bles that escape from the bottom are considered to eventu-ally become entrapped by the solidifying shell This is acrude preliminary approximation of flow and bubble trans-port which is being investigated further as part of this pro-ject[50] The entrapment of particles into the solidifyingshell is very complex and is receiving well-deserved atten-tion in recent work[515253]
 The SEN has an 80-mm bore size a down 15-deg outportangle and a 65 3 80-mm outport size The submergencedepth of the SEN is 300 mm and the casting speed is 12 mmincorresponding to a steel throughput of 30 tonnemin Half-width of the mold is simulated in the current study (065 mhalf width 3 025 m thickness) The calculated weighted
 Fig 12mdashTurbulent energy distribution (1000 k in m2s2) around a 1-mm bubble with (a) 0 (b) 5 (c) 12 and (d) 28 50-mm inclusions attached
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  average turbulent energy and its dissipation rate at the SENoutport are 020 m2s2 and 527 m2s3 respectively Theargon flow rate injected into the molten steel through theupper nozzle and upper slide gate is 10 to 15 NlminAccording to previous multiphase fluid flow simulation[54]
 under this argon gas flow rate the fluid flow pattern in thecurrent mold is still a double roll flow pattern However ifthe argon gas flow rate is much larger the fluid flow patternin the mold will become single roll[4855] Thus the currentsimplification that ignores momentum transfer from thebubbles to the fluid just roughly represents the real multi-phase fluid flow in this mold In the further investigationthe two-phase fluid flow will be calculated
 The velocity vector distribution on the center face of thehalf-strand is shown in Figure 17 indicating a double rollflow pattern The upper loop reaches the meniscus of thenarrow face and the second loop takes steel downwardinto the liquid core and eventually flows back towardthe meniscus in the strand center The calculated volume-average turbulent energy and its dissipation rate in theCC strand are 165 3 103 m2s2 and 422 3 103 m2s3respectively
 B Bubble Trajectory Results
 Typical bubble trajectories are shown in Figure 18Smaller bubbles penetrate and circulate more deeply thanthe larger ones According to Figure 6 the maximum bub-ble size is around 5 mm Bubbles larger than 1 mm mainlymove in the upper roll and are quickly removed Bubbleswith a size of 02 mm can recirculate with paths as long as
 Fig 13mdashThe collision time and film drainage time of inclusions ontodifferent-size bubbles
 Fig 14mdashComputed normal distance from the center of 100-mm inclusionsto the surface of a 1-mm bubble (a) and interaction times (b)
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  665 m and 715 s before they escape from the top orbecome entrapped through the bottom while 05-mm bub-bles move 334 m and 2162 s 1-mm bubbles move 167 mand 92 s and 5-mm bubbles move 059 m and 059 s Themean path length (LB) and the residence time (tB) of 5000bubbles of each size are shown in Figure 19 and the fol-lowing regression equations are obtained
 LB frac14 9683 exp 1000dB0418
 1 0595 [20]
 tB frac14 1956 exp 1000dB0149
 1 2365 exp 1000dB
 0139
 1 2409 exp 1000dB8959
 [21]
 Combining the path length and the residence time theapparent average bubble speed is WB 5 LBtB The follow-ing regression equation is obtained
 WB frac14 0170eth1000dBTHORN0487 [22]
 Larger bubbles have larger average speed which can be ashigh as 05 ms for 10-mm bubbles
 V INCLUSION REMOVAL BY BUBBLES IN THECONTINUOUS CASTING STRAND
 A Model Formulation
 A model of inclusion removal by bubble flotation isdeveloped for the molten steel-alumina inclusion-argonbubble system by evaluating a simple algebraic equationthat incorporates the results of the previous sections Thefollowing assumptions are used
 (1) Bubbles all have the same size and the bubble size andthe gas flow rate are chosen independently
 (2) Inclusions have a size distribution and are uniformlydistributed in the molten steel and they are too smallto affect bubble motion or the flow pattern
 (3) Only the inclusions removed by bubble flotation areconsidered The transport and collision of inclusionsare ignored
 (4) Once stable attachment occurs between a bubble and aninclusion there is no detachment and the inclusion isconsidered to be removed from the molten steel owingto the high removal fraction of most bubbles
 The number of inclusions i NAi with diameter dpithat attach to a single bubble (sequence number j) with
 Fig 15mdashCalculated attachment probability of inclusions to bubbles
 METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 37B JUNE 2006mdash371
  a diameter of dB during its motion through the moltensteel is
 NAi frac14 p
 4d2Bj
 LBj npijj
 Pi
 100[23]
 where LB is given by Eq [20] P (pct) is given by Eq [17]npi|j is the number density of inclusions with diameter dpiwhen bubble j is injected which can be represented by thefollowing recursion equation
 npijj frac14 npijj13eth100 PiTHORN
 1003
 p
 4d2B
 LB
 VM[24]
 In evaluating this equation the inclusion number densitydistribution is updated after the calculation of each individ-ual bubble to account for the significant change in inclusionconcentration caused by the simultaneous inclusionremoval of many bubbles
 In Eq [24] the volume of molten steel entering thestrand in time tB is given by
 VM frac14 VC
 60S tBj [25]
 where S 5 the area of the slab section (5025 3 13 m2)The number density of inclusions (1m3 steel) of size i
 removed by attachment to a single bubble is
 nAi frac14 NAi
 VM[26]
 Assuming that all inclusions are Al2O3 the oxygenremoved by this single bubble j (in ppm) then can beexpressed by
 DOj frac14 +i
 nAip
 6d3pi
 rpr 48102
 106
 [27]
 which can be rewritten by inserting Eqs [23] through [26]into Eq [27] and rearranging as
 DOj frac14 1163 105 1
 VCS
 d2B jLB j
 tB j
 rpr+i
 ethnpijj Pi d3piTHORN [28]
 Because it is assumed that all bubbles in the molten steelhave the same size the total number of bubbles withdiameter dB entering the molten steel during time tB is
 nB frac14 1
 2
 QG TM273
 p
 6d3B
 tB [29]
 where the factor of 12 is due to the simulation domain ofa half-mold
 The total oxygen removal by all of the bubbles can beexpressed by
 DO 5 +nB
 j5 1
 DOj [30]
 B Results and Discussion
 The inclusion size distributions measured in the tundishabove the outlets and in the CC slab are shown in Figure20(a) together with the calculated size distributions afterinclusion removal by bubble flotation for several differentbubble sizes The corresponding inclusion removal frac-tions are shown in Figure 20(b) If the bubbles are larger than5 mm less than 10 pct of the inclusions can be removed bybubble flotation at the gas flow rate of 15 Nlmin Thiscorresponds to a 3-ppm decrease in total oxygen (Figure21) Smaller bubbles appear to enable more inclusionremoval for the same gas flow rate Specifically 1-mmbubbles remove almost all of the inclusions larger than30 mm However it is unlikely that all of the bubbles thatare this small could escape from the top surface Those thatare entrapped in the solidifying shell would generate seri-ous defects in the steel product such as shown in Figures 1and 2 Increasing bubble size above 7 mm produces lesschange in the removal rate because the change in bubbleshape offsets the smaller number of bubbles
 Table I Regressed Inclusion Attachment Probability tothe Bubble Larger than 1 mm
 Bubble DiameterAttachment
 Probability (pct)
 1 mm P frac14 0189d1082p
 2 mm P frac14 0125d0187p
 4 mm P frac14 00570d0722p
 5 mm P frac14 00523d0634p
 10 mm P frac14 0130d0444p
 Table II Attachment Probabilities of Inclusions With and Without Random Walk to a 1-mm Bubble
 Case 1 Case 2
 Average turbulent energy (m2s2) 162 3 104 106 3 108
 Average turbulent energy dissipation rate (m2s2) 143 3 103 274 3 107
 Bubble velocity (ms) 1292 1620Bubble diameter (mm) 1 1Inclusions diameter (mm) 50 100Attachment probability (pct) Non-stochastic model 116 278
 Stochastic model 165 294
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  Increasing gas flow rate naturally causes more inclusionremoval by bubble flotation (Figure 21) Considering theeffect of turbulent stochastic motion slightly increasesinclusion removal by bubble flotation For the current CCconditions including a gas flow rate of 15 Nlmin thebubble size is likely to be around 5 mm assuming thereare a large number of active sites on the porous refractorythat cause a gas flow rate of less than 05 mL per pore[56]
 As shown in Figure 21 about 10 pct total oxygen isremoved by bubble flotation Previous investigations indi-cate that 8 pct of the inclusions are removed to the topsurface due to flow transport in the CC mold region[57]
 Thus the total predicted inclusion removal by flow trans-port and by bubble flotation is around 18 pct The measuredinclusion mass fraction is 668 ppm in the tundish and
 averages 519 ppm in the slab which corresponds to 22pct removal in the mold (Figure 20(a)) The predictionand the measurement agree roughly well considering thatsome inclusions are likely entrapped to the SEN walls tocause clogging and others float to the slag layer without theaid of bubblesDecreasing bubble size is shown in Figures 20 and 21 to be
 more efficient at removing inclusions As mentioned beforehowever small bubbles such as those smaller than 1 mmmay be trapped into the solidifying shell while movingthrough the lower recirculation zone Thus there should bean optimal bubble size that gives not only high inclusion-removal efficiencies but also low entrapment rates The pres-ent results suggest the optimal size might be from 2 to 4 mmDue to capturing many inclusions on its surface the appar-
 ent density of a bubble with attached inclusions increasesAccording to the current fluid flow and inclusions conditionin the CC mold the calculated apparent density of the bub-ble decreases with increasing bubble size (Figure 22(a))The maximum apparent bubble density is only around50 kgm3 Although this is much greater than the originalargon gas density of 16228 kgm3 it is still far smaller thanthat of the molten steel so it has little effect on the bubblemotion or bubble residence time in the strand (Eq [12])The inclusions attached to each bubble also have a sizedistribution (Figure 22(b)) There are typically severalthousand inclusions predicted to be attached to the bubblesurface which matches well with the measurements inFigure 22(c) Larger bubbles capture more inclusions thansmaller ones (Figure 22(b)) per bubble This is insufficientto make up for their smaller number however and further-more makes them more dangerous if captured Thus largebubbles should be avoided
 VI FUTURE FURTHER STUDY EFFECTOF TURBULENCE
 The effect of turbulence on the fluid flow near the bubblesurface the motion of inclusions near the bubble surfaceand the terminal velocity of bubbles should be furtherinvestigated in the future Pan et al measured the removalof particles (100 to 800 mm in size) by bubble flotation ina water model by analyzing high-speed camera photos[1]
 Zhang et al studied inclusion removal by bubble flotationin a water model under turbulent conditions by measuringthe particle number density (ie size distribution) using aCoulter Counter[6] Several other papers model the contri-bution of turbulence to the attachment of inclusions to bub-bles in a water system in terms of the turbulent energydissipation rate Schubert considered that the interactionbetween bubble and solid particles in water is just like theturbulent collision process of particles with similar sizes andreported the following attachment probability P[58]
 P e4=9 ethC1d7=9P THORN2 1 ethC2d
 7=9B THORN2
 h i1=2[31]
 This equation can be used only if
 dp dB $ 15ethn3=eTHORN1=4
 For metallurgical melts the typical value of e is 00001to 1 m2s3 so this equation can be used only if dpdB
 Fig 16mdashAttachment probability of 50-mm inclusions to a 1-mm bubbleincluding the stochastic effect of turbulence
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  Fig 17mdashFlow pattern in the CC strand center face with half-width (a) Velocity vectors (b) Streamline (c) Turbulent energy dissipation rate 1000 e m2s3(d) Turbulent energy 100 k m2s2
 Fig 18mdashTypical bubble trajectories in the mold with half-width
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  $ 458 mm Zhang et al derived the following attachmentprobability with extensive water model experiments[6]
 P ethdp=dBTHORN265e0104Q1630G [32]
 The model for inclusion motion in the boundary layer nearthe bubble surface also needs to be further developed
 In the current study the terminal velocity of the bubble isthat in the quiescent liquid In the continuous casting asshown in Figure 17 the inlet jet has a much higher speedthan the bubble terminal speed The relative velocitybetween the bubble and the liquid steel and the relativevelocity between the bubble and the inclusion in the liquidsteel should be used but not the terminal velocity in thequiescent liquid In other words the bubble local velocityand speed in the mold will be quite different as the terminalvelocity in the quiescent liquid Figure 23 shows the calcu-lated bubble local speed and velocity when they move inthe mold as shown in Figure 18 also compared with thespeed and velocity of the solute particles Smaller bubblesmove more with the fluid flow and large bubbles havea clearly different velocity from the fluid flow When con-sidering the turbulent fluctuation (stochastic model) thebubble velocity is very different from that ignoring theturbulent fluctuation Figure 23 shows that the bubblevelocity and speed are very local depending on the localfluid flow velocity and local turbulent energy This and itseffect on the interaction between the bubble and the inclu-sion need to be further studied in the future
 VII SUMMARY AND CONCLUSIONS
 This work presents a fundamental approach to modelinginclusion removal due to bubble flotation in molten steelprocessing The problem of multiple length and time scalesis addressed by dividing the modeling into two modelingstages fundamentals of inclusionndashbubble interactions thatare independent of the macroscale process and macroscaleflow phenomena that can incorporate the results of themicroscale effects The small-scale model is validated withavailable measurements and applied to predict the changes
 in inclusion distribution that occur in the mold region ofa continuous slab caster Specific model findings include
 1 In molten steel bubbles smaller than 3 mm tend to bespherical 3- to 10-mm bubbles are spheroidal and bub-bles larger than 10 mm are sphericalndashcap-shaped Thebubble size depends mainly on the gas flow rate injec-tion method and stirring power in the molten steel Theaverage equivalent size of bubbles is estimated to be5 mm in the CC mold investigated in this work
 2 Inclusions tend to pass the midpoint of the bubble andfirst touch the bubble surface toward the bottom sidealthough stochastic fluctuations due to turbulence causemany variations The fluid flow pattern around a bubble
 Fig 19mdashMean path lengths residence times and apparent speed of bub-bles in the CC strand
 Fig 20mdashMeasured and calculated inclusion size distribution with differ-ent size bubble flotation (15 Nlmin gas)
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  with attached solid inclusions is similar to that of flowaround a large solid particle Inclusions attached to thebubble surface also increase the turbulent kinetic energydistributed around the bubble
 3 Smaller bubbles and larger inclusions have larger attach-ment probabilities Bubbles smaller than 1 mm in diam-eter have inclusion attachment probabilities as high as30 pct while the inclusion attachment probability for bub-bles larger than 5 mm is less than 1 pct The stochasticeffect of turbulence (modeled by the random walkmethod) slightly increases the attachment rate
 4 In the continuous casting strand smaller bubbles pene-trate and circulate more deeply than larger ones Bub-bles larger than 1 mm mainly move in the upper rollmoving 06 to 17 m in 06 to 92 s Smaller bubbles canmove over 6 m and take over 60 s before they eitherescape from the top surface or are entrapped through thebottom
 5 In the continuous casting mold if the bubbles are5 mmin diameter 10 pct of the inclusions are predicted tobe removed by bubble flotation corresponding to adecrease in total oxygen of around 3 ppm CombinedFig 21mdashCalculated inclusion removal by bubble flotation
 Fig 22mdashThe calculated apparent density of bubbles with attached inclusions (a) and the calculated (b) and measured (c)[9] number of inclusions attached onthe bubble in the steel
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  with 8 pct inclusion removal by flow transport thetotal is comparable to the measured inclusion-removalrate by the CC mold of 22 pct
 6 Smaller bubbles are more efficient at inclusion removalby bubble flotation so long as they are not entrappedin the solidifying shell A higher gas flow rate favorsinclusion removal by bubble flotation The optimalbubble size might be 2 to 4 mm
 7 Attached inclusions increase the bubble density byseveral times but do not affect its motion because theapparent density is still far smaller than that of molten steel
 Future research using this methodology is needed toinvestigate
 (1) The stochastic probability of all inclusion and bubblesizes
 (2) The effect of bubble size distribution(3) Multiphase fluid flow including momentum exchange
 between phases(4) The effect of inclusion collisions(5) The entrapment of bubbles and inclusions into the
 solidifying steel shell(6) Other process such as inclusion removal by bubble
 flotation in gas stirred ladles
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 NOMENCLATURE
 A Surface area of the bubble m2
 AB1P The cross section area of the column withdiameter of dB 1 2dP m
 2
 Ai The annular area at which the inclusions areinjected m2
 C Dimensionless factor of film rupture timeC = 4
 C1 C2 Constant in Eq [31]CA CB Constant in Eq [17]CD The dimensionless drag coefficientdB Bubble diameter m or mmdBmax The maximum bubble size mdp Particle diameter m or mmdOC The diameter of the column in which
 inclusions collide with the bubble mdOS The diameter of the column in which
 inclusions attached to the bubble me The aspect ratio e of bubbles in molten steel
 (Figure 5)
 Eo the Eotvos number Eo 5gd2Bethr rgTHORN
 sFB The buoyancy force NFD The the drag force Ng The gravitational acceleration ms2
 hCr The critical thickness of liquid film for filmrupture m
 k The local level of turbulent kinetic energym2s2
 LB The mean path length of 5000 bubbles mNAi The number of inclusions i attached to the
 bubblenAi The number of inclusions i attached to the
 bubble m3
 nB The total number of bubbles (dB) entering themolten steel during time tB
 Fig 23mdashBubble local velocity and speed in the mold
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  NO The number of inclusions attaching to thebubble
 npi|j The number density of inclusions withdiameter dpi when bubble j is injectedm3
 NT The number of inclusions in the column offluid swept by the column with diameterdB 1 dP
 p The pressure Nm2
 P Attachment probability of inclusions to abubble
 QG The gas flow NlminR DR The annular radius at which the inclusions
 are injected (Figure 4(b)) mRep Particle Reynolds number ethRep frac14 rdpju upj=mTHORNS Slab section area m2
 t Time stB The residence time of bubbles stc The collision time stF The film drainage time stI The interaction time between the bubble and
 the inclusion sTM The steel temperature 1823 Ku The instantaneous fluid velocity msuB The bubble terminal velocity mui and uj The velocity components of the fluid flow
 msuR The relative velocity between the bubble and
 the inclusion msupi Particle velocity at direction i (ms)u The mean fluid phase velocity msu9 Random velocity fluctuation msVC Casting speed mminVm The volume of molten steel entering the
 strand in time tB m3
 WB The apparent average bubble speed msWeCrit The critical Weber number WeCrit 059 to
 13xi and xj The coordinates ma The angle for the transition of the spherically
 deformed part of the bubble surface to thenonspherically deformed part in rad
 r The density of the molten steel kgm3
 rP Inclusion density kgm3
 rg The density of the argon gas kgm3
 f Dimensionless factor of collision time(Eq [2])
 u The contact angle of the inclusions at thebubblendashsteel interface deg
 e The turbulent energy dissipation rate in Wtor m2s3
 s The surface tension of the molten steelNm
 m The viscosity of the molten steel kg(m s)n The viscosity of the molten steel m2sdij The Kronecker delta which equals zero if i j
 else equals unittij The total shear force on the portion of the
 bubble surface Nj The random numberDOj The oxygen removed by this single bubble
 j ppm
 DO The total oxygen removed by all bubblesppm
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compute attachment rates for a continuous size distributionof inclusions and bubbles regression was performed onthese probabilities (Table I) The regression equationobtained Eq [17] is included in Figure 15
 P 5 CAdCBp [17]
 where CA and CB are
 CA frac14 0268 00737dB 1 000615d2B [18]
 CB frac14 1077d0334B [19]
 where dB is in mm and dp is in mmEq [17] should be used under the following conditions
 bubble size is in the range of 1 to 10 mm and bulk turbu-lent energy level is less than 102 m2s2 The attachmentprobability of inclusions to the surface of the bubble forprocesses with turbulent energy of more than 102 m2s2such as argon stirred ladles is investigated elsewhere[43] Ina continuous casting mold the bubble size is less than5 mm and the turbulent energy is in the order of 103 m2s2hence Eq [17] can be usedFigure 15(b) indicates that the regression equation
 matches roughly the numerical simulations Figure 15(c)shows the calculated attached attachment probability as a
 function of bubble size and inclusion size according toEq [17] If bubble size is less than 6 mm smaller bubblesand larger inclusions have larger attachment probabilitiesSmall 1-mm bubbles can have inclusion attachment proba-bilities as high as 30 pct while the inclusion attachmentprobability to bubbles larger than 5 mm is less than 1 pct
 Fig 11mdashFluid flow pattern around a 1-mm bubble with (a) 0 (b) 5 (c) 12and (d) 28 50-mm inclusions attached
 Fig 10mdashTurbulent energy distribution (1000 k in m2s2) around a 1-mmbubble (a) Bulk turbulent energy 162 3 104 m2s2 and its dissipationrate 143 3 103 m2s3 0129 ms bubble terminal velocity (b) Bulkturbulent energy 106 3 108 m2s2 and its dissipation rate 274 3107 m2s3 0162 ms bubble terminal velocity
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  However the attachment probability increases with increas-ing bubble size when bubbles are larger than 7 mm The shapeand the terminal velocity of bubbles around 7 mm (Figures5 and 7) dominate the fluid flow and particle motion aroundthe spheroidal bubbles The simulation indicates that moreinclusions are captured by the larger spheroidal bubble thanthe smaller spherical bubble which was confirmed again byAoki et al[4346]
 Typical attachment probabilities of inclusions to a bubblesurface including the stochastic effects of the turbulent floware shown in Table II The stochastic effect simulated bythe random walk method slightly increases the attachmentprobability of inclusions to the bubble surface Figure 16shows that this effect allows 50-mm inclusions starting4 bubble diameters from the column axis to collide andattach to the 1-mm bubble surface The largest attachmentopportunity is at 2 mm diameter On the other hand thesimulation indicates that without considering the stochasticeffect which means ignoring the random walk model(Figure 4(a)) all of the 50-mm inclusions injected within034 mm of the column axis attach to the bubbles andinclusions injected outside 034 mm of the column axis willnot touch the bubble at all Owing to the extra compu-tational effort required for the stochastic model it wasnot performed for all sizes of bubbles and inclusions Thestochastic attachment probability was estimated from thetwo cases to be 165116 5 14 times of the non-stochasticattachment probability
 IV FLUID FLOWAND BUBBLE MOTION IN THECONTINUOUS CASTING STRAND
 A Model Formulation and Flow Pattern
 Three-dimensional single-phase steady turbulent fluidflow in the SEN and continuous casting strand was modeledby solving the continuity equation Navier-Stokes equationsand standard equations for transport of turbulent energy andits dissipation rate[4748] The trajectories of bubbles are cal-culated by Eqs [12] through [15] which include the effectof chaotic turbulent motion using the random walk modelInclusion trajectories calculated with this approach matchreasonably well with those by large eddy simulation[49] Bubblesescape at the top surface and the open bottom of the 255-m-long mold domain and are reflected at other faces Bub-bles that escape from the bottom are considered to eventu-ally become entrapped by the solidifying shell This is acrude preliminary approximation of flow and bubble trans-port which is being investigated further as part of this pro-ject[50] The entrapment of particles into the solidifyingshell is very complex and is receiving well-deserved atten-tion in recent work[515253]
 The SEN has an 80-mm bore size a down 15-deg outportangle and a 65 3 80-mm outport size The submergencedepth of the SEN is 300 mm and the casting speed is 12 mmincorresponding to a steel throughput of 30 tonnemin Half-width of the mold is simulated in the current study (065 mhalf width 3 025 m thickness) The calculated weighted
 Fig 12mdashTurbulent energy distribution (1000 k in m2s2) around a 1-mm bubble with (a) 0 (b) 5 (c) 12 and (d) 28 50-mm inclusions attached
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  average turbulent energy and its dissipation rate at the SENoutport are 020 m2s2 and 527 m2s3 respectively Theargon flow rate injected into the molten steel through theupper nozzle and upper slide gate is 10 to 15 NlminAccording to previous multiphase fluid flow simulation[54]
 under this argon gas flow rate the fluid flow pattern in thecurrent mold is still a double roll flow pattern However ifthe argon gas flow rate is much larger the fluid flow patternin the mold will become single roll[4855] Thus the currentsimplification that ignores momentum transfer from thebubbles to the fluid just roughly represents the real multi-phase fluid flow in this mold In the further investigationthe two-phase fluid flow will be calculated
 The velocity vector distribution on the center face of thehalf-strand is shown in Figure 17 indicating a double rollflow pattern The upper loop reaches the meniscus of thenarrow face and the second loop takes steel downwardinto the liquid core and eventually flows back towardthe meniscus in the strand center The calculated volume-average turbulent energy and its dissipation rate in theCC strand are 165 3 103 m2s2 and 422 3 103 m2s3respectively
 B Bubble Trajectory Results
 Typical bubble trajectories are shown in Figure 18Smaller bubbles penetrate and circulate more deeply thanthe larger ones According to Figure 6 the maximum bub-ble size is around 5 mm Bubbles larger than 1 mm mainlymove in the upper roll and are quickly removed Bubbleswith a size of 02 mm can recirculate with paths as long as
 Fig 13mdashThe collision time and film drainage time of inclusions ontodifferent-size bubbles
 Fig 14mdashComputed normal distance from the center of 100-mm inclusionsto the surface of a 1-mm bubble (a) and interaction times (b)
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  665 m and 715 s before they escape from the top orbecome entrapped through the bottom while 05-mm bub-bles move 334 m and 2162 s 1-mm bubbles move 167 mand 92 s and 5-mm bubbles move 059 m and 059 s Themean path length (LB) and the residence time (tB) of 5000bubbles of each size are shown in Figure 19 and the fol-lowing regression equations are obtained
 LB frac14 9683 exp 1000dB0418
 1 0595 [20]
 tB frac14 1956 exp 1000dB0149
 1 2365 exp 1000dB
 0139
 1 2409 exp 1000dB8959
 [21]
 Combining the path length and the residence time theapparent average bubble speed is WB 5 LBtB The follow-ing regression equation is obtained
 WB frac14 0170eth1000dBTHORN0487 [22]
 Larger bubbles have larger average speed which can be ashigh as 05 ms for 10-mm bubbles
 V INCLUSION REMOVAL BY BUBBLES IN THECONTINUOUS CASTING STRAND
 A Model Formulation
 A model of inclusion removal by bubble flotation isdeveloped for the molten steel-alumina inclusion-argonbubble system by evaluating a simple algebraic equationthat incorporates the results of the previous sections Thefollowing assumptions are used
 (1) Bubbles all have the same size and the bubble size andthe gas flow rate are chosen independently
 (2) Inclusions have a size distribution and are uniformlydistributed in the molten steel and they are too smallto affect bubble motion or the flow pattern
 (3) Only the inclusions removed by bubble flotation areconsidered The transport and collision of inclusionsare ignored
 (4) Once stable attachment occurs between a bubble and aninclusion there is no detachment and the inclusion isconsidered to be removed from the molten steel owingto the high removal fraction of most bubbles
 The number of inclusions i NAi with diameter dpithat attach to a single bubble (sequence number j) with
 Fig 15mdashCalculated attachment probability of inclusions to bubbles
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  a diameter of dB during its motion through the moltensteel is
 NAi frac14 p
 4d2Bj
 LBj npijj
 Pi
 100[23]
 where LB is given by Eq [20] P (pct) is given by Eq [17]npi|j is the number density of inclusions with diameter dpiwhen bubble j is injected which can be represented by thefollowing recursion equation
 npijj frac14 npijj13eth100 PiTHORN
 1003
 p
 4d2B
 LB
 VM[24]
 In evaluating this equation the inclusion number densitydistribution is updated after the calculation of each individ-ual bubble to account for the significant change in inclusionconcentration caused by the simultaneous inclusionremoval of many bubbles
 In Eq [24] the volume of molten steel entering thestrand in time tB is given by
 VM frac14 VC
 60S tBj [25]
 where S 5 the area of the slab section (5025 3 13 m2)The number density of inclusions (1m3 steel) of size i
 removed by attachment to a single bubble is
 nAi frac14 NAi
 VM[26]
 Assuming that all inclusions are Al2O3 the oxygenremoved by this single bubble j (in ppm) then can beexpressed by
 DOj frac14 +i
 nAip
 6d3pi
 rpr 48102
 106
 [27]
 which can be rewritten by inserting Eqs [23] through [26]into Eq [27] and rearranging as
 DOj frac14 1163 105 1
 VCS
 d2B jLB j
 tB j
 rpr+i
 ethnpijj Pi d3piTHORN [28]
 Because it is assumed that all bubbles in the molten steelhave the same size the total number of bubbles withdiameter dB entering the molten steel during time tB is
 nB frac14 1
 2
 QG TM273
 p
 6d3B
 tB [29]
 where the factor of 12 is due to the simulation domain ofa half-mold
 The total oxygen removal by all of the bubbles can beexpressed by
 DO 5 +nB
 j5 1
 DOj [30]
 B Results and Discussion
 The inclusion size distributions measured in the tundishabove the outlets and in the CC slab are shown in Figure20(a) together with the calculated size distributions afterinclusion removal by bubble flotation for several differentbubble sizes The corresponding inclusion removal frac-tions are shown in Figure 20(b) If the bubbles are larger than5 mm less than 10 pct of the inclusions can be removed bybubble flotation at the gas flow rate of 15 Nlmin Thiscorresponds to a 3-ppm decrease in total oxygen (Figure21) Smaller bubbles appear to enable more inclusionremoval for the same gas flow rate Specifically 1-mmbubbles remove almost all of the inclusions larger than30 mm However it is unlikely that all of the bubbles thatare this small could escape from the top surface Those thatare entrapped in the solidifying shell would generate seri-ous defects in the steel product such as shown in Figures 1and 2 Increasing bubble size above 7 mm produces lesschange in the removal rate because the change in bubbleshape offsets the smaller number of bubbles
 Table I Regressed Inclusion Attachment Probability tothe Bubble Larger than 1 mm
 Bubble DiameterAttachment
 Probability (pct)
 1 mm P frac14 0189d1082p
 2 mm P frac14 0125d0187p
 4 mm P frac14 00570d0722p
 5 mm P frac14 00523d0634p
 10 mm P frac14 0130d0444p
 Table II Attachment Probabilities of Inclusions With and Without Random Walk to a 1-mm Bubble
 Case 1 Case 2
 Average turbulent energy (m2s2) 162 3 104 106 3 108
 Average turbulent energy dissipation rate (m2s2) 143 3 103 274 3 107
 Bubble velocity (ms) 1292 1620Bubble diameter (mm) 1 1Inclusions diameter (mm) 50 100Attachment probability (pct) Non-stochastic model 116 278
 Stochastic model 165 294
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  Increasing gas flow rate naturally causes more inclusionremoval by bubble flotation (Figure 21) Considering theeffect of turbulent stochastic motion slightly increasesinclusion removal by bubble flotation For the current CCconditions including a gas flow rate of 15 Nlmin thebubble size is likely to be around 5 mm assuming thereare a large number of active sites on the porous refractorythat cause a gas flow rate of less than 05 mL per pore[56]
 As shown in Figure 21 about 10 pct total oxygen isremoved by bubble flotation Previous investigations indi-cate that 8 pct of the inclusions are removed to the topsurface due to flow transport in the CC mold region[57]
 Thus the total predicted inclusion removal by flow trans-port and by bubble flotation is around 18 pct The measuredinclusion mass fraction is 668 ppm in the tundish and
 averages 519 ppm in the slab which corresponds to 22pct removal in the mold (Figure 20(a)) The predictionand the measurement agree roughly well considering thatsome inclusions are likely entrapped to the SEN walls tocause clogging and others float to the slag layer without theaid of bubblesDecreasing bubble size is shown in Figures 20 and 21 to be
 more efficient at removing inclusions As mentioned beforehowever small bubbles such as those smaller than 1 mmmay be trapped into the solidifying shell while movingthrough the lower recirculation zone Thus there should bean optimal bubble size that gives not only high inclusion-removal efficiencies but also low entrapment rates The pres-ent results suggest the optimal size might be from 2 to 4 mmDue to capturing many inclusions on its surface the appar-
 ent density of a bubble with attached inclusions increasesAccording to the current fluid flow and inclusions conditionin the CC mold the calculated apparent density of the bub-ble decreases with increasing bubble size (Figure 22(a))The maximum apparent bubble density is only around50 kgm3 Although this is much greater than the originalargon gas density of 16228 kgm3 it is still far smaller thanthat of the molten steel so it has little effect on the bubblemotion or bubble residence time in the strand (Eq [12])The inclusions attached to each bubble also have a sizedistribution (Figure 22(b)) There are typically severalthousand inclusions predicted to be attached to the bubblesurface which matches well with the measurements inFigure 22(c) Larger bubbles capture more inclusions thansmaller ones (Figure 22(b)) per bubble This is insufficientto make up for their smaller number however and further-more makes them more dangerous if captured Thus largebubbles should be avoided
 VI FUTURE FURTHER STUDY EFFECTOF TURBULENCE
 The effect of turbulence on the fluid flow near the bubblesurface the motion of inclusions near the bubble surfaceand the terminal velocity of bubbles should be furtherinvestigated in the future Pan et al measured the removalof particles (100 to 800 mm in size) by bubble flotation ina water model by analyzing high-speed camera photos[1]
 Zhang et al studied inclusion removal by bubble flotationin a water model under turbulent conditions by measuringthe particle number density (ie size distribution) using aCoulter Counter[6] Several other papers model the contri-bution of turbulence to the attachment of inclusions to bub-bles in a water system in terms of the turbulent energydissipation rate Schubert considered that the interactionbetween bubble and solid particles in water is just like theturbulent collision process of particles with similar sizes andreported the following attachment probability P[58]
 P e4=9 ethC1d7=9P THORN2 1 ethC2d
 7=9B THORN2
 h i1=2[31]
 This equation can be used only if
 dp dB $ 15ethn3=eTHORN1=4
 For metallurgical melts the typical value of e is 00001to 1 m2s3 so this equation can be used only if dpdB
 Fig 16mdashAttachment probability of 50-mm inclusions to a 1-mm bubbleincluding the stochastic effect of turbulence
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  Fig 17mdashFlow pattern in the CC strand center face with half-width (a) Velocity vectors (b) Streamline (c) Turbulent energy dissipation rate 1000 e m2s3(d) Turbulent energy 100 k m2s2
 Fig 18mdashTypical bubble trajectories in the mold with half-width
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  $ 458 mm Zhang et al derived the following attachmentprobability with extensive water model experiments[6]
 P ethdp=dBTHORN265e0104Q1630G [32]
 The model for inclusion motion in the boundary layer nearthe bubble surface also needs to be further developed
 In the current study the terminal velocity of the bubble isthat in the quiescent liquid In the continuous casting asshown in Figure 17 the inlet jet has a much higher speedthan the bubble terminal speed The relative velocitybetween the bubble and the liquid steel and the relativevelocity between the bubble and the inclusion in the liquidsteel should be used but not the terminal velocity in thequiescent liquid In other words the bubble local velocityand speed in the mold will be quite different as the terminalvelocity in the quiescent liquid Figure 23 shows the calcu-lated bubble local speed and velocity when they move inthe mold as shown in Figure 18 also compared with thespeed and velocity of the solute particles Smaller bubblesmove more with the fluid flow and large bubbles havea clearly different velocity from the fluid flow When con-sidering the turbulent fluctuation (stochastic model) thebubble velocity is very different from that ignoring theturbulent fluctuation Figure 23 shows that the bubblevelocity and speed are very local depending on the localfluid flow velocity and local turbulent energy This and itseffect on the interaction between the bubble and the inclu-sion need to be further studied in the future
 VII SUMMARY AND CONCLUSIONS
 This work presents a fundamental approach to modelinginclusion removal due to bubble flotation in molten steelprocessing The problem of multiple length and time scalesis addressed by dividing the modeling into two modelingstages fundamentals of inclusionndashbubble interactions thatare independent of the macroscale process and macroscaleflow phenomena that can incorporate the results of themicroscale effects The small-scale model is validated withavailable measurements and applied to predict the changes
 in inclusion distribution that occur in the mold region ofa continuous slab caster Specific model findings include
 1 In molten steel bubbles smaller than 3 mm tend to bespherical 3- to 10-mm bubbles are spheroidal and bub-bles larger than 10 mm are sphericalndashcap-shaped Thebubble size depends mainly on the gas flow rate injec-tion method and stirring power in the molten steel Theaverage equivalent size of bubbles is estimated to be5 mm in the CC mold investigated in this work
 2 Inclusions tend to pass the midpoint of the bubble andfirst touch the bubble surface toward the bottom sidealthough stochastic fluctuations due to turbulence causemany variations The fluid flow pattern around a bubble
 Fig 19mdashMean path lengths residence times and apparent speed of bub-bles in the CC strand
 Fig 20mdashMeasured and calculated inclusion size distribution with differ-ent size bubble flotation (15 Nlmin gas)
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  with attached solid inclusions is similar to that of flowaround a large solid particle Inclusions attached to thebubble surface also increase the turbulent kinetic energydistributed around the bubble
 3 Smaller bubbles and larger inclusions have larger attach-ment probabilities Bubbles smaller than 1 mm in diam-eter have inclusion attachment probabilities as high as30 pct while the inclusion attachment probability for bub-bles larger than 5 mm is less than 1 pct The stochasticeffect of turbulence (modeled by the random walkmethod) slightly increases the attachment rate
 4 In the continuous casting strand smaller bubbles pene-trate and circulate more deeply than larger ones Bub-bles larger than 1 mm mainly move in the upper rollmoving 06 to 17 m in 06 to 92 s Smaller bubbles canmove over 6 m and take over 60 s before they eitherescape from the top surface or are entrapped through thebottom
 5 In the continuous casting mold if the bubbles are5 mmin diameter 10 pct of the inclusions are predicted tobe removed by bubble flotation corresponding to adecrease in total oxygen of around 3 ppm CombinedFig 21mdashCalculated inclusion removal by bubble flotation
 Fig 22mdashThe calculated apparent density of bubbles with attached inclusions (a) and the calculated (b) and measured (c)[9] number of inclusions attached onthe bubble in the steel
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  with 8 pct inclusion removal by flow transport thetotal is comparable to the measured inclusion-removalrate by the CC mold of 22 pct
 6 Smaller bubbles are more efficient at inclusion removalby bubble flotation so long as they are not entrappedin the solidifying shell A higher gas flow rate favorsinclusion removal by bubble flotation The optimalbubble size might be 2 to 4 mm
 7 Attached inclusions increase the bubble density byseveral times but do not affect its motion because theapparent density is still far smaller than that of molten steel
 Future research using this methodology is needed toinvestigate
 (1) The stochastic probability of all inclusion and bubblesizes
 (2) The effect of bubble size distribution(3) Multiphase fluid flow including momentum exchange
 between phases(4) The effect of inclusion collisions(5) The entrapment of bubbles and inclusions into the
 solidifying steel shell(6) Other process such as inclusion removal by bubble
 flotation in gas stirred ladles
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 NOMENCLATURE
 A Surface area of the bubble m2
 AB1P The cross section area of the column withdiameter of dB 1 2dP m
 2
 Ai The annular area at which the inclusions areinjected m2
 C Dimensionless factor of film rupture timeC = 4
 C1 C2 Constant in Eq [31]CA CB Constant in Eq [17]CD The dimensionless drag coefficientdB Bubble diameter m or mmdBmax The maximum bubble size mdp Particle diameter m or mmdOC The diameter of the column in which
 inclusions collide with the bubble mdOS The diameter of the column in which
 inclusions attached to the bubble me The aspect ratio e of bubbles in molten steel
 (Figure 5)
 Eo the Eotvos number Eo 5gd2Bethr rgTHORN
 sFB The buoyancy force NFD The the drag force Ng The gravitational acceleration ms2
 hCr The critical thickness of liquid film for filmrupture m
 k The local level of turbulent kinetic energym2s2
 LB The mean path length of 5000 bubbles mNAi The number of inclusions i attached to the
 bubblenAi The number of inclusions i attached to the
 bubble m3
 nB The total number of bubbles (dB) entering themolten steel during time tB
 Fig 23mdashBubble local velocity and speed in the mold
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  NO The number of inclusions attaching to thebubble
 npi|j The number density of inclusions withdiameter dpi when bubble j is injectedm3
 NT The number of inclusions in the column offluid swept by the column with diameterdB 1 dP
 p The pressure Nm2
 P Attachment probability of inclusions to abubble
 QG The gas flow NlminR DR The annular radius at which the inclusions
 are injected (Figure 4(b)) mRep Particle Reynolds number ethRep frac14 rdpju upj=mTHORNS Slab section area m2
 t Time stB The residence time of bubbles stc The collision time stF The film drainage time stI The interaction time between the bubble and
 the inclusion sTM The steel temperature 1823 Ku The instantaneous fluid velocity msuB The bubble terminal velocity mui and uj The velocity components of the fluid flow
 msuR The relative velocity between the bubble and
 the inclusion msupi Particle velocity at direction i (ms)u The mean fluid phase velocity msu9 Random velocity fluctuation msVC Casting speed mminVm The volume of molten steel entering the
 strand in time tB m3
 WB The apparent average bubble speed msWeCrit The critical Weber number WeCrit 059 to
 13xi and xj The coordinates ma The angle for the transition of the spherically
 deformed part of the bubble surface to thenonspherically deformed part in rad
 r The density of the molten steel kgm3
 rP Inclusion density kgm3
 rg The density of the argon gas kgm3
 f Dimensionless factor of collision time(Eq [2])
 u The contact angle of the inclusions at thebubblendashsteel interface deg
 e The turbulent energy dissipation rate in Wtor m2s3
 s The surface tension of the molten steelNm
 m The viscosity of the molten steel kg(m s)n The viscosity of the molten steel m2sdij The Kronecker delta which equals zero if i j
 else equals unittij The total shear force on the portion of the
 bubble surface Nj The random numberDOj The oxygen removed by this single bubble
 j ppm
 DO The total oxygen removed by all bubblesppm
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However the attachment probability increases with increas-ing bubble size when bubbles are larger than 7 mm The shapeand the terminal velocity of bubbles around 7 mm (Figures5 and 7) dominate the fluid flow and particle motion aroundthe spheroidal bubbles The simulation indicates that moreinclusions are captured by the larger spheroidal bubble thanthe smaller spherical bubble which was confirmed again byAoki et al[4346]
 Typical attachment probabilities of inclusions to a bubblesurface including the stochastic effects of the turbulent floware shown in Table II The stochastic effect simulated bythe random walk method slightly increases the attachmentprobability of inclusions to the bubble surface Figure 16shows that this effect allows 50-mm inclusions starting4 bubble diameters from the column axis to collide andattach to the 1-mm bubble surface The largest attachmentopportunity is at 2 mm diameter On the other hand thesimulation indicates that without considering the stochasticeffect which means ignoring the random walk model(Figure 4(a)) all of the 50-mm inclusions injected within034 mm of the column axis attach to the bubbles andinclusions injected outside 034 mm of the column axis willnot touch the bubble at all Owing to the extra compu-tational effort required for the stochastic model it wasnot performed for all sizes of bubbles and inclusions Thestochastic attachment probability was estimated from thetwo cases to be 165116 5 14 times of the non-stochasticattachment probability
 IV FLUID FLOWAND BUBBLE MOTION IN THECONTINUOUS CASTING STRAND
 A Model Formulation and Flow Pattern
 Three-dimensional single-phase steady turbulent fluidflow in the SEN and continuous casting strand was modeledby solving the continuity equation Navier-Stokes equationsand standard equations for transport of turbulent energy andits dissipation rate[4748] The trajectories of bubbles are cal-culated by Eqs [12] through [15] which include the effectof chaotic turbulent motion using the random walk modelInclusion trajectories calculated with this approach matchreasonably well with those by large eddy simulation[49] Bubblesescape at the top surface and the open bottom of the 255-m-long mold domain and are reflected at other faces Bub-bles that escape from the bottom are considered to eventu-ally become entrapped by the solidifying shell This is acrude preliminary approximation of flow and bubble trans-port which is being investigated further as part of this pro-ject[50] The entrapment of particles into the solidifyingshell is very complex and is receiving well-deserved atten-tion in recent work[515253]
 The SEN has an 80-mm bore size a down 15-deg outportangle and a 65 3 80-mm outport size The submergencedepth of the SEN is 300 mm and the casting speed is 12 mmincorresponding to a steel throughput of 30 tonnemin Half-width of the mold is simulated in the current study (065 mhalf width 3 025 m thickness) The calculated weighted
 Fig 12mdashTurbulent energy distribution (1000 k in m2s2) around a 1-mm bubble with (a) 0 (b) 5 (c) 12 and (d) 28 50-mm inclusions attached
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  average turbulent energy and its dissipation rate at the SENoutport are 020 m2s2 and 527 m2s3 respectively Theargon flow rate injected into the molten steel through theupper nozzle and upper slide gate is 10 to 15 NlminAccording to previous multiphase fluid flow simulation[54]
 under this argon gas flow rate the fluid flow pattern in thecurrent mold is still a double roll flow pattern However ifthe argon gas flow rate is much larger the fluid flow patternin the mold will become single roll[4855] Thus the currentsimplification that ignores momentum transfer from thebubbles to the fluid just roughly represents the real multi-phase fluid flow in this mold In the further investigationthe two-phase fluid flow will be calculated
 The velocity vector distribution on the center face of thehalf-strand is shown in Figure 17 indicating a double rollflow pattern The upper loop reaches the meniscus of thenarrow face and the second loop takes steel downwardinto the liquid core and eventually flows back towardthe meniscus in the strand center The calculated volume-average turbulent energy and its dissipation rate in theCC strand are 165 3 103 m2s2 and 422 3 103 m2s3respectively
 B Bubble Trajectory Results
 Typical bubble trajectories are shown in Figure 18Smaller bubbles penetrate and circulate more deeply thanthe larger ones According to Figure 6 the maximum bub-ble size is around 5 mm Bubbles larger than 1 mm mainlymove in the upper roll and are quickly removed Bubbleswith a size of 02 mm can recirculate with paths as long as
 Fig 13mdashThe collision time and film drainage time of inclusions ontodifferent-size bubbles
 Fig 14mdashComputed normal distance from the center of 100-mm inclusionsto the surface of a 1-mm bubble (a) and interaction times (b)
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  665 m and 715 s before they escape from the top orbecome entrapped through the bottom while 05-mm bub-bles move 334 m and 2162 s 1-mm bubbles move 167 mand 92 s and 5-mm bubbles move 059 m and 059 s Themean path length (LB) and the residence time (tB) of 5000bubbles of each size are shown in Figure 19 and the fol-lowing regression equations are obtained
 LB frac14 9683 exp 1000dB0418
 1 0595 [20]
 tB frac14 1956 exp 1000dB0149
 1 2365 exp 1000dB
 0139
 1 2409 exp 1000dB8959
 [21]
 Combining the path length and the residence time theapparent average bubble speed is WB 5 LBtB The follow-ing regression equation is obtained
 WB frac14 0170eth1000dBTHORN0487 [22]
 Larger bubbles have larger average speed which can be ashigh as 05 ms for 10-mm bubbles
 V INCLUSION REMOVAL BY BUBBLES IN THECONTINUOUS CASTING STRAND
 A Model Formulation
 A model of inclusion removal by bubble flotation isdeveloped for the molten steel-alumina inclusion-argonbubble system by evaluating a simple algebraic equationthat incorporates the results of the previous sections Thefollowing assumptions are used
 (1) Bubbles all have the same size and the bubble size andthe gas flow rate are chosen independently
 (2) Inclusions have a size distribution and are uniformlydistributed in the molten steel and they are too smallto affect bubble motion or the flow pattern
 (3) Only the inclusions removed by bubble flotation areconsidered The transport and collision of inclusionsare ignored
 (4) Once stable attachment occurs between a bubble and aninclusion there is no detachment and the inclusion isconsidered to be removed from the molten steel owingto the high removal fraction of most bubbles
 The number of inclusions i NAi with diameter dpithat attach to a single bubble (sequence number j) with
 Fig 15mdashCalculated attachment probability of inclusions to bubbles
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  a diameter of dB during its motion through the moltensteel is
 NAi frac14 p
 4d2Bj
 LBj npijj
 Pi
 100[23]
 where LB is given by Eq [20] P (pct) is given by Eq [17]npi|j is the number density of inclusions with diameter dpiwhen bubble j is injected which can be represented by thefollowing recursion equation
 npijj frac14 npijj13eth100 PiTHORN
 1003
 p
 4d2B
 LB
 VM[24]
 In evaluating this equation the inclusion number densitydistribution is updated after the calculation of each individ-ual bubble to account for the significant change in inclusionconcentration caused by the simultaneous inclusionremoval of many bubbles
 In Eq [24] the volume of molten steel entering thestrand in time tB is given by
 VM frac14 VC
 60S tBj [25]
 where S 5 the area of the slab section (5025 3 13 m2)The number density of inclusions (1m3 steel) of size i
 removed by attachment to a single bubble is
 nAi frac14 NAi
 VM[26]
 Assuming that all inclusions are Al2O3 the oxygenremoved by this single bubble j (in ppm) then can beexpressed by
 DOj frac14 +i
 nAip
 6d3pi
 rpr 48102
 106
 [27]
 which can be rewritten by inserting Eqs [23] through [26]into Eq [27] and rearranging as
 DOj frac14 1163 105 1
 VCS
 d2B jLB j
 tB j
 rpr+i
 ethnpijj Pi d3piTHORN [28]
 Because it is assumed that all bubbles in the molten steelhave the same size the total number of bubbles withdiameter dB entering the molten steel during time tB is
 nB frac14 1
 2
 QG TM273
 p
 6d3B
 tB [29]
 where the factor of 12 is due to the simulation domain ofa half-mold
 The total oxygen removal by all of the bubbles can beexpressed by
 DO 5 +nB
 j5 1
 DOj [30]
 B Results and Discussion
 The inclusion size distributions measured in the tundishabove the outlets and in the CC slab are shown in Figure20(a) together with the calculated size distributions afterinclusion removal by bubble flotation for several differentbubble sizes The corresponding inclusion removal frac-tions are shown in Figure 20(b) If the bubbles are larger than5 mm less than 10 pct of the inclusions can be removed bybubble flotation at the gas flow rate of 15 Nlmin Thiscorresponds to a 3-ppm decrease in total oxygen (Figure21) Smaller bubbles appear to enable more inclusionremoval for the same gas flow rate Specifically 1-mmbubbles remove almost all of the inclusions larger than30 mm However it is unlikely that all of the bubbles thatare this small could escape from the top surface Those thatare entrapped in the solidifying shell would generate seri-ous defects in the steel product such as shown in Figures 1and 2 Increasing bubble size above 7 mm produces lesschange in the removal rate because the change in bubbleshape offsets the smaller number of bubbles
 Table I Regressed Inclusion Attachment Probability tothe Bubble Larger than 1 mm
 Bubble DiameterAttachment
 Probability (pct)
 1 mm P frac14 0189d1082p
 2 mm P frac14 0125d0187p
 4 mm P frac14 00570d0722p
 5 mm P frac14 00523d0634p
 10 mm P frac14 0130d0444p
 Table II Attachment Probabilities of Inclusions With and Without Random Walk to a 1-mm Bubble
 Case 1 Case 2
 Average turbulent energy (m2s2) 162 3 104 106 3 108
 Average turbulent energy dissipation rate (m2s2) 143 3 103 274 3 107
 Bubble velocity (ms) 1292 1620Bubble diameter (mm) 1 1Inclusions diameter (mm) 50 100Attachment probability (pct) Non-stochastic model 116 278
 Stochastic model 165 294
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  Increasing gas flow rate naturally causes more inclusionremoval by bubble flotation (Figure 21) Considering theeffect of turbulent stochastic motion slightly increasesinclusion removal by bubble flotation For the current CCconditions including a gas flow rate of 15 Nlmin thebubble size is likely to be around 5 mm assuming thereare a large number of active sites on the porous refractorythat cause a gas flow rate of less than 05 mL per pore[56]
 As shown in Figure 21 about 10 pct total oxygen isremoved by bubble flotation Previous investigations indi-cate that 8 pct of the inclusions are removed to the topsurface due to flow transport in the CC mold region[57]
 Thus the total predicted inclusion removal by flow trans-port and by bubble flotation is around 18 pct The measuredinclusion mass fraction is 668 ppm in the tundish and
 averages 519 ppm in the slab which corresponds to 22pct removal in the mold (Figure 20(a)) The predictionand the measurement agree roughly well considering thatsome inclusions are likely entrapped to the SEN walls tocause clogging and others float to the slag layer without theaid of bubblesDecreasing bubble size is shown in Figures 20 and 21 to be
 more efficient at removing inclusions As mentioned beforehowever small bubbles such as those smaller than 1 mmmay be trapped into the solidifying shell while movingthrough the lower recirculation zone Thus there should bean optimal bubble size that gives not only high inclusion-removal efficiencies but also low entrapment rates The pres-ent results suggest the optimal size might be from 2 to 4 mmDue to capturing many inclusions on its surface the appar-
 ent density of a bubble with attached inclusions increasesAccording to the current fluid flow and inclusions conditionin the CC mold the calculated apparent density of the bub-ble decreases with increasing bubble size (Figure 22(a))The maximum apparent bubble density is only around50 kgm3 Although this is much greater than the originalargon gas density of 16228 kgm3 it is still far smaller thanthat of the molten steel so it has little effect on the bubblemotion or bubble residence time in the strand (Eq [12])The inclusions attached to each bubble also have a sizedistribution (Figure 22(b)) There are typically severalthousand inclusions predicted to be attached to the bubblesurface which matches well with the measurements inFigure 22(c) Larger bubbles capture more inclusions thansmaller ones (Figure 22(b)) per bubble This is insufficientto make up for their smaller number however and further-more makes them more dangerous if captured Thus largebubbles should be avoided
 VI FUTURE FURTHER STUDY EFFECTOF TURBULENCE
 The effect of turbulence on the fluid flow near the bubblesurface the motion of inclusions near the bubble surfaceand the terminal velocity of bubbles should be furtherinvestigated in the future Pan et al measured the removalof particles (100 to 800 mm in size) by bubble flotation ina water model by analyzing high-speed camera photos[1]
 Zhang et al studied inclusion removal by bubble flotationin a water model under turbulent conditions by measuringthe particle number density (ie size distribution) using aCoulter Counter[6] Several other papers model the contri-bution of turbulence to the attachment of inclusions to bub-bles in a water system in terms of the turbulent energydissipation rate Schubert considered that the interactionbetween bubble and solid particles in water is just like theturbulent collision process of particles with similar sizes andreported the following attachment probability P[58]
 P e4=9 ethC1d7=9P THORN2 1 ethC2d
 7=9B THORN2
 h i1=2[31]
 This equation can be used only if
 dp dB $ 15ethn3=eTHORN1=4
 For metallurgical melts the typical value of e is 00001to 1 m2s3 so this equation can be used only if dpdB
 Fig 16mdashAttachment probability of 50-mm inclusions to a 1-mm bubbleincluding the stochastic effect of turbulence
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  Fig 17mdashFlow pattern in the CC strand center face with half-width (a) Velocity vectors (b) Streamline (c) Turbulent energy dissipation rate 1000 e m2s3(d) Turbulent energy 100 k m2s2
 Fig 18mdashTypical bubble trajectories in the mold with half-width
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  $ 458 mm Zhang et al derived the following attachmentprobability with extensive water model experiments[6]
 P ethdp=dBTHORN265e0104Q1630G [32]
 The model for inclusion motion in the boundary layer nearthe bubble surface also needs to be further developed
 In the current study the terminal velocity of the bubble isthat in the quiescent liquid In the continuous casting asshown in Figure 17 the inlet jet has a much higher speedthan the bubble terminal speed The relative velocitybetween the bubble and the liquid steel and the relativevelocity between the bubble and the inclusion in the liquidsteel should be used but not the terminal velocity in thequiescent liquid In other words the bubble local velocityand speed in the mold will be quite different as the terminalvelocity in the quiescent liquid Figure 23 shows the calcu-lated bubble local speed and velocity when they move inthe mold as shown in Figure 18 also compared with thespeed and velocity of the solute particles Smaller bubblesmove more with the fluid flow and large bubbles havea clearly different velocity from the fluid flow When con-sidering the turbulent fluctuation (stochastic model) thebubble velocity is very different from that ignoring theturbulent fluctuation Figure 23 shows that the bubblevelocity and speed are very local depending on the localfluid flow velocity and local turbulent energy This and itseffect on the interaction between the bubble and the inclu-sion need to be further studied in the future
 VII SUMMARY AND CONCLUSIONS
 This work presents a fundamental approach to modelinginclusion removal due to bubble flotation in molten steelprocessing The problem of multiple length and time scalesis addressed by dividing the modeling into two modelingstages fundamentals of inclusionndashbubble interactions thatare independent of the macroscale process and macroscaleflow phenomena that can incorporate the results of themicroscale effects The small-scale model is validated withavailable measurements and applied to predict the changes
 in inclusion distribution that occur in the mold region ofa continuous slab caster Specific model findings include
 1 In molten steel bubbles smaller than 3 mm tend to bespherical 3- to 10-mm bubbles are spheroidal and bub-bles larger than 10 mm are sphericalndashcap-shaped Thebubble size depends mainly on the gas flow rate injec-tion method and stirring power in the molten steel Theaverage equivalent size of bubbles is estimated to be5 mm in the CC mold investigated in this work
 2 Inclusions tend to pass the midpoint of the bubble andfirst touch the bubble surface toward the bottom sidealthough stochastic fluctuations due to turbulence causemany variations The fluid flow pattern around a bubble
 Fig 19mdashMean path lengths residence times and apparent speed of bub-bles in the CC strand
 Fig 20mdashMeasured and calculated inclusion size distribution with differ-ent size bubble flotation (15 Nlmin gas)
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  with attached solid inclusions is similar to that of flowaround a large solid particle Inclusions attached to thebubble surface also increase the turbulent kinetic energydistributed around the bubble
 3 Smaller bubbles and larger inclusions have larger attach-ment probabilities Bubbles smaller than 1 mm in diam-eter have inclusion attachment probabilities as high as30 pct while the inclusion attachment probability for bub-bles larger than 5 mm is less than 1 pct The stochasticeffect of turbulence (modeled by the random walkmethod) slightly increases the attachment rate
 4 In the continuous casting strand smaller bubbles pene-trate and circulate more deeply than larger ones Bub-bles larger than 1 mm mainly move in the upper rollmoving 06 to 17 m in 06 to 92 s Smaller bubbles canmove over 6 m and take over 60 s before they eitherescape from the top surface or are entrapped through thebottom
 5 In the continuous casting mold if the bubbles are5 mmin diameter 10 pct of the inclusions are predicted tobe removed by bubble flotation corresponding to adecrease in total oxygen of around 3 ppm CombinedFig 21mdashCalculated inclusion removal by bubble flotation
 Fig 22mdashThe calculated apparent density of bubbles with attached inclusions (a) and the calculated (b) and measured (c)[9] number of inclusions attached onthe bubble in the steel
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  with 8 pct inclusion removal by flow transport thetotal is comparable to the measured inclusion-removalrate by the CC mold of 22 pct
 6 Smaller bubbles are more efficient at inclusion removalby bubble flotation so long as they are not entrappedin the solidifying shell A higher gas flow rate favorsinclusion removal by bubble flotation The optimalbubble size might be 2 to 4 mm
 7 Attached inclusions increase the bubble density byseveral times but do not affect its motion because theapparent density is still far smaller than that of molten steel
 Future research using this methodology is needed toinvestigate
 (1) The stochastic probability of all inclusion and bubblesizes
 (2) The effect of bubble size distribution(3) Multiphase fluid flow including momentum exchange
 between phases(4) The effect of inclusion collisions(5) The entrapment of bubbles and inclusions into the
 solidifying steel shell(6) Other process such as inclusion removal by bubble
 flotation in gas stirred ladles
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 NOMENCLATURE
 A Surface area of the bubble m2
 AB1P The cross section area of the column withdiameter of dB 1 2dP m
 2
 Ai The annular area at which the inclusions areinjected m2
 C Dimensionless factor of film rupture timeC = 4
 C1 C2 Constant in Eq [31]CA CB Constant in Eq [17]CD The dimensionless drag coefficientdB Bubble diameter m or mmdBmax The maximum bubble size mdp Particle diameter m or mmdOC The diameter of the column in which
 inclusions collide with the bubble mdOS The diameter of the column in which
 inclusions attached to the bubble me The aspect ratio e of bubbles in molten steel
 (Figure 5)
 Eo the Eotvos number Eo 5gd2Bethr rgTHORN
 sFB The buoyancy force NFD The the drag force Ng The gravitational acceleration ms2
 hCr The critical thickness of liquid film for filmrupture m
 k The local level of turbulent kinetic energym2s2
 LB The mean path length of 5000 bubbles mNAi The number of inclusions i attached to the
 bubblenAi The number of inclusions i attached to the
 bubble m3
 nB The total number of bubbles (dB) entering themolten steel during time tB
 Fig 23mdashBubble local velocity and speed in the mold
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  NO The number of inclusions attaching to thebubble
 npi|j The number density of inclusions withdiameter dpi when bubble j is injectedm3
 NT The number of inclusions in the column offluid swept by the column with diameterdB 1 dP
 p The pressure Nm2
 P Attachment probability of inclusions to abubble
 QG The gas flow NlminR DR The annular radius at which the inclusions
 are injected (Figure 4(b)) mRep Particle Reynolds number ethRep frac14 rdpju upj=mTHORNS Slab section area m2
 t Time stB The residence time of bubbles stc The collision time stF The film drainage time stI The interaction time between the bubble and
 the inclusion sTM The steel temperature 1823 Ku The instantaneous fluid velocity msuB The bubble terminal velocity mui and uj The velocity components of the fluid flow
 msuR The relative velocity between the bubble and
 the inclusion msupi Particle velocity at direction i (ms)u The mean fluid phase velocity msu9 Random velocity fluctuation msVC Casting speed mminVm The volume of molten steel entering the
 strand in time tB m3
 WB The apparent average bubble speed msWeCrit The critical Weber number WeCrit 059 to
 13xi and xj The coordinates ma The angle for the transition of the spherically
 deformed part of the bubble surface to thenonspherically deformed part in rad
 r The density of the molten steel kgm3
 rP Inclusion density kgm3
 rg The density of the argon gas kgm3
 f Dimensionless factor of collision time(Eq [2])
 u The contact angle of the inclusions at thebubblendashsteel interface deg
 e The turbulent energy dissipation rate in Wtor m2s3
 s The surface tension of the molten steelNm
 m The viscosity of the molten steel kg(m s)n The viscosity of the molten steel m2sdij The Kronecker delta which equals zero if i j
 else equals unittij The total shear force on the portion of the
 bubble surface Nj The random numberDOj The oxygen removed by this single bubble
 j ppm
 DO The total oxygen removed by all bubblesppm
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average turbulent energy and its dissipation rate at the SENoutport are 020 m2s2 and 527 m2s3 respectively Theargon flow rate injected into the molten steel through theupper nozzle and upper slide gate is 10 to 15 NlminAccording to previous multiphase fluid flow simulation[54]
 under this argon gas flow rate the fluid flow pattern in thecurrent mold is still a double roll flow pattern However ifthe argon gas flow rate is much larger the fluid flow patternin the mold will become single roll[4855] Thus the currentsimplification that ignores momentum transfer from thebubbles to the fluid just roughly represents the real multi-phase fluid flow in this mold In the further investigationthe two-phase fluid flow will be calculated
 The velocity vector distribution on the center face of thehalf-strand is shown in Figure 17 indicating a double rollflow pattern The upper loop reaches the meniscus of thenarrow face and the second loop takes steel downwardinto the liquid core and eventually flows back towardthe meniscus in the strand center The calculated volume-average turbulent energy and its dissipation rate in theCC strand are 165 3 103 m2s2 and 422 3 103 m2s3respectively
 B Bubble Trajectory Results
 Typical bubble trajectories are shown in Figure 18Smaller bubbles penetrate and circulate more deeply thanthe larger ones According to Figure 6 the maximum bub-ble size is around 5 mm Bubbles larger than 1 mm mainlymove in the upper roll and are quickly removed Bubbleswith a size of 02 mm can recirculate with paths as long as
 Fig 13mdashThe collision time and film drainage time of inclusions ontodifferent-size bubbles
 Fig 14mdashComputed normal distance from the center of 100-mm inclusionsto the surface of a 1-mm bubble (a) and interaction times (b)
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  665 m and 715 s before they escape from the top orbecome entrapped through the bottom while 05-mm bub-bles move 334 m and 2162 s 1-mm bubbles move 167 mand 92 s and 5-mm bubbles move 059 m and 059 s Themean path length (LB) and the residence time (tB) of 5000bubbles of each size are shown in Figure 19 and the fol-lowing regression equations are obtained
 LB frac14 9683 exp 1000dB0418
 1 0595 [20]
 tB frac14 1956 exp 1000dB0149
 1 2365 exp 1000dB
 0139
 1 2409 exp 1000dB8959
 [21]
 Combining the path length and the residence time theapparent average bubble speed is WB 5 LBtB The follow-ing regression equation is obtained
 WB frac14 0170eth1000dBTHORN0487 [22]
 Larger bubbles have larger average speed which can be ashigh as 05 ms for 10-mm bubbles
 V INCLUSION REMOVAL BY BUBBLES IN THECONTINUOUS CASTING STRAND
 A Model Formulation
 A model of inclusion removal by bubble flotation isdeveloped for the molten steel-alumina inclusion-argonbubble system by evaluating a simple algebraic equationthat incorporates the results of the previous sections Thefollowing assumptions are used
 (1) Bubbles all have the same size and the bubble size andthe gas flow rate are chosen independently
 (2) Inclusions have a size distribution and are uniformlydistributed in the molten steel and they are too smallto affect bubble motion or the flow pattern
 (3) Only the inclusions removed by bubble flotation areconsidered The transport and collision of inclusionsare ignored
 (4) Once stable attachment occurs between a bubble and aninclusion there is no detachment and the inclusion isconsidered to be removed from the molten steel owingto the high removal fraction of most bubbles
 The number of inclusions i NAi with diameter dpithat attach to a single bubble (sequence number j) with
 Fig 15mdashCalculated attachment probability of inclusions to bubbles
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  a diameter of dB during its motion through the moltensteel is
 NAi frac14 p
 4d2Bj
 LBj npijj
 Pi
 100[23]
 where LB is given by Eq [20] P (pct) is given by Eq [17]npi|j is the number density of inclusions with diameter dpiwhen bubble j is injected which can be represented by thefollowing recursion equation
 npijj frac14 npijj13eth100 PiTHORN
 1003
 p
 4d2B
 LB
 VM[24]
 In evaluating this equation the inclusion number densitydistribution is updated after the calculation of each individ-ual bubble to account for the significant change in inclusionconcentration caused by the simultaneous inclusionremoval of many bubbles
 In Eq [24] the volume of molten steel entering thestrand in time tB is given by
 VM frac14 VC
 60S tBj [25]
 where S 5 the area of the slab section (5025 3 13 m2)The number density of inclusions (1m3 steel) of size i
 removed by attachment to a single bubble is
 nAi frac14 NAi
 VM[26]
 Assuming that all inclusions are Al2O3 the oxygenremoved by this single bubble j (in ppm) then can beexpressed by
 DOj frac14 +i
 nAip
 6d3pi
 rpr 48102
 106
 [27]
 which can be rewritten by inserting Eqs [23] through [26]into Eq [27] and rearranging as
 DOj frac14 1163 105 1
 VCS
 d2B jLB j
 tB j
 rpr+i
 ethnpijj Pi d3piTHORN [28]
 Because it is assumed that all bubbles in the molten steelhave the same size the total number of bubbles withdiameter dB entering the molten steel during time tB is
 nB frac14 1
 2
 QG TM273
 p
 6d3B
 tB [29]
 where the factor of 12 is due to the simulation domain ofa half-mold
 The total oxygen removal by all of the bubbles can beexpressed by
 DO 5 +nB
 j5 1
 DOj [30]
 B Results and Discussion
 The inclusion size distributions measured in the tundishabove the outlets and in the CC slab are shown in Figure20(a) together with the calculated size distributions afterinclusion removal by bubble flotation for several differentbubble sizes The corresponding inclusion removal frac-tions are shown in Figure 20(b) If the bubbles are larger than5 mm less than 10 pct of the inclusions can be removed bybubble flotation at the gas flow rate of 15 Nlmin Thiscorresponds to a 3-ppm decrease in total oxygen (Figure21) Smaller bubbles appear to enable more inclusionremoval for the same gas flow rate Specifically 1-mmbubbles remove almost all of the inclusions larger than30 mm However it is unlikely that all of the bubbles thatare this small could escape from the top surface Those thatare entrapped in the solidifying shell would generate seri-ous defects in the steel product such as shown in Figures 1and 2 Increasing bubble size above 7 mm produces lesschange in the removal rate because the change in bubbleshape offsets the smaller number of bubbles
 Table I Regressed Inclusion Attachment Probability tothe Bubble Larger than 1 mm
 Bubble DiameterAttachment
 Probability (pct)
 1 mm P frac14 0189d1082p
 2 mm P frac14 0125d0187p
 4 mm P frac14 00570d0722p
 5 mm P frac14 00523d0634p
 10 mm P frac14 0130d0444p
 Table II Attachment Probabilities of Inclusions With and Without Random Walk to a 1-mm Bubble
 Case 1 Case 2
 Average turbulent energy (m2s2) 162 3 104 106 3 108
 Average turbulent energy dissipation rate (m2s2) 143 3 103 274 3 107
 Bubble velocity (ms) 1292 1620Bubble diameter (mm) 1 1Inclusions diameter (mm) 50 100Attachment probability (pct) Non-stochastic model 116 278
 Stochastic model 165 294
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  Increasing gas flow rate naturally causes more inclusionremoval by bubble flotation (Figure 21) Considering theeffect of turbulent stochastic motion slightly increasesinclusion removal by bubble flotation For the current CCconditions including a gas flow rate of 15 Nlmin thebubble size is likely to be around 5 mm assuming thereare a large number of active sites on the porous refractorythat cause a gas flow rate of less than 05 mL per pore[56]
 As shown in Figure 21 about 10 pct total oxygen isremoved by bubble flotation Previous investigations indi-cate that 8 pct of the inclusions are removed to the topsurface due to flow transport in the CC mold region[57]
 Thus the total predicted inclusion removal by flow trans-port and by bubble flotation is around 18 pct The measuredinclusion mass fraction is 668 ppm in the tundish and
 averages 519 ppm in the slab which corresponds to 22pct removal in the mold (Figure 20(a)) The predictionand the measurement agree roughly well considering thatsome inclusions are likely entrapped to the SEN walls tocause clogging and others float to the slag layer without theaid of bubblesDecreasing bubble size is shown in Figures 20 and 21 to be
 more efficient at removing inclusions As mentioned beforehowever small bubbles such as those smaller than 1 mmmay be trapped into the solidifying shell while movingthrough the lower recirculation zone Thus there should bean optimal bubble size that gives not only high inclusion-removal efficiencies but also low entrapment rates The pres-ent results suggest the optimal size might be from 2 to 4 mmDue to capturing many inclusions on its surface the appar-
 ent density of a bubble with attached inclusions increasesAccording to the current fluid flow and inclusions conditionin the CC mold the calculated apparent density of the bub-ble decreases with increasing bubble size (Figure 22(a))The maximum apparent bubble density is only around50 kgm3 Although this is much greater than the originalargon gas density of 16228 kgm3 it is still far smaller thanthat of the molten steel so it has little effect on the bubblemotion or bubble residence time in the strand (Eq [12])The inclusions attached to each bubble also have a sizedistribution (Figure 22(b)) There are typically severalthousand inclusions predicted to be attached to the bubblesurface which matches well with the measurements inFigure 22(c) Larger bubbles capture more inclusions thansmaller ones (Figure 22(b)) per bubble This is insufficientto make up for their smaller number however and further-more makes them more dangerous if captured Thus largebubbles should be avoided
 VI FUTURE FURTHER STUDY EFFECTOF TURBULENCE
 The effect of turbulence on the fluid flow near the bubblesurface the motion of inclusions near the bubble surfaceand the terminal velocity of bubbles should be furtherinvestigated in the future Pan et al measured the removalof particles (100 to 800 mm in size) by bubble flotation ina water model by analyzing high-speed camera photos[1]
 Zhang et al studied inclusion removal by bubble flotationin a water model under turbulent conditions by measuringthe particle number density (ie size distribution) using aCoulter Counter[6] Several other papers model the contri-bution of turbulence to the attachment of inclusions to bub-bles in a water system in terms of the turbulent energydissipation rate Schubert considered that the interactionbetween bubble and solid particles in water is just like theturbulent collision process of particles with similar sizes andreported the following attachment probability P[58]
 P e4=9 ethC1d7=9P THORN2 1 ethC2d
 7=9B THORN2
 h i1=2[31]
 This equation can be used only if
 dp dB $ 15ethn3=eTHORN1=4
 For metallurgical melts the typical value of e is 00001to 1 m2s3 so this equation can be used only if dpdB
 Fig 16mdashAttachment probability of 50-mm inclusions to a 1-mm bubbleincluding the stochastic effect of turbulence
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  Fig 17mdashFlow pattern in the CC strand center face with half-width (a) Velocity vectors (b) Streamline (c) Turbulent energy dissipation rate 1000 e m2s3(d) Turbulent energy 100 k m2s2
 Fig 18mdashTypical bubble trajectories in the mold with half-width
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  $ 458 mm Zhang et al derived the following attachmentprobability with extensive water model experiments[6]
 P ethdp=dBTHORN265e0104Q1630G [32]
 The model for inclusion motion in the boundary layer nearthe bubble surface also needs to be further developed
 In the current study the terminal velocity of the bubble isthat in the quiescent liquid In the continuous casting asshown in Figure 17 the inlet jet has a much higher speedthan the bubble terminal speed The relative velocitybetween the bubble and the liquid steel and the relativevelocity between the bubble and the inclusion in the liquidsteel should be used but not the terminal velocity in thequiescent liquid In other words the bubble local velocityand speed in the mold will be quite different as the terminalvelocity in the quiescent liquid Figure 23 shows the calcu-lated bubble local speed and velocity when they move inthe mold as shown in Figure 18 also compared with thespeed and velocity of the solute particles Smaller bubblesmove more with the fluid flow and large bubbles havea clearly different velocity from the fluid flow When con-sidering the turbulent fluctuation (stochastic model) thebubble velocity is very different from that ignoring theturbulent fluctuation Figure 23 shows that the bubblevelocity and speed are very local depending on the localfluid flow velocity and local turbulent energy This and itseffect on the interaction between the bubble and the inclu-sion need to be further studied in the future
 VII SUMMARY AND CONCLUSIONS
 This work presents a fundamental approach to modelinginclusion removal due to bubble flotation in molten steelprocessing The problem of multiple length and time scalesis addressed by dividing the modeling into two modelingstages fundamentals of inclusionndashbubble interactions thatare independent of the macroscale process and macroscaleflow phenomena that can incorporate the results of themicroscale effects The small-scale model is validated withavailable measurements and applied to predict the changes
 in inclusion distribution that occur in the mold region ofa continuous slab caster Specific model findings include
 1 In molten steel bubbles smaller than 3 mm tend to bespherical 3- to 10-mm bubbles are spheroidal and bub-bles larger than 10 mm are sphericalndashcap-shaped Thebubble size depends mainly on the gas flow rate injec-tion method and stirring power in the molten steel Theaverage equivalent size of bubbles is estimated to be5 mm in the CC mold investigated in this work
 2 Inclusions tend to pass the midpoint of the bubble andfirst touch the bubble surface toward the bottom sidealthough stochastic fluctuations due to turbulence causemany variations The fluid flow pattern around a bubble
 Fig 19mdashMean path lengths residence times and apparent speed of bub-bles in the CC strand
 Fig 20mdashMeasured and calculated inclusion size distribution with differ-ent size bubble flotation (15 Nlmin gas)
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  with attached solid inclusions is similar to that of flowaround a large solid particle Inclusions attached to thebubble surface also increase the turbulent kinetic energydistributed around the bubble
 3 Smaller bubbles and larger inclusions have larger attach-ment probabilities Bubbles smaller than 1 mm in diam-eter have inclusion attachment probabilities as high as30 pct while the inclusion attachment probability for bub-bles larger than 5 mm is less than 1 pct The stochasticeffect of turbulence (modeled by the random walkmethod) slightly increases the attachment rate
 4 In the continuous casting strand smaller bubbles pene-trate and circulate more deeply than larger ones Bub-bles larger than 1 mm mainly move in the upper rollmoving 06 to 17 m in 06 to 92 s Smaller bubbles canmove over 6 m and take over 60 s before they eitherescape from the top surface or are entrapped through thebottom
 5 In the continuous casting mold if the bubbles are5 mmin diameter 10 pct of the inclusions are predicted tobe removed by bubble flotation corresponding to adecrease in total oxygen of around 3 ppm CombinedFig 21mdashCalculated inclusion removal by bubble flotation
 Fig 22mdashThe calculated apparent density of bubbles with attached inclusions (a) and the calculated (b) and measured (c)[9] number of inclusions attached onthe bubble in the steel
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  with 8 pct inclusion removal by flow transport thetotal is comparable to the measured inclusion-removalrate by the CC mold of 22 pct
 6 Smaller bubbles are more efficient at inclusion removalby bubble flotation so long as they are not entrappedin the solidifying shell A higher gas flow rate favorsinclusion removal by bubble flotation The optimalbubble size might be 2 to 4 mm
 7 Attached inclusions increase the bubble density byseveral times but do not affect its motion because theapparent density is still far smaller than that of molten steel
 Future research using this methodology is needed toinvestigate
 (1) The stochastic probability of all inclusion and bubblesizes
 (2) The effect of bubble size distribution(3) Multiphase fluid flow including momentum exchange
 between phases(4) The effect of inclusion collisions(5) The entrapment of bubbles and inclusions into the
 solidifying steel shell(6) Other process such as inclusion removal by bubble
 flotation in gas stirred ladles
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 NOMENCLATURE
 A Surface area of the bubble m2
 AB1P The cross section area of the column withdiameter of dB 1 2dP m
 2
 Ai The annular area at which the inclusions areinjected m2
 C Dimensionless factor of film rupture timeC = 4
 C1 C2 Constant in Eq [31]CA CB Constant in Eq [17]CD The dimensionless drag coefficientdB Bubble diameter m or mmdBmax The maximum bubble size mdp Particle diameter m or mmdOC The diameter of the column in which
 inclusions collide with the bubble mdOS The diameter of the column in which
 inclusions attached to the bubble me The aspect ratio e of bubbles in molten steel
 (Figure 5)
 Eo the Eotvos number Eo 5gd2Bethr rgTHORN
 sFB The buoyancy force NFD The the drag force Ng The gravitational acceleration ms2
 hCr The critical thickness of liquid film for filmrupture m
 k The local level of turbulent kinetic energym2s2
 LB The mean path length of 5000 bubbles mNAi The number of inclusions i attached to the
 bubblenAi The number of inclusions i attached to the
 bubble m3
 nB The total number of bubbles (dB) entering themolten steel during time tB
 Fig 23mdashBubble local velocity and speed in the mold
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  NO The number of inclusions attaching to thebubble
 npi|j The number density of inclusions withdiameter dpi when bubble j is injectedm3
 NT The number of inclusions in the column offluid swept by the column with diameterdB 1 dP
 p The pressure Nm2
 P Attachment probability of inclusions to abubble
 QG The gas flow NlminR DR The annular radius at which the inclusions
 are injected (Figure 4(b)) mRep Particle Reynolds number ethRep frac14 rdpju upj=mTHORNS Slab section area m2
 t Time stB The residence time of bubbles stc The collision time stF The film drainage time stI The interaction time between the bubble and
 the inclusion sTM The steel temperature 1823 Ku The instantaneous fluid velocity msuB The bubble terminal velocity mui and uj The velocity components of the fluid flow
 msuR The relative velocity between the bubble and
 the inclusion msupi Particle velocity at direction i (ms)u The mean fluid phase velocity msu9 Random velocity fluctuation msVC Casting speed mminVm The volume of molten steel entering the
 strand in time tB m3
 WB The apparent average bubble speed msWeCrit The critical Weber number WeCrit 059 to
 13xi and xj The coordinates ma The angle for the transition of the spherically
 deformed part of the bubble surface to thenonspherically deformed part in rad
 r The density of the molten steel kgm3
 rP Inclusion density kgm3
 rg The density of the argon gas kgm3
 f Dimensionless factor of collision time(Eq [2])
 u The contact angle of the inclusions at thebubblendashsteel interface deg
 e The turbulent energy dissipation rate in Wtor m2s3
 s The surface tension of the molten steelNm
 m The viscosity of the molten steel kg(m s)n The viscosity of the molten steel m2sdij The Kronecker delta which equals zero if i j
 else equals unittij The total shear force on the portion of the
 bubble surface Nj The random numberDOj The oxygen removed by this single bubble
 j ppm
 DO The total oxygen removed by all bubblesppm
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665 m and 715 s before they escape from the top orbecome entrapped through the bottom while 05-mm bub-bles move 334 m and 2162 s 1-mm bubbles move 167 mand 92 s and 5-mm bubbles move 059 m and 059 s Themean path length (LB) and the residence time (tB) of 5000bubbles of each size are shown in Figure 19 and the fol-lowing regression equations are obtained
 LB frac14 9683 exp 1000dB0418
 1 0595 [20]
 tB frac14 1956 exp 1000dB0149
 1 2365 exp 1000dB
 0139
 1 2409 exp 1000dB8959
 [21]
 Combining the path length and the residence time theapparent average bubble speed is WB 5 LBtB The follow-ing regression equation is obtained
 WB frac14 0170eth1000dBTHORN0487 [22]
 Larger bubbles have larger average speed which can be ashigh as 05 ms for 10-mm bubbles
 V INCLUSION REMOVAL BY BUBBLES IN THECONTINUOUS CASTING STRAND
 A Model Formulation
 A model of inclusion removal by bubble flotation isdeveloped for the molten steel-alumina inclusion-argonbubble system by evaluating a simple algebraic equationthat incorporates the results of the previous sections Thefollowing assumptions are used
 (1) Bubbles all have the same size and the bubble size andthe gas flow rate are chosen independently
 (2) Inclusions have a size distribution and are uniformlydistributed in the molten steel and they are too smallto affect bubble motion or the flow pattern
 (3) Only the inclusions removed by bubble flotation areconsidered The transport and collision of inclusionsare ignored
 (4) Once stable attachment occurs between a bubble and aninclusion there is no detachment and the inclusion isconsidered to be removed from the molten steel owingto the high removal fraction of most bubbles
 The number of inclusions i NAi with diameter dpithat attach to a single bubble (sequence number j) with
 Fig 15mdashCalculated attachment probability of inclusions to bubbles
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  a diameter of dB during its motion through the moltensteel is
 NAi frac14 p
 4d2Bj
 LBj npijj
 Pi
 100[23]
 where LB is given by Eq [20] P (pct) is given by Eq [17]npi|j is the number density of inclusions with diameter dpiwhen bubble j is injected which can be represented by thefollowing recursion equation
 npijj frac14 npijj13eth100 PiTHORN
 1003
 p
 4d2B
 LB
 VM[24]
 In evaluating this equation the inclusion number densitydistribution is updated after the calculation of each individ-ual bubble to account for the significant change in inclusionconcentration caused by the simultaneous inclusionremoval of many bubbles
 In Eq [24] the volume of molten steel entering thestrand in time tB is given by
 VM frac14 VC
 60S tBj [25]
 where S 5 the area of the slab section (5025 3 13 m2)The number density of inclusions (1m3 steel) of size i
 removed by attachment to a single bubble is
 nAi frac14 NAi
 VM[26]
 Assuming that all inclusions are Al2O3 the oxygenremoved by this single bubble j (in ppm) then can beexpressed by
 DOj frac14 +i
 nAip
 6d3pi
 rpr 48102
 106
 [27]
 which can be rewritten by inserting Eqs [23] through [26]into Eq [27] and rearranging as
 DOj frac14 1163 105 1
 VCS
 d2B jLB j
 tB j
 rpr+i
 ethnpijj Pi d3piTHORN [28]
 Because it is assumed that all bubbles in the molten steelhave the same size the total number of bubbles withdiameter dB entering the molten steel during time tB is
 nB frac14 1
 2
 QG TM273
 p
 6d3B
 tB [29]
 where the factor of 12 is due to the simulation domain ofa half-mold
 The total oxygen removal by all of the bubbles can beexpressed by
 DO 5 +nB
 j5 1
 DOj [30]
 B Results and Discussion
 The inclusion size distributions measured in the tundishabove the outlets and in the CC slab are shown in Figure20(a) together with the calculated size distributions afterinclusion removal by bubble flotation for several differentbubble sizes The corresponding inclusion removal frac-tions are shown in Figure 20(b) If the bubbles are larger than5 mm less than 10 pct of the inclusions can be removed bybubble flotation at the gas flow rate of 15 Nlmin Thiscorresponds to a 3-ppm decrease in total oxygen (Figure21) Smaller bubbles appear to enable more inclusionremoval for the same gas flow rate Specifically 1-mmbubbles remove almost all of the inclusions larger than30 mm However it is unlikely that all of the bubbles thatare this small could escape from the top surface Those thatare entrapped in the solidifying shell would generate seri-ous defects in the steel product such as shown in Figures 1and 2 Increasing bubble size above 7 mm produces lesschange in the removal rate because the change in bubbleshape offsets the smaller number of bubbles
 Table I Regressed Inclusion Attachment Probability tothe Bubble Larger than 1 mm
 Bubble DiameterAttachment
 Probability (pct)
 1 mm P frac14 0189d1082p
 2 mm P frac14 0125d0187p
 4 mm P frac14 00570d0722p
 5 mm P frac14 00523d0634p
 10 mm P frac14 0130d0444p
 Table II Attachment Probabilities of Inclusions With and Without Random Walk to a 1-mm Bubble
 Case 1 Case 2
 Average turbulent energy (m2s2) 162 3 104 106 3 108
 Average turbulent energy dissipation rate (m2s2) 143 3 103 274 3 107
 Bubble velocity (ms) 1292 1620Bubble diameter (mm) 1 1Inclusions diameter (mm) 50 100Attachment probability (pct) Non-stochastic model 116 278
 Stochastic model 165 294
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  Increasing gas flow rate naturally causes more inclusionremoval by bubble flotation (Figure 21) Considering theeffect of turbulent stochastic motion slightly increasesinclusion removal by bubble flotation For the current CCconditions including a gas flow rate of 15 Nlmin thebubble size is likely to be around 5 mm assuming thereare a large number of active sites on the porous refractorythat cause a gas flow rate of less than 05 mL per pore[56]
 As shown in Figure 21 about 10 pct total oxygen isremoved by bubble flotation Previous investigations indi-cate that 8 pct of the inclusions are removed to the topsurface due to flow transport in the CC mold region[57]
 Thus the total predicted inclusion removal by flow trans-port and by bubble flotation is around 18 pct The measuredinclusion mass fraction is 668 ppm in the tundish and
 averages 519 ppm in the slab which corresponds to 22pct removal in the mold (Figure 20(a)) The predictionand the measurement agree roughly well considering thatsome inclusions are likely entrapped to the SEN walls tocause clogging and others float to the slag layer without theaid of bubblesDecreasing bubble size is shown in Figures 20 and 21 to be
 more efficient at removing inclusions As mentioned beforehowever small bubbles such as those smaller than 1 mmmay be trapped into the solidifying shell while movingthrough the lower recirculation zone Thus there should bean optimal bubble size that gives not only high inclusion-removal efficiencies but also low entrapment rates The pres-ent results suggest the optimal size might be from 2 to 4 mmDue to capturing many inclusions on its surface the appar-
 ent density of a bubble with attached inclusions increasesAccording to the current fluid flow and inclusions conditionin the CC mold the calculated apparent density of the bub-ble decreases with increasing bubble size (Figure 22(a))The maximum apparent bubble density is only around50 kgm3 Although this is much greater than the originalargon gas density of 16228 kgm3 it is still far smaller thanthat of the molten steel so it has little effect on the bubblemotion or bubble residence time in the strand (Eq [12])The inclusions attached to each bubble also have a sizedistribution (Figure 22(b)) There are typically severalthousand inclusions predicted to be attached to the bubblesurface which matches well with the measurements inFigure 22(c) Larger bubbles capture more inclusions thansmaller ones (Figure 22(b)) per bubble This is insufficientto make up for their smaller number however and further-more makes them more dangerous if captured Thus largebubbles should be avoided
 VI FUTURE FURTHER STUDY EFFECTOF TURBULENCE
 The effect of turbulence on the fluid flow near the bubblesurface the motion of inclusions near the bubble surfaceand the terminal velocity of bubbles should be furtherinvestigated in the future Pan et al measured the removalof particles (100 to 800 mm in size) by bubble flotation ina water model by analyzing high-speed camera photos[1]
 Zhang et al studied inclusion removal by bubble flotationin a water model under turbulent conditions by measuringthe particle number density (ie size distribution) using aCoulter Counter[6] Several other papers model the contri-bution of turbulence to the attachment of inclusions to bub-bles in a water system in terms of the turbulent energydissipation rate Schubert considered that the interactionbetween bubble and solid particles in water is just like theturbulent collision process of particles with similar sizes andreported the following attachment probability P[58]
 P e4=9 ethC1d7=9P THORN2 1 ethC2d
 7=9B THORN2
 h i1=2[31]
 This equation can be used only if
 dp dB $ 15ethn3=eTHORN1=4
 For metallurgical melts the typical value of e is 00001to 1 m2s3 so this equation can be used only if dpdB
 Fig 16mdashAttachment probability of 50-mm inclusions to a 1-mm bubbleincluding the stochastic effect of turbulence
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  Fig 17mdashFlow pattern in the CC strand center face with half-width (a) Velocity vectors (b) Streamline (c) Turbulent energy dissipation rate 1000 e m2s3(d) Turbulent energy 100 k m2s2
 Fig 18mdashTypical bubble trajectories in the mold with half-width
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  $ 458 mm Zhang et al derived the following attachmentprobability with extensive water model experiments[6]
 P ethdp=dBTHORN265e0104Q1630G [32]
 The model for inclusion motion in the boundary layer nearthe bubble surface also needs to be further developed
 In the current study the terminal velocity of the bubble isthat in the quiescent liquid In the continuous casting asshown in Figure 17 the inlet jet has a much higher speedthan the bubble terminal speed The relative velocitybetween the bubble and the liquid steel and the relativevelocity between the bubble and the inclusion in the liquidsteel should be used but not the terminal velocity in thequiescent liquid In other words the bubble local velocityand speed in the mold will be quite different as the terminalvelocity in the quiescent liquid Figure 23 shows the calcu-lated bubble local speed and velocity when they move inthe mold as shown in Figure 18 also compared with thespeed and velocity of the solute particles Smaller bubblesmove more with the fluid flow and large bubbles havea clearly different velocity from the fluid flow When con-sidering the turbulent fluctuation (stochastic model) thebubble velocity is very different from that ignoring theturbulent fluctuation Figure 23 shows that the bubblevelocity and speed are very local depending on the localfluid flow velocity and local turbulent energy This and itseffect on the interaction between the bubble and the inclu-sion need to be further studied in the future
 VII SUMMARY AND CONCLUSIONS
 This work presents a fundamental approach to modelinginclusion removal due to bubble flotation in molten steelprocessing The problem of multiple length and time scalesis addressed by dividing the modeling into two modelingstages fundamentals of inclusionndashbubble interactions thatare independent of the macroscale process and macroscaleflow phenomena that can incorporate the results of themicroscale effects The small-scale model is validated withavailable measurements and applied to predict the changes
 in inclusion distribution that occur in the mold region ofa continuous slab caster Specific model findings include
 1 In molten steel bubbles smaller than 3 mm tend to bespherical 3- to 10-mm bubbles are spheroidal and bub-bles larger than 10 mm are sphericalndashcap-shaped Thebubble size depends mainly on the gas flow rate injec-tion method and stirring power in the molten steel Theaverage equivalent size of bubbles is estimated to be5 mm in the CC mold investigated in this work
 2 Inclusions tend to pass the midpoint of the bubble andfirst touch the bubble surface toward the bottom sidealthough stochastic fluctuations due to turbulence causemany variations The fluid flow pattern around a bubble
 Fig 19mdashMean path lengths residence times and apparent speed of bub-bles in the CC strand
 Fig 20mdashMeasured and calculated inclusion size distribution with differ-ent size bubble flotation (15 Nlmin gas)
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  with attached solid inclusions is similar to that of flowaround a large solid particle Inclusions attached to thebubble surface also increase the turbulent kinetic energydistributed around the bubble
 3 Smaller bubbles and larger inclusions have larger attach-ment probabilities Bubbles smaller than 1 mm in diam-eter have inclusion attachment probabilities as high as30 pct while the inclusion attachment probability for bub-bles larger than 5 mm is less than 1 pct The stochasticeffect of turbulence (modeled by the random walkmethod) slightly increases the attachment rate
 4 In the continuous casting strand smaller bubbles pene-trate and circulate more deeply than larger ones Bub-bles larger than 1 mm mainly move in the upper rollmoving 06 to 17 m in 06 to 92 s Smaller bubbles canmove over 6 m and take over 60 s before they eitherescape from the top surface or are entrapped through thebottom
 5 In the continuous casting mold if the bubbles are5 mmin diameter 10 pct of the inclusions are predicted tobe removed by bubble flotation corresponding to adecrease in total oxygen of around 3 ppm CombinedFig 21mdashCalculated inclusion removal by bubble flotation
 Fig 22mdashThe calculated apparent density of bubbles with attached inclusions (a) and the calculated (b) and measured (c)[9] number of inclusions attached onthe bubble in the steel
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  with 8 pct inclusion removal by flow transport thetotal is comparable to the measured inclusion-removalrate by the CC mold of 22 pct
 6 Smaller bubbles are more efficient at inclusion removalby bubble flotation so long as they are not entrappedin the solidifying shell A higher gas flow rate favorsinclusion removal by bubble flotation The optimalbubble size might be 2 to 4 mm
 7 Attached inclusions increase the bubble density byseveral times but do not affect its motion because theapparent density is still far smaller than that of molten steel
 Future research using this methodology is needed toinvestigate
 (1) The stochastic probability of all inclusion and bubblesizes
 (2) The effect of bubble size distribution(3) Multiphase fluid flow including momentum exchange
 between phases(4) The effect of inclusion collisions(5) The entrapment of bubbles and inclusions into the
 solidifying steel shell(6) Other process such as inclusion removal by bubble
 flotation in gas stirred ladles
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 NOMENCLATURE
 A Surface area of the bubble m2
 AB1P The cross section area of the column withdiameter of dB 1 2dP m
 2
 Ai The annular area at which the inclusions areinjected m2
 C Dimensionless factor of film rupture timeC = 4
 C1 C2 Constant in Eq [31]CA CB Constant in Eq [17]CD The dimensionless drag coefficientdB Bubble diameter m or mmdBmax The maximum bubble size mdp Particle diameter m or mmdOC The diameter of the column in which
 inclusions collide with the bubble mdOS The diameter of the column in which
 inclusions attached to the bubble me The aspect ratio e of bubbles in molten steel
 (Figure 5)
 Eo the Eotvos number Eo 5gd2Bethr rgTHORN
 sFB The buoyancy force NFD The the drag force Ng The gravitational acceleration ms2
 hCr The critical thickness of liquid film for filmrupture m
 k The local level of turbulent kinetic energym2s2
 LB The mean path length of 5000 bubbles mNAi The number of inclusions i attached to the
 bubblenAi The number of inclusions i attached to the
 bubble m3
 nB The total number of bubbles (dB) entering themolten steel during time tB
 Fig 23mdashBubble local velocity and speed in the mold
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  NO The number of inclusions attaching to thebubble
 npi|j The number density of inclusions withdiameter dpi when bubble j is injectedm3
 NT The number of inclusions in the column offluid swept by the column with diameterdB 1 dP
 p The pressure Nm2
 P Attachment probability of inclusions to abubble
 QG The gas flow NlminR DR The annular radius at which the inclusions
 are injected (Figure 4(b)) mRep Particle Reynolds number ethRep frac14 rdpju upj=mTHORNS Slab section area m2
 t Time stB The residence time of bubbles stc The collision time stF The film drainage time stI The interaction time between the bubble and
 the inclusion sTM The steel temperature 1823 Ku The instantaneous fluid velocity msuB The bubble terminal velocity mui and uj The velocity components of the fluid flow
 msuR The relative velocity between the bubble and
 the inclusion msupi Particle velocity at direction i (ms)u The mean fluid phase velocity msu9 Random velocity fluctuation msVC Casting speed mminVm The volume of molten steel entering the
 strand in time tB m3
 WB The apparent average bubble speed msWeCrit The critical Weber number WeCrit 059 to
 13xi and xj The coordinates ma The angle for the transition of the spherically
 deformed part of the bubble surface to thenonspherically deformed part in rad
 r The density of the molten steel kgm3
 rP Inclusion density kgm3
 rg The density of the argon gas kgm3
 f Dimensionless factor of collision time(Eq [2])
 u The contact angle of the inclusions at thebubblendashsteel interface deg
 e The turbulent energy dissipation rate in Wtor m2s3
 s The surface tension of the molten steelNm
 m The viscosity of the molten steel kg(m s)n The viscosity of the molten steel m2sdij The Kronecker delta which equals zero if i j
 else equals unittij The total shear force on the portion of the
 bubble surface Nj The random numberDOj The oxygen removed by this single bubble
 j ppm
 DO The total oxygen removed by all bubblesppm
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a diameter of dB during its motion through the moltensteel is
 NAi frac14 p
 4d2Bj
 LBj npijj
 Pi
 100[23]
 where LB is given by Eq [20] P (pct) is given by Eq [17]npi|j is the number density of inclusions with diameter dpiwhen bubble j is injected which can be represented by thefollowing recursion equation
 npijj frac14 npijj13eth100 PiTHORN
 1003
 p
 4d2B
 LB
 VM[24]
 In evaluating this equation the inclusion number densitydistribution is updated after the calculation of each individ-ual bubble to account for the significant change in inclusionconcentration caused by the simultaneous inclusionremoval of many bubbles
 In Eq [24] the volume of molten steel entering thestrand in time tB is given by
 VM frac14 VC
 60S tBj [25]
 where S 5 the area of the slab section (5025 3 13 m2)The number density of inclusions (1m3 steel) of size i
 removed by attachment to a single bubble is
 nAi frac14 NAi
 VM[26]
 Assuming that all inclusions are Al2O3 the oxygenremoved by this single bubble j (in ppm) then can beexpressed by
 DOj frac14 +i
 nAip
 6d3pi
 rpr 48102
 106
 [27]
 which can be rewritten by inserting Eqs [23] through [26]into Eq [27] and rearranging as
 DOj frac14 1163 105 1
 VCS
 d2B jLB j
 tB j
 rpr+i
 ethnpijj Pi d3piTHORN [28]
 Because it is assumed that all bubbles in the molten steelhave the same size the total number of bubbles withdiameter dB entering the molten steel during time tB is
 nB frac14 1
 2
 QG TM273
 p
 6d3B
 tB [29]
 where the factor of 12 is due to the simulation domain ofa half-mold
 The total oxygen removal by all of the bubbles can beexpressed by
 DO 5 +nB
 j5 1
 DOj [30]
 B Results and Discussion
 The inclusion size distributions measured in the tundishabove the outlets and in the CC slab are shown in Figure20(a) together with the calculated size distributions afterinclusion removal by bubble flotation for several differentbubble sizes The corresponding inclusion removal frac-tions are shown in Figure 20(b) If the bubbles are larger than5 mm less than 10 pct of the inclusions can be removed bybubble flotation at the gas flow rate of 15 Nlmin Thiscorresponds to a 3-ppm decrease in total oxygen (Figure21) Smaller bubbles appear to enable more inclusionremoval for the same gas flow rate Specifically 1-mmbubbles remove almost all of the inclusions larger than30 mm However it is unlikely that all of the bubbles thatare this small could escape from the top surface Those thatare entrapped in the solidifying shell would generate seri-ous defects in the steel product such as shown in Figures 1and 2 Increasing bubble size above 7 mm produces lesschange in the removal rate because the change in bubbleshape offsets the smaller number of bubbles
 Table I Regressed Inclusion Attachment Probability tothe Bubble Larger than 1 mm
 Bubble DiameterAttachment
 Probability (pct)
 1 mm P frac14 0189d1082p
 2 mm P frac14 0125d0187p
 4 mm P frac14 00570d0722p
 5 mm P frac14 00523d0634p
 10 mm P frac14 0130d0444p
 Table II Attachment Probabilities of Inclusions With and Without Random Walk to a 1-mm Bubble
 Case 1 Case 2
 Average turbulent energy (m2s2) 162 3 104 106 3 108
 Average turbulent energy dissipation rate (m2s2) 143 3 103 274 3 107
 Bubble velocity (ms) 1292 1620Bubble diameter (mm) 1 1Inclusions diameter (mm) 50 100Attachment probability (pct) Non-stochastic model 116 278
 Stochastic model 165 294
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  Increasing gas flow rate naturally causes more inclusionremoval by bubble flotation (Figure 21) Considering theeffect of turbulent stochastic motion slightly increasesinclusion removal by bubble flotation For the current CCconditions including a gas flow rate of 15 Nlmin thebubble size is likely to be around 5 mm assuming thereare a large number of active sites on the porous refractorythat cause a gas flow rate of less than 05 mL per pore[56]
 As shown in Figure 21 about 10 pct total oxygen isremoved by bubble flotation Previous investigations indi-cate that 8 pct of the inclusions are removed to the topsurface due to flow transport in the CC mold region[57]
 Thus the total predicted inclusion removal by flow trans-port and by bubble flotation is around 18 pct The measuredinclusion mass fraction is 668 ppm in the tundish and
 averages 519 ppm in the slab which corresponds to 22pct removal in the mold (Figure 20(a)) The predictionand the measurement agree roughly well considering thatsome inclusions are likely entrapped to the SEN walls tocause clogging and others float to the slag layer without theaid of bubblesDecreasing bubble size is shown in Figures 20 and 21 to be
 more efficient at removing inclusions As mentioned beforehowever small bubbles such as those smaller than 1 mmmay be trapped into the solidifying shell while movingthrough the lower recirculation zone Thus there should bean optimal bubble size that gives not only high inclusion-removal efficiencies but also low entrapment rates The pres-ent results suggest the optimal size might be from 2 to 4 mmDue to capturing many inclusions on its surface the appar-
 ent density of a bubble with attached inclusions increasesAccording to the current fluid flow and inclusions conditionin the CC mold the calculated apparent density of the bub-ble decreases with increasing bubble size (Figure 22(a))The maximum apparent bubble density is only around50 kgm3 Although this is much greater than the originalargon gas density of 16228 kgm3 it is still far smaller thanthat of the molten steel so it has little effect on the bubblemotion or bubble residence time in the strand (Eq [12])The inclusions attached to each bubble also have a sizedistribution (Figure 22(b)) There are typically severalthousand inclusions predicted to be attached to the bubblesurface which matches well with the measurements inFigure 22(c) Larger bubbles capture more inclusions thansmaller ones (Figure 22(b)) per bubble This is insufficientto make up for their smaller number however and further-more makes them more dangerous if captured Thus largebubbles should be avoided
 VI FUTURE FURTHER STUDY EFFECTOF TURBULENCE
 The effect of turbulence on the fluid flow near the bubblesurface the motion of inclusions near the bubble surfaceand the terminal velocity of bubbles should be furtherinvestigated in the future Pan et al measured the removalof particles (100 to 800 mm in size) by bubble flotation ina water model by analyzing high-speed camera photos[1]
 Zhang et al studied inclusion removal by bubble flotationin a water model under turbulent conditions by measuringthe particle number density (ie size distribution) using aCoulter Counter[6] Several other papers model the contri-bution of turbulence to the attachment of inclusions to bub-bles in a water system in terms of the turbulent energydissipation rate Schubert considered that the interactionbetween bubble and solid particles in water is just like theturbulent collision process of particles with similar sizes andreported the following attachment probability P[58]
 P e4=9 ethC1d7=9P THORN2 1 ethC2d
 7=9B THORN2
 h i1=2[31]
 This equation can be used only if
 dp dB $ 15ethn3=eTHORN1=4
 For metallurgical melts the typical value of e is 00001to 1 m2s3 so this equation can be used only if dpdB
 Fig 16mdashAttachment probability of 50-mm inclusions to a 1-mm bubbleincluding the stochastic effect of turbulence
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  Fig 17mdashFlow pattern in the CC strand center face with half-width (a) Velocity vectors (b) Streamline (c) Turbulent energy dissipation rate 1000 e m2s3(d) Turbulent energy 100 k m2s2
 Fig 18mdashTypical bubble trajectories in the mold with half-width
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  $ 458 mm Zhang et al derived the following attachmentprobability with extensive water model experiments[6]
 P ethdp=dBTHORN265e0104Q1630G [32]
 The model for inclusion motion in the boundary layer nearthe bubble surface also needs to be further developed
 In the current study the terminal velocity of the bubble isthat in the quiescent liquid In the continuous casting asshown in Figure 17 the inlet jet has a much higher speedthan the bubble terminal speed The relative velocitybetween the bubble and the liquid steel and the relativevelocity between the bubble and the inclusion in the liquidsteel should be used but not the terminal velocity in thequiescent liquid In other words the bubble local velocityand speed in the mold will be quite different as the terminalvelocity in the quiescent liquid Figure 23 shows the calcu-lated bubble local speed and velocity when they move inthe mold as shown in Figure 18 also compared with thespeed and velocity of the solute particles Smaller bubblesmove more with the fluid flow and large bubbles havea clearly different velocity from the fluid flow When con-sidering the turbulent fluctuation (stochastic model) thebubble velocity is very different from that ignoring theturbulent fluctuation Figure 23 shows that the bubblevelocity and speed are very local depending on the localfluid flow velocity and local turbulent energy This and itseffect on the interaction between the bubble and the inclu-sion need to be further studied in the future
 VII SUMMARY AND CONCLUSIONS
 This work presents a fundamental approach to modelinginclusion removal due to bubble flotation in molten steelprocessing The problem of multiple length and time scalesis addressed by dividing the modeling into two modelingstages fundamentals of inclusionndashbubble interactions thatare independent of the macroscale process and macroscaleflow phenomena that can incorporate the results of themicroscale effects The small-scale model is validated withavailable measurements and applied to predict the changes
 in inclusion distribution that occur in the mold region ofa continuous slab caster Specific model findings include
 1 In molten steel bubbles smaller than 3 mm tend to bespherical 3- to 10-mm bubbles are spheroidal and bub-bles larger than 10 mm are sphericalndashcap-shaped Thebubble size depends mainly on the gas flow rate injec-tion method and stirring power in the molten steel Theaverage equivalent size of bubbles is estimated to be5 mm in the CC mold investigated in this work
 2 Inclusions tend to pass the midpoint of the bubble andfirst touch the bubble surface toward the bottom sidealthough stochastic fluctuations due to turbulence causemany variations The fluid flow pattern around a bubble
 Fig 19mdashMean path lengths residence times and apparent speed of bub-bles in the CC strand
 Fig 20mdashMeasured and calculated inclusion size distribution with differ-ent size bubble flotation (15 Nlmin gas)
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  with attached solid inclusions is similar to that of flowaround a large solid particle Inclusions attached to thebubble surface also increase the turbulent kinetic energydistributed around the bubble
 3 Smaller bubbles and larger inclusions have larger attach-ment probabilities Bubbles smaller than 1 mm in diam-eter have inclusion attachment probabilities as high as30 pct while the inclusion attachment probability for bub-bles larger than 5 mm is less than 1 pct The stochasticeffect of turbulence (modeled by the random walkmethod) slightly increases the attachment rate
 4 In the continuous casting strand smaller bubbles pene-trate and circulate more deeply than larger ones Bub-bles larger than 1 mm mainly move in the upper rollmoving 06 to 17 m in 06 to 92 s Smaller bubbles canmove over 6 m and take over 60 s before they eitherescape from the top surface or are entrapped through thebottom
 5 In the continuous casting mold if the bubbles are5 mmin diameter 10 pct of the inclusions are predicted tobe removed by bubble flotation corresponding to adecrease in total oxygen of around 3 ppm CombinedFig 21mdashCalculated inclusion removal by bubble flotation
 Fig 22mdashThe calculated apparent density of bubbles with attached inclusions (a) and the calculated (b) and measured (c)[9] number of inclusions attached onthe bubble in the steel
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  with 8 pct inclusion removal by flow transport thetotal is comparable to the measured inclusion-removalrate by the CC mold of 22 pct
 6 Smaller bubbles are more efficient at inclusion removalby bubble flotation so long as they are not entrappedin the solidifying shell A higher gas flow rate favorsinclusion removal by bubble flotation The optimalbubble size might be 2 to 4 mm
 7 Attached inclusions increase the bubble density byseveral times but do not affect its motion because theapparent density is still far smaller than that of molten steel
 Future research using this methodology is needed toinvestigate
 (1) The stochastic probability of all inclusion and bubblesizes
 (2) The effect of bubble size distribution(3) Multiphase fluid flow including momentum exchange
 between phases(4) The effect of inclusion collisions(5) The entrapment of bubbles and inclusions into the
 solidifying steel shell(6) Other process such as inclusion removal by bubble
 flotation in gas stirred ladles
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 NOMENCLATURE
 A Surface area of the bubble m2
 AB1P The cross section area of the column withdiameter of dB 1 2dP m
 2
 Ai The annular area at which the inclusions areinjected m2
 C Dimensionless factor of film rupture timeC = 4
 C1 C2 Constant in Eq [31]CA CB Constant in Eq [17]CD The dimensionless drag coefficientdB Bubble diameter m or mmdBmax The maximum bubble size mdp Particle diameter m or mmdOC The diameter of the column in which
 inclusions collide with the bubble mdOS The diameter of the column in which
 inclusions attached to the bubble me The aspect ratio e of bubbles in molten steel
 (Figure 5)
 Eo the Eotvos number Eo 5gd2Bethr rgTHORN
 sFB The buoyancy force NFD The the drag force Ng The gravitational acceleration ms2
 hCr The critical thickness of liquid film for filmrupture m
 k The local level of turbulent kinetic energym2s2
 LB The mean path length of 5000 bubbles mNAi The number of inclusions i attached to the
 bubblenAi The number of inclusions i attached to the
 bubble m3
 nB The total number of bubbles (dB) entering themolten steel during time tB
 Fig 23mdashBubble local velocity and speed in the mold
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  NO The number of inclusions attaching to thebubble
 npi|j The number density of inclusions withdiameter dpi when bubble j is injectedm3
 NT The number of inclusions in the column offluid swept by the column with diameterdB 1 dP
 p The pressure Nm2
 P Attachment probability of inclusions to abubble
 QG The gas flow NlminR DR The annular radius at which the inclusions
 are injected (Figure 4(b)) mRep Particle Reynolds number ethRep frac14 rdpju upj=mTHORNS Slab section area m2
 t Time stB The residence time of bubbles stc The collision time stF The film drainage time stI The interaction time between the bubble and
 the inclusion sTM The steel temperature 1823 Ku The instantaneous fluid velocity msuB The bubble terminal velocity mui and uj The velocity components of the fluid flow
 msuR The relative velocity between the bubble and
 the inclusion msupi Particle velocity at direction i (ms)u The mean fluid phase velocity msu9 Random velocity fluctuation msVC Casting speed mminVm The volume of molten steel entering the
 strand in time tB m3
 WB The apparent average bubble speed msWeCrit The critical Weber number WeCrit 059 to
 13xi and xj The coordinates ma The angle for the transition of the spherically
 deformed part of the bubble surface to thenonspherically deformed part in rad
 r The density of the molten steel kgm3
 rP Inclusion density kgm3
 rg The density of the argon gas kgm3
 f Dimensionless factor of collision time(Eq [2])
 u The contact angle of the inclusions at thebubblendashsteel interface deg
 e The turbulent energy dissipation rate in Wtor m2s3
 s The surface tension of the molten steelNm
 m The viscosity of the molten steel kg(m s)n The viscosity of the molten steel m2sdij The Kronecker delta which equals zero if i j
 else equals unittij The total shear force on the portion of the
 bubble surface Nj The random numberDOj The oxygen removed by this single bubble
 j ppm
 DO The total oxygen removed by all bubblesppm
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Increasing gas flow rate naturally causes more inclusionremoval by bubble flotation (Figure 21) Considering theeffect of turbulent stochastic motion slightly increasesinclusion removal by bubble flotation For the current CCconditions including a gas flow rate of 15 Nlmin thebubble size is likely to be around 5 mm assuming thereare a large number of active sites on the porous refractorythat cause a gas flow rate of less than 05 mL per pore[56]
 As shown in Figure 21 about 10 pct total oxygen isremoved by bubble flotation Previous investigations indi-cate that 8 pct of the inclusions are removed to the topsurface due to flow transport in the CC mold region[57]
 Thus the total predicted inclusion removal by flow trans-port and by bubble flotation is around 18 pct The measuredinclusion mass fraction is 668 ppm in the tundish and
 averages 519 ppm in the slab which corresponds to 22pct removal in the mold (Figure 20(a)) The predictionand the measurement agree roughly well considering thatsome inclusions are likely entrapped to the SEN walls tocause clogging and others float to the slag layer without theaid of bubblesDecreasing bubble size is shown in Figures 20 and 21 to be
 more efficient at removing inclusions As mentioned beforehowever small bubbles such as those smaller than 1 mmmay be trapped into the solidifying shell while movingthrough the lower recirculation zone Thus there should bean optimal bubble size that gives not only high inclusion-removal efficiencies but also low entrapment rates The pres-ent results suggest the optimal size might be from 2 to 4 mmDue to capturing many inclusions on its surface the appar-
 ent density of a bubble with attached inclusions increasesAccording to the current fluid flow and inclusions conditionin the CC mold the calculated apparent density of the bub-ble decreases with increasing bubble size (Figure 22(a))The maximum apparent bubble density is only around50 kgm3 Although this is much greater than the originalargon gas density of 16228 kgm3 it is still far smaller thanthat of the molten steel so it has little effect on the bubblemotion or bubble residence time in the strand (Eq [12])The inclusions attached to each bubble also have a sizedistribution (Figure 22(b)) There are typically severalthousand inclusions predicted to be attached to the bubblesurface which matches well with the measurements inFigure 22(c) Larger bubbles capture more inclusions thansmaller ones (Figure 22(b)) per bubble This is insufficientto make up for their smaller number however and further-more makes them more dangerous if captured Thus largebubbles should be avoided
 VI FUTURE FURTHER STUDY EFFECTOF TURBULENCE
 The effect of turbulence on the fluid flow near the bubblesurface the motion of inclusions near the bubble surfaceand the terminal velocity of bubbles should be furtherinvestigated in the future Pan et al measured the removalof particles (100 to 800 mm in size) by bubble flotation ina water model by analyzing high-speed camera photos[1]
 Zhang et al studied inclusion removal by bubble flotationin a water model under turbulent conditions by measuringthe particle number density (ie size distribution) using aCoulter Counter[6] Several other papers model the contri-bution of turbulence to the attachment of inclusions to bub-bles in a water system in terms of the turbulent energydissipation rate Schubert considered that the interactionbetween bubble and solid particles in water is just like theturbulent collision process of particles with similar sizes andreported the following attachment probability P[58]
 P e4=9 ethC1d7=9P THORN2 1 ethC2d
 7=9B THORN2
 h i1=2[31]
 This equation can be used only if
 dp dB $ 15ethn3=eTHORN1=4
 For metallurgical melts the typical value of e is 00001to 1 m2s3 so this equation can be used only if dpdB
 Fig 16mdashAttachment probability of 50-mm inclusions to a 1-mm bubbleincluding the stochastic effect of turbulence
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  Fig 17mdashFlow pattern in the CC strand center face with half-width (a) Velocity vectors (b) Streamline (c) Turbulent energy dissipation rate 1000 e m2s3(d) Turbulent energy 100 k m2s2
 Fig 18mdashTypical bubble trajectories in the mold with half-width
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  $ 458 mm Zhang et al derived the following attachmentprobability with extensive water model experiments[6]
 P ethdp=dBTHORN265e0104Q1630G [32]
 The model for inclusion motion in the boundary layer nearthe bubble surface also needs to be further developed
 In the current study the terminal velocity of the bubble isthat in the quiescent liquid In the continuous casting asshown in Figure 17 the inlet jet has a much higher speedthan the bubble terminal speed The relative velocitybetween the bubble and the liquid steel and the relativevelocity between the bubble and the inclusion in the liquidsteel should be used but not the terminal velocity in thequiescent liquid In other words the bubble local velocityand speed in the mold will be quite different as the terminalvelocity in the quiescent liquid Figure 23 shows the calcu-lated bubble local speed and velocity when they move inthe mold as shown in Figure 18 also compared with thespeed and velocity of the solute particles Smaller bubblesmove more with the fluid flow and large bubbles havea clearly different velocity from the fluid flow When con-sidering the turbulent fluctuation (stochastic model) thebubble velocity is very different from that ignoring theturbulent fluctuation Figure 23 shows that the bubblevelocity and speed are very local depending on the localfluid flow velocity and local turbulent energy This and itseffect on the interaction between the bubble and the inclu-sion need to be further studied in the future
 VII SUMMARY AND CONCLUSIONS
 This work presents a fundamental approach to modelinginclusion removal due to bubble flotation in molten steelprocessing The problem of multiple length and time scalesis addressed by dividing the modeling into two modelingstages fundamentals of inclusionndashbubble interactions thatare independent of the macroscale process and macroscaleflow phenomena that can incorporate the results of themicroscale effects The small-scale model is validated withavailable measurements and applied to predict the changes
 in inclusion distribution that occur in the mold region ofa continuous slab caster Specific model findings include
 1 In molten steel bubbles smaller than 3 mm tend to bespherical 3- to 10-mm bubbles are spheroidal and bub-bles larger than 10 mm are sphericalndashcap-shaped Thebubble size depends mainly on the gas flow rate injec-tion method and stirring power in the molten steel Theaverage equivalent size of bubbles is estimated to be5 mm in the CC mold investigated in this work
 2 Inclusions tend to pass the midpoint of the bubble andfirst touch the bubble surface toward the bottom sidealthough stochastic fluctuations due to turbulence causemany variations The fluid flow pattern around a bubble
 Fig 19mdashMean path lengths residence times and apparent speed of bub-bles in the CC strand
 Fig 20mdashMeasured and calculated inclusion size distribution with differ-ent size bubble flotation (15 Nlmin gas)
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  with attached solid inclusions is similar to that of flowaround a large solid particle Inclusions attached to thebubble surface also increase the turbulent kinetic energydistributed around the bubble
 3 Smaller bubbles and larger inclusions have larger attach-ment probabilities Bubbles smaller than 1 mm in diam-eter have inclusion attachment probabilities as high as30 pct while the inclusion attachment probability for bub-bles larger than 5 mm is less than 1 pct The stochasticeffect of turbulence (modeled by the random walkmethod) slightly increases the attachment rate
 4 In the continuous casting strand smaller bubbles pene-trate and circulate more deeply than larger ones Bub-bles larger than 1 mm mainly move in the upper rollmoving 06 to 17 m in 06 to 92 s Smaller bubbles canmove over 6 m and take over 60 s before they eitherescape from the top surface or are entrapped through thebottom
 5 In the continuous casting mold if the bubbles are5 mmin diameter 10 pct of the inclusions are predicted tobe removed by bubble flotation corresponding to adecrease in total oxygen of around 3 ppm CombinedFig 21mdashCalculated inclusion removal by bubble flotation
 Fig 22mdashThe calculated apparent density of bubbles with attached inclusions (a) and the calculated (b) and measured (c)[9] number of inclusions attached onthe bubble in the steel
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  with 8 pct inclusion removal by flow transport thetotal is comparable to the measured inclusion-removalrate by the CC mold of 22 pct
 6 Smaller bubbles are more efficient at inclusion removalby bubble flotation so long as they are not entrappedin the solidifying shell A higher gas flow rate favorsinclusion removal by bubble flotation The optimalbubble size might be 2 to 4 mm
 7 Attached inclusions increase the bubble density byseveral times but do not affect its motion because theapparent density is still far smaller than that of molten steel
 Future research using this methodology is needed toinvestigate
 (1) The stochastic probability of all inclusion and bubblesizes
 (2) The effect of bubble size distribution(3) Multiphase fluid flow including momentum exchange
 between phases(4) The effect of inclusion collisions(5) The entrapment of bubbles and inclusions into the
 solidifying steel shell(6) Other process such as inclusion removal by bubble
 flotation in gas stirred ladles
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 NOMENCLATURE
 A Surface area of the bubble m2
 AB1P The cross section area of the column withdiameter of dB 1 2dP m
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 Ai The annular area at which the inclusions areinjected m2
 C Dimensionless factor of film rupture timeC = 4
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 (Figure 5)
 Eo the Eotvos number Eo 5gd2Bethr rgTHORN
 sFB The buoyancy force NFD The the drag force Ng The gravitational acceleration ms2
 hCr The critical thickness of liquid film for filmrupture m
 k The local level of turbulent kinetic energym2s2
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 Fig 23mdashBubble local velocity and speed in the mold
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 npi|j The number density of inclusions withdiameter dpi when bubble j is injectedm3
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 p The pressure Nm2
 P Attachment probability of inclusions to abubble
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 m The viscosity of the molten steel kg(m s)n The viscosity of the molten steel m2sdij The Kronecker delta which equals zero if i j
 else equals unittij The total shear force on the portion of the
 bubble surface Nj The random numberDOj The oxygen removed by this single bubble
 j ppm
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Fig 17mdashFlow pattern in the CC strand center face with half-width (a) Velocity vectors (b) Streamline (c) Turbulent energy dissipation rate 1000 e m2s3(d) Turbulent energy 100 k m2s2
 Fig 18mdashTypical bubble trajectories in the mold with half-width
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  $ 458 mm Zhang et al derived the following attachmentprobability with extensive water model experiments[6]
 P ethdp=dBTHORN265e0104Q1630G [32]
 The model for inclusion motion in the boundary layer nearthe bubble surface also needs to be further developed
 In the current study the terminal velocity of the bubble isthat in the quiescent liquid In the continuous casting asshown in Figure 17 the inlet jet has a much higher speedthan the bubble terminal speed The relative velocitybetween the bubble and the liquid steel and the relativevelocity between the bubble and the inclusion in the liquidsteel should be used but not the terminal velocity in thequiescent liquid In other words the bubble local velocityand speed in the mold will be quite different as the terminalvelocity in the quiescent liquid Figure 23 shows the calcu-lated bubble local speed and velocity when they move inthe mold as shown in Figure 18 also compared with thespeed and velocity of the solute particles Smaller bubblesmove more with the fluid flow and large bubbles havea clearly different velocity from the fluid flow When con-sidering the turbulent fluctuation (stochastic model) thebubble velocity is very different from that ignoring theturbulent fluctuation Figure 23 shows that the bubblevelocity and speed are very local depending on the localfluid flow velocity and local turbulent energy This and itseffect on the interaction between the bubble and the inclu-sion need to be further studied in the future
 VII SUMMARY AND CONCLUSIONS
 This work presents a fundamental approach to modelinginclusion removal due to bubble flotation in molten steelprocessing The problem of multiple length and time scalesis addressed by dividing the modeling into two modelingstages fundamentals of inclusionndashbubble interactions thatare independent of the macroscale process and macroscaleflow phenomena that can incorporate the results of themicroscale effects The small-scale model is validated withavailable measurements and applied to predict the changes
 in inclusion distribution that occur in the mold region ofa continuous slab caster Specific model findings include
 1 In molten steel bubbles smaller than 3 mm tend to bespherical 3- to 10-mm bubbles are spheroidal and bub-bles larger than 10 mm are sphericalndashcap-shaped Thebubble size depends mainly on the gas flow rate injec-tion method and stirring power in the molten steel Theaverage equivalent size of bubbles is estimated to be5 mm in the CC mold investigated in this work
 2 Inclusions tend to pass the midpoint of the bubble andfirst touch the bubble surface toward the bottom sidealthough stochastic fluctuations due to turbulence causemany variations The fluid flow pattern around a bubble
 Fig 19mdashMean path lengths residence times and apparent speed of bub-bles in the CC strand
 Fig 20mdashMeasured and calculated inclusion size distribution with differ-ent size bubble flotation (15 Nlmin gas)
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  with attached solid inclusions is similar to that of flowaround a large solid particle Inclusions attached to thebubble surface also increase the turbulent kinetic energydistributed around the bubble
 3 Smaller bubbles and larger inclusions have larger attach-ment probabilities Bubbles smaller than 1 mm in diam-eter have inclusion attachment probabilities as high as30 pct while the inclusion attachment probability for bub-bles larger than 5 mm is less than 1 pct The stochasticeffect of turbulence (modeled by the random walkmethod) slightly increases the attachment rate
 4 In the continuous casting strand smaller bubbles pene-trate and circulate more deeply than larger ones Bub-bles larger than 1 mm mainly move in the upper rollmoving 06 to 17 m in 06 to 92 s Smaller bubbles canmove over 6 m and take over 60 s before they eitherescape from the top surface or are entrapped through thebottom
 5 In the continuous casting mold if the bubbles are5 mmin diameter 10 pct of the inclusions are predicted tobe removed by bubble flotation corresponding to adecrease in total oxygen of around 3 ppm CombinedFig 21mdashCalculated inclusion removal by bubble flotation
 Fig 22mdashThe calculated apparent density of bubbles with attached inclusions (a) and the calculated (b) and measured (c)[9] number of inclusions attached onthe bubble in the steel
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  with 8 pct inclusion removal by flow transport thetotal is comparable to the measured inclusion-removalrate by the CC mold of 22 pct
 6 Smaller bubbles are more efficient at inclusion removalby bubble flotation so long as they are not entrappedin the solidifying shell A higher gas flow rate favorsinclusion removal by bubble flotation The optimalbubble size might be 2 to 4 mm
 7 Attached inclusions increase the bubble density byseveral times but do not affect its motion because theapparent density is still far smaller than that of molten steel
 Future research using this methodology is needed toinvestigate
 (1) The stochastic probability of all inclusion and bubblesizes
 (2) The effect of bubble size distribution(3) Multiphase fluid flow including momentum exchange
 between phases(4) The effect of inclusion collisions(5) The entrapment of bubbles and inclusions into the
 solidifying steel shell(6) Other process such as inclusion removal by bubble
 flotation in gas stirred ladles
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 NOMENCLATURE
 A Surface area of the bubble m2
 AB1P The cross section area of the column withdiameter of dB 1 2dP m
 2
 Ai The annular area at which the inclusions areinjected m2
 C Dimensionless factor of film rupture timeC = 4
 C1 C2 Constant in Eq [31]CA CB Constant in Eq [17]CD The dimensionless drag coefficientdB Bubble diameter m or mmdBmax The maximum bubble size mdp Particle diameter m or mmdOC The diameter of the column in which
 inclusions collide with the bubble mdOS The diameter of the column in which
 inclusions attached to the bubble me The aspect ratio e of bubbles in molten steel
 (Figure 5)
 Eo the Eotvos number Eo 5gd2Bethr rgTHORN
 sFB The buoyancy force NFD The the drag force Ng The gravitational acceleration ms2
 hCr The critical thickness of liquid film for filmrupture m
 k The local level of turbulent kinetic energym2s2
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  NO The number of inclusions attaching to thebubble
 npi|j The number density of inclusions withdiameter dpi when bubble j is injectedm3
 NT The number of inclusions in the column offluid swept by the column with diameterdB 1 dP
 p The pressure Nm2
 P Attachment probability of inclusions to abubble
 QG The gas flow NlminR DR The annular radius at which the inclusions
 are injected (Figure 4(b)) mRep Particle Reynolds number ethRep frac14 rdpju upj=mTHORNS Slab section area m2
 t Time stB The residence time of bubbles stc The collision time stF The film drainage time stI The interaction time between the bubble and
 the inclusion sTM The steel temperature 1823 Ku The instantaneous fluid velocity msuB The bubble terminal velocity mui and uj The velocity components of the fluid flow
 msuR The relative velocity between the bubble and
 the inclusion msupi Particle velocity at direction i (ms)u The mean fluid phase velocity msu9 Random velocity fluctuation msVC Casting speed mminVm The volume of molten steel entering the
 strand in time tB m3
 WB The apparent average bubble speed msWeCrit The critical Weber number WeCrit 059 to
 13xi and xj The coordinates ma The angle for the transition of the spherically
 deformed part of the bubble surface to thenonspherically deformed part in rad
 r The density of the molten steel kgm3
 rP Inclusion density kgm3
 rg The density of the argon gas kgm3
 f Dimensionless factor of collision time(Eq [2])
 u The contact angle of the inclusions at thebubblendashsteel interface deg
 e The turbulent energy dissipation rate in Wtor m2s3
 s The surface tension of the molten steelNm
 m The viscosity of the molten steel kg(m s)n The viscosity of the molten steel m2sdij The Kronecker delta which equals zero if i j
 else equals unittij The total shear force on the portion of the
 bubble surface Nj The random numberDOj The oxygen removed by this single bubble
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$ 458 mm Zhang et al derived the following attachmentprobability with extensive water model experiments[6]
 P ethdp=dBTHORN265e0104Q1630G [32]
 The model for inclusion motion in the boundary layer nearthe bubble surface also needs to be further developed
 In the current study the terminal velocity of the bubble isthat in the quiescent liquid In the continuous casting asshown in Figure 17 the inlet jet has a much higher speedthan the bubble terminal speed The relative velocitybetween the bubble and the liquid steel and the relativevelocity between the bubble and the inclusion in the liquidsteel should be used but not the terminal velocity in thequiescent liquid In other words the bubble local velocityand speed in the mold will be quite different as the terminalvelocity in the quiescent liquid Figure 23 shows the calcu-lated bubble local speed and velocity when they move inthe mold as shown in Figure 18 also compared with thespeed and velocity of the solute particles Smaller bubblesmove more with the fluid flow and large bubbles havea clearly different velocity from the fluid flow When con-sidering the turbulent fluctuation (stochastic model) thebubble velocity is very different from that ignoring theturbulent fluctuation Figure 23 shows that the bubblevelocity and speed are very local depending on the localfluid flow velocity and local turbulent energy This and itseffect on the interaction between the bubble and the inclu-sion need to be further studied in the future
 VII SUMMARY AND CONCLUSIONS
 This work presents a fundamental approach to modelinginclusion removal due to bubble flotation in molten steelprocessing The problem of multiple length and time scalesis addressed by dividing the modeling into two modelingstages fundamentals of inclusionndashbubble interactions thatare independent of the macroscale process and macroscaleflow phenomena that can incorporate the results of themicroscale effects The small-scale model is validated withavailable measurements and applied to predict the changes
 in inclusion distribution that occur in the mold region ofa continuous slab caster Specific model findings include
 1 In molten steel bubbles smaller than 3 mm tend to bespherical 3- to 10-mm bubbles are spheroidal and bub-bles larger than 10 mm are sphericalndashcap-shaped Thebubble size depends mainly on the gas flow rate injec-tion method and stirring power in the molten steel Theaverage equivalent size of bubbles is estimated to be5 mm in the CC mold investigated in this work
 2 Inclusions tend to pass the midpoint of the bubble andfirst touch the bubble surface toward the bottom sidealthough stochastic fluctuations due to turbulence causemany variations The fluid flow pattern around a bubble
 Fig 19mdashMean path lengths residence times and apparent speed of bub-bles in the CC strand
 Fig 20mdashMeasured and calculated inclusion size distribution with differ-ent size bubble flotation (15 Nlmin gas)
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  with attached solid inclusions is similar to that of flowaround a large solid particle Inclusions attached to thebubble surface also increase the turbulent kinetic energydistributed around the bubble
 3 Smaller bubbles and larger inclusions have larger attach-ment probabilities Bubbles smaller than 1 mm in diam-eter have inclusion attachment probabilities as high as30 pct while the inclusion attachment probability for bub-bles larger than 5 mm is less than 1 pct The stochasticeffect of turbulence (modeled by the random walkmethod) slightly increases the attachment rate
 4 In the continuous casting strand smaller bubbles pene-trate and circulate more deeply than larger ones Bub-bles larger than 1 mm mainly move in the upper rollmoving 06 to 17 m in 06 to 92 s Smaller bubbles canmove over 6 m and take over 60 s before they eitherescape from the top surface or are entrapped through thebottom
 5 In the continuous casting mold if the bubbles are5 mmin diameter 10 pct of the inclusions are predicted tobe removed by bubble flotation corresponding to adecrease in total oxygen of around 3 ppm CombinedFig 21mdashCalculated inclusion removal by bubble flotation
 Fig 22mdashThe calculated apparent density of bubbles with attached inclusions (a) and the calculated (b) and measured (c)[9] number of inclusions attached onthe bubble in the steel
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  with 8 pct inclusion removal by flow transport thetotal is comparable to the measured inclusion-removalrate by the CC mold of 22 pct
 6 Smaller bubbles are more efficient at inclusion removalby bubble flotation so long as they are not entrappedin the solidifying shell A higher gas flow rate favorsinclusion removal by bubble flotation The optimalbubble size might be 2 to 4 mm
 7 Attached inclusions increase the bubble density byseveral times but do not affect its motion because theapparent density is still far smaller than that of molten steel
 Future research using this methodology is needed toinvestigate
 (1) The stochastic probability of all inclusion and bubblesizes
 (2) The effect of bubble size distribution(3) Multiphase fluid flow including momentum exchange
 between phases(4) The effect of inclusion collisions(5) The entrapment of bubbles and inclusions into the
 solidifying steel shell(6) Other process such as inclusion removal by bubble
 flotation in gas stirred ladles
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 deformed part of the bubble surface to thenonspherically deformed part in rad
 r The density of the molten steel kgm3
 rP Inclusion density kgm3
 rg The density of the argon gas kgm3
 f Dimensionless factor of collision time(Eq [2])
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 else equals unittij The total shear force on the portion of the
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with attached solid inclusions is similar to that of flowaround a large solid particle Inclusions attached to thebubble surface also increase the turbulent kinetic energydistributed around the bubble
 3 Smaller bubbles and larger inclusions have larger attach-ment probabilities Bubbles smaller than 1 mm in diam-eter have inclusion attachment probabilities as high as30 pct while the inclusion attachment probability for bub-bles larger than 5 mm is less than 1 pct The stochasticeffect of turbulence (modeled by the random walkmethod) slightly increases the attachment rate
 4 In the continuous casting strand smaller bubbles pene-trate and circulate more deeply than larger ones Bub-bles larger than 1 mm mainly move in the upper rollmoving 06 to 17 m in 06 to 92 s Smaller bubbles canmove over 6 m and take over 60 s before they eitherescape from the top surface or are entrapped through thebottom
 5 In the continuous casting mold if the bubbles are5 mmin diameter 10 pct of the inclusions are predicted tobe removed by bubble flotation corresponding to adecrease in total oxygen of around 3 ppm CombinedFig 21mdashCalculated inclusion removal by bubble flotation
 Fig 22mdashThe calculated apparent density of bubbles with attached inclusions (a) and the calculated (b) and measured (c)[9] number of inclusions attached onthe bubble in the steel
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  with 8 pct inclusion removal by flow transport thetotal is comparable to the measured inclusion-removalrate by the CC mold of 22 pct
 6 Smaller bubbles are more efficient at inclusion removalby bubble flotation so long as they are not entrappedin the solidifying shell A higher gas flow rate favorsinclusion removal by bubble flotation The optimalbubble size might be 2 to 4 mm
 7 Attached inclusions increase the bubble density byseveral times but do not affect its motion because theapparent density is still far smaller than that of molten steel
 Future research using this methodology is needed toinvestigate
 (1) The stochastic probability of all inclusion and bubblesizes
 (2) The effect of bubble size distribution(3) Multiphase fluid flow including momentum exchange
 between phases(4) The effect of inclusion collisions(5) The entrapment of bubbles and inclusions into the
 solidifying steel shell(6) Other process such as inclusion removal by bubble
 flotation in gas stirred ladles
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with 8 pct inclusion removal by flow transport thetotal is comparable to the measured inclusion-removalrate by the CC mold of 22 pct
 6 Smaller bubbles are more efficient at inclusion removalby bubble flotation so long as they are not entrappedin the solidifying shell A higher gas flow rate favorsinclusion removal by bubble flotation The optimalbubble size might be 2 to 4 mm
 7 Attached inclusions increase the bubble density byseveral times but do not affect its motion because theapparent density is still far smaller than that of molten steel
 Future research using this methodology is needed toinvestigate
 (1) The stochastic probability of all inclusion and bubblesizes
 (2) The effect of bubble size distribution(3) Multiphase fluid flow including momentum exchange
 between phases(4) The effect of inclusion collisions(5) The entrapment of bubbles and inclusions into the
 solidifying steel shell(6) Other process such as inclusion removal by bubble
 flotation in gas stirred ladles
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NO The number of inclusions attaching to thebubble
 npi|j The number density of inclusions withdiameter dpi when bubble j is injectedm3
 NT The number of inclusions in the column offluid swept by the column with diameterdB 1 dP
 p The pressure Nm2
 P Attachment probability of inclusions to abubble
 QG The gas flow NlminR DR The annular radius at which the inclusions
 are injected (Figure 4(b)) mRep Particle Reynolds number ethRep frac14 rdpju upj=mTHORNS Slab section area m2
 t Time stB The residence time of bubbles stc The collision time stF The film drainage time stI The interaction time between the bubble and
 the inclusion sTM The steel temperature 1823 Ku The instantaneous fluid velocity msuB The bubble terminal velocity mui and uj The velocity components of the fluid flow
 msuR The relative velocity between the bubble and
 the inclusion msupi Particle velocity at direction i (ms)u The mean fluid phase velocity msu9 Random velocity fluctuation msVC Casting speed mminVm The volume of molten steel entering the
 strand in time tB m3
 WB The apparent average bubble speed msWeCrit The critical Weber number WeCrit 059 to
 13xi and xj The coordinates ma The angle for the transition of the spherically
 deformed part of the bubble surface to thenonspherically deformed part in rad
 r The density of the molten steel kgm3
 rP Inclusion density kgm3
 rg The density of the argon gas kgm3
 f Dimensionless factor of collision time(Eq [2])
 u The contact angle of the inclusions at thebubblendashsteel interface deg
 e The turbulent energy dissipation rate in Wtor m2s3
 s The surface tension of the molten steelNm
 m The viscosity of the molten steel kg(m s)n The viscosity of the molten steel m2sdij The Kronecker delta which equals zero if i j
 else equals unittij The total shear force on the portion of the
 bubble surface Nj The random numberDOj The oxygen removed by this single bubble
 j ppm
 DO The total oxygen removed by all bubblesppm
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