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ABSTRACT

Nozzle clogging is a serious productivity and quality problem in continuous casting. Thiswork
reviews the causes, effects, and solutions to clogging in continuous casting nozzles. The results of a
one-dimensional, steady state analysis of the heat |oss from the molten steel stream through the nozzle
wall are discussed. The analyses show that steel may freeze within the clog matrix for arelatively small
clog buildup. The implication of this result on the mechanism of clog growth and on clogging
mitigation techniques is discussed.

1, INTRODUCTION

1.1. Importance of Clogging

Clogging in continuous casting nozzlesis the buildup of material in the flow passage between the
tundish and mold (see Figure 1.). The consequences of clogging include:

. Decreased productivity. To compensate for clogging, the flow control device (e.g., slide gate)
must be further opened. If the clogging becomes sufficiently severe, the flow control device will no
longer be able to compensate and then either a decrease in casting speed or replacement of the nozzle
must result. These events reduce the net casting throughput and thereby reduce productivity.

. Increased cost. Depending on the casting shop, some portions of the clogged nozzles (e.g.
submerged entry nozzle) can be independently replaced during casting. Other clogged portions (e.g.,
tundish nozzle) can only be replaced by changing tundishes. Several authors report that nozzle clogging,
in lieu of tundish lining lifetime, limits the allowable tundish lifetime [1, 2]. For example, Haers et al.
reported that clogging reduced the number of heats (290 tons) cast from twelveto six [3]. Therefore
nozzle clogging results in additional costs for tundish refurbishment as well as for nozzle replacement



. Decreased qualityNonmetallic parcles can become dislodged from the clog buildup and result
in unacceptable cleanliness defectthm product, especially in dee@dm applications requiring oxides
be smaller than fifty microns in diameter [4 - 1The restriction of the flopassage may also cause
undesirable flow patterns in the mold which thgreause quality problems (e.g., mold flux ingestion,
shell thinning) [6, 12 - 14]. Also, the mold level tsgants occurring when artdish is replaced due to
tundish nozzle clogging, can cause reduced quality [3].

1.2. Types of Clogs

There are four general types of clogging, daaim a different origin. In practice, clogging
within a single nozzle could be due to a combinatibtwo or more typesThe classification chosen
here distinguishes between clagssisting of deoxid&n products, solidified steel, complex oxides,
and reaction products.

1.2.1. Agglomeration of Deoxadion Products - Buildups consigy of deoxidation products
(e.g., alumina, titania, zirconia) Ve been observed in the nozzl@hese deoxidation products are of
the same composition and size (typically 1 - 20 anidd.0, 15 - 17]) as is found in the mold [10, 16].
The deoxidation products sinter togetteform a network [18 - 20, 16].

This sintered matrix may or ma&ot encompass steel. Steel has been found within the matrix for
heats with low residual deoxidafti product content, as might bmuhd when using DH degassing or for
high carbon concentrations [10, 14]. No steebisfl within the matrix whethe deoxidation product
concentration is high, as might be found wheingiargon bubbling during secondary refining and low
carbon concentrations (elgss than 0.10% C) [10, 14].

1.2.2. Solid Steel Buildup - If the superheat is lang the heat transfer from the stream is high,
the steel may freeze within the nozzle. This is especially true at the start of cast if nozzle preheat is
inadequate [21].

1.2.3. Agglomeration of Complex Oxides - Glagpntaining nonmetallimaterials not resulting
from deoxidation have also been observed. Ohage been observed in the submerged entry nozzle
port area which have a chemistry indicative of a coatimn of mold flux andleoxidation p#icles.

Here it is believed that the mold flux is drawn into the

top of the ports due to the reaitation flow pattern in the upper paf the mold and due to the
tendency of the flux to coat thezme [14, 22]. Once inside the nozzlee flux assimilates deoxidation
particles, thereby increasing the clog volume [6].

Clogs containing calcium alunmates or calcium sulfides haaéso been observed on calcium
treated heats [5, 11, 15, 23 - 25]. The effect of eal@n clogging will be discssed later in reference
to clogging mitigation efforts.

1.2.4. Reaction Product Buildup - Clogging wiitle composition of deoxidation products but
deposited in a film instead of a sintered networganticles has been observed. The source for these
buildups has been attributed &actions between the deoxidant andit)drawn into the nozzle due to
the negative gauge pressure and the porosity ofdhele [19, 26], 2) oxygen evolved from the steel due
to the lower steel temperature acknt to the nozzle [27], and 3) oxygen generated by silica refractory



decomposition [18, 19, 26, 28, 29]. These mechanisensamsistent with theeported observations of
increased clogging as soluble aluminaamcentration is increased [4, 30].

1.3. Causes of Clogging

For those clogs consisting of solidified steeteaction products, theainsport and attachment
mechanism are straightforward besadhe clogging phenomenon takes place at the nozzle wall. But for
clogs containing deoxidation products, the pssoef their transporta attachment is more
complicated.

1.3.1. Transport of Deoxidati Products to the Nozzle WalBeveral theories have been
proposed concerning flow patterns and geometrieshadnhance transport déoxidation products to
the nozzle wall:

. Turbulent Recirculation ZonedNithin a recirculation zonéurbulent velocity fluctuations
oriented in all directions are present. Thosetfiations toward the wall will enable deposition [31].

. Turbulent Flow Turbulent eddies, even in the absence of a recirculation zone, will transport
deoxidation products to the nozzle wall [17].

. Rough Nozzle Walls As the roughness of the nozzle walincreased (e.g., due to irregular
buildup or erosion) the probabilitf interception of entrained deidation particles increases [11, 31,
32].

. External Corners Since the density of alumina is less than steel, alumina will tend to be driven
toward the wall for flow around an external corneg(gtundish nozzle entry). This driving force is
expected to be significant only for l@rglumina particles (g., 36 micron [17]).

1.3.2. Attachment of Deoxitlan Products to the Nozzle WalDeoxidation particles are
attached to the nozzle wall by surface tension aftel sufficient time, by sintered bonds. The surface
tension of the steel creates a vait, consequently, attractive force betwedhe deoxidation product
and the wall (or another deoxidatiproduct) [10, 33]. The magnitude of this force for the case of a 2.5
micron deoxidation producttaching to a ceramic filter has beeadculated to bapproximately an
order of magnitude greater than the daag buoyant forces on the particle [20].

The sintered bond between thetde and wall (or andier particle) forms tatively rapidly at
these temperatures (e.g., only 0.03 seconds isreghjiair two ten micron ptcles to develop a
sufficient neck between them to wstand drag and buoyant forces [20]).

1.4. Ways to Avoid Clogging

The most obvious means to reduce cloggirtg decrease the concentration of deoxidation
products and the formation ofmadation products [4, 10, 14, 23, 34, 35]. Means to achieve this
increase in steel cleanliness have been reviewed by Byrne et al. and Szekeres [6, 14]. The important
aspects of clean steelmaking include:



. Ladle Refining PracticeA vacuum degassing treatment giebetter cleanliness than does argon
bubbling [36].

. Reoxidation PreventionSubmerged ladle-to-tundish powirshielded tundish surface, and
leak-tight refractory joints will reduce exposuretloé steel to oxygen and thereby improve cleanliness
[14].

. DeoxidationProduct RemovalOptimal tundish flow pattern87] as well as filtration [20, 33,
38] and electromagnetic techniques [39] cemove deoxidation pducts from the melt.

. Flux Entrainment Preventio®ubmerged ladle-to-tundish powgiand avoidance of ladle slag
carryover will reduce the amount of exages inclusions in the melt [6, 14].

It is unlikely that steel cleanliness improvements will completely eliminate nozzle clogging.
Dawson calculated that for typical casting conditions, nozzle blockage could occur if as little as one in
every 1500 nonmetallic inclusiomgere deposited on the nozzle [3T]o reduce the deposition of the
entrained deoxidation productgveral techniques Y@ been utilized as discussed below.

1.4.1. Argon Injection - Argon injected thrduthe nozzle wall or stopper rod into the steel
stream is widely employed to reduce nozzle clogging. A typical injection rate is 5 five liter/minute
(STP) [27, 40]. Several reasons have been stgdédor the improved clogging resistance:

. A film of argon is formed on the nozzle Wwanhich prevents the deoxidation product from
contacting the wall [41, 42, 43].

. The argon bubbles flush the deoxidation products off the nozzle [43].
. The argon bubbles promote the floda of deoxidation products [19].
. Argon injection increases the turbulence and thecalises the deposit to be flushed off [35]. It

is noted that this mechanism caaticts a previously mentioned hypesis which states that turbulence
enhances deposition.

. The pressure inside the nozzle is increagaidh thereby reduces air aspiration through the
nozzle [14, 43, 44]. In the absence of argon tigacnegative gauge pressure has been measured in
water models near the slide gateldhe stopper rod seating surface [43].

. The argon prevents a chemical reaction between the steel and the refractory [19].

The argon can be injected through the porgkerrefractory material [1, 2, 18, 41, 42, 44] or via
machined or laser cut holes in the refractory [7, 18, T®liloring the argon flow to be greater in areas
of high deposition [18, 44] and to be locally umifo[2, 44] has been shown to reduce clogging.

Disadvantages of argon injection include increased quality defects and nozzle slag line erosion
due to the increased mold level fluctuations A4, bubble entrapment by the shell [8, 14, 44], and
nozzle cracking due to high back pressure or deedeaszzle thermal shock resistance [1, 18, 44]. Itis
also suspected that argon injection tends to nteeelogging problem to a different location [32].



1.4.2. Calcium Treatment - Alumina clogging carrd@uced by adding calcium to the steel to
prevent the formation of solid alumina [30, 45, 25, 46]. As shown in Figure 2, for a typical melt
temperature of 1550° C, liquid is the equilibrium ghdor calcia-alumina mixtures containing 40 - 60%
alumina. Furthermore, it is believed that unsteelmaking conditions, mixtes containing a higher
fraction of alumina will be also be liquid. This is based on the observation that when G&i3-2Al
inclusions (79% alumina) are found in the final qgastduct, these inclusionskiaa spherical form and
the nozzle experiences much less clogging [24].

The disadvantages of calm treatment include:

. Increased clogging relative to the non-treataaddion if insufficient calcium is added, due to
the formation of CaO-6A0D3 [17, 24, 25].

. Erosion of refractories [5, 14, 27].

Also, calcium treatment will not work for higlulfur steels because calcium will react with
sulfur to form solid calcium sulfide instead of liquieky the alumina [11] (e.g., sulfur must be less than
0.007% for a typical total aluminum concentratiol®di4% [47]). However, it has been proposed that
calcium treatment might still be seessful if the sulfur is addeafter calcium treatment [32].

1.4.3. Nozzle Material ModificationsA variety of nozzle compostins have been investigated.
Calcia additions to the nozzle [10, 48, 49, 50] hge&ed decreased clogging by liquefying the
inclusions, as discussed above.eEffectiveness of this methodisited by the diffusion of the calcia
to the refractory surface [50].

Other compositions and coatings have aksen attempted [1, 3, 29, 32, 40, 51, 52, 53], but the
cause for the decreased clogging is uncertain.e¥ample, the addition of boron nitride has been shown
to markedly reduce clogging [29, 32, 40]. HoweVes not known whether thieeneficial effect of
boron nitride is due to the formation of a liquodron oxide film [29], decreased surface roughness [31],
or another cause. Other possibigplanations for the observeagbing reduction of the various
materials investigated are decreéishermal conductivity [51, 52, 53], decreased contact angle with steel
[29, 51, 52], reduced reactivity with ste2b], and decreased air aspiration [3].

1.4.4. Nozzle Geometry Modificationsn an effort to reduce theffect of clogging, oversized
nozzle bores [3, 54] and replaceable submerged entry nozzles [3] are widely employed. To reduce the
degree of clogging, the following have been investigated:

. Improved joint sealing. Strengthening the steek that holds the nozzle in place was found to
reduce air aspiration and tledy reduce clogging [18].

. Rounded nozzle entrance. Incorporating a rodreterance (in lieu of a sharp corner) to the
tundish nozzle and ensuring proper vertical alignttan reduce clogging at the nozzle entrance by
eliminating separated flow [31].



. Internal step. A five millimeteannular step incorporated aetmid-height of the submerged
entry nozzle has been found to decrease aluminduguih the lower part of the nozzle as well as
decreasing flow impingement on the mold wide face [55].

. Varying nozzle internal diameter. Increasing ttozzle internal diametg@rst below the stopper
rod seating surface has reduced clogging [14, 56].

. Flat bottomed nozzle. Decreased port cloggwag observed when the elevation of the nozzle
internal bottom and port bottom werdromdent (i.e., no nozzle well) [55].

. Insulation around nozzle. Insulation, as welpssheat and heating, around the clogging location
may reduce clogging [14].

2, INITIAL MODELING EFFORTS

The first steps we took to understand nozzlggilog were to develogpimple models of the
various aspects of the clogging process. Deschktmlv are models which predict the strength of the
clog buildup and the role of heat transfer in f@icing the clog buildup. In addition, the relationship
between slide gate position and degree of clogghegeffect of clogging on air aspiration, the
deposition rate of deoxadion products, and theleoof reoxidation irclogging are discussed.

2.1. Strength of the Clog

The clog matrix has been described as a powldehle buildup that could be easily removed by
the touch of a finger [16]. To explain the abilitytbfs buildup to withstand erosion by the molten steel,
Duderstadt [68] proposed that the clog was stremgttl by solid steel dentdis which grew radially
inward due to heat loss through the nozzle wallweicer, essentially purewhina buildups have been
observed in practice [4, 10]. Furthermore, Ogibayashl. [10] claimed that the steel within the clog
matrix is liquid during casting as evidenced by dibservation of pure alumina clogging and alumina
clogging with entrapped stelebth appearing in the same
region. As mentioned above, Ogibayashi et al. lcoled that the presence miire alumina or alumina
embedded in steel will be determined by the steel cleanliness (i.e., concentration of alumina in the steel).

Two questions that are promptieg the above observations are:
1) How dense must a clog tria be to withstand erosion?

2) How can steel cleanliness determine the clogphaogy? In other words, if clog growth is
envisioned as the entrapment oframed deoxidation prodtgby the clog matrix, then how does the
rate at which the deoxidation prodsiare entrapped (which will cleafhe a function of concentration)
affect where the deoxidation prodsi@re entrapped? In facthee the ejection of the steel from
between the deposited deoxidationgucts [10] requires finite time, omeight expect that the dirtier
the steel the greater the amounsitael entrapped within the clog.

Simplified models to address these issuese developed arate discussed below:



2.1.1. Erosion of an Alumina Buildup - The siegi model developed wadhat of a single
“finger” of alumina protruding radily into the bulk flow. If | regict my attention to areas with a
uniform mean flow (e.g., ignore boundary layers andrs¢joa zones), | can treat this as an alumina rod
subjected to a distributed load resulting from the drag force imposed by the molten steel flow (Figure 3).

Assuming a bulk flow of 1.6 m/s (corresponds3 ton/min through a 76 mm diameter nozzle
bore), alumina failure stress 80 MPa [20], and drag correspondinglow past a cylinder; the
maximum length of a 10 micron diater rod would be 0.5 mm (i.e. this length the outer fiber
bending stress would exceed the failure stress). Cleasy if the inclusions were completely sintered
together, the buildup must be greater than one irwilusi diameter to reach the extent of clogs observed
in practice. For the buildup to extend 20 mm radigtg the bore, the alumina rod must be 0.26 mm in
diameter.

The “pure” alumina clogs observed in practice will still have significant spacing between the
deposited particles. Theogé, the buildup must be thicker thae thalue predicted above to offset the
reduction in effective strengtiThe above model was modifieddocount for a buildup containing a
volume fraction of 17% alumina (based on surface tension arguments as discussed below). For this
porous buildup to extend 20 mm radially into theghdhe alumina rod must be 0.62 mm in diameter.

Note that in both cases, buildups of signifidanigth will survive if the buildup is only a fraction
of a millimeter wide. If the deposition process is considered as the addition of deoxidation particles to
random locations on a clog matrix, then it can dr@ctuded that only a fraction of the buildup fingers
will have sufficient cross-sectional area to continue growing. It also follows that the fraction of the
buildup fingers that continue to grow will beegter if their unsupported length is decreased by
solidified steel.

2.1.2. Steel Reinforcement of the Alumina Matriko determine whether the steel within the
matrix solidifies during casting, a one dimensiost#ady state heat transfer model of the submerged
entry nozzle was developed (Figure 4). The SleiahdrRouse correlation [57] was used to predict the
heat loss from the molten steel stream. Heat transfer through the clog and nozzle wall was assumed to
be via conduction only. Heat was lost to ambientaalyation. The dimensions)aterial propgies, and
casting conditions considered are shown in Table I.

For a sufficiently large clog thickness, the apped steel adjacent to the wall will freeze. The
effect of clog thickness on the frozeeet(i.e., skull) thickness is shown in Figure 5. It is seen that for
clog thicknesses greater than 3.5 mm, skulling will ocdure effect of varyig the assumed parameters
(see Table I) on the skulling behavior can be seé&iguare 6. It is seen that the conductivity of the
refractory and the freezing temperature of the steel have a large effect on the degree of skulling.

The freezing temperature will be a function of teacentration of solute at the interface. To
estimate the solute concentratairthe interface, a transient sdiication analysis was accomplished
(see Figure 7). The concentration profile aheath®interface was approximated as the profile which
would result from a constant interface velociyga quiescent melt. Latent heat evolution was
accounted for and sensible heatslavas neglected. An explicit tirmgepping algorithm was used to
track the interface position.



As shown in Figure 8, the constant growtterassumption is consistent with the predicted
solution after the initial transientHowever, solute convection is eeqied to be non-negligible for low
growth rates (e.g., for an intade velocity of 5 mm/hr, the coantration boundary layer thickness =
D/V = 14 mm). This will tend to increase the growth rate from the predicted values. Considering only
superheat removal, the sensible heat loss is negligible compared to the latent heat loss (i.e., Stefan # =
.07).

The net results of the transient analysis are showigure 9. It is seen that as the clogging rate
increases, the distance between the clog front and the solidification front increases (e.g., for a final clog
thickness of 20 mm, increasing the deposition rate from 1 to 20 mm/hr decreases the final skull thickness
by 4 mm). The “steady state prediction” curve shows the predicted steady state skull thickness using the
interface temperature obtained from the transient analfsisomparing the two curves, it is seen that
the skulls are approximately at thieady state temysgure distribution.

A steady state analysis okttundish nozzle was also accomipiid. The steady state submerged
entry nozzle model was modified to include an adddi steel shell outside of the nozzle (to represent
the mounting block) and an intervening gap (FiglBe The additional parartegs are shown in Table
l. As seen in Figure 11, in spite of the increa®imal resistance, skulling is still observed when the
clog thickness is greater than 4 mm. The reason that the increase in thermal resistance has such a small
effect on the skulling behavior is that the heabsfer area between the nozzle assembly and ambient
also increases. Figure 12 shows that inengathie mounting block thickness from 100 mm to 300 mm
will actually result in a small increase in skull thickness.

These analyses indicate that skulling may be an integral part of the clogging mechanism in some
regions. Skulling would enable inclusion deposits of smaller width to survive by reducing their
unsupported length. Since this would reduce re-emt@nt of the clog matrix by the molten steel
stream, it would increase the clogging rate.

Also, skulling may help explain how steel cleanliness effects the quantity of entrapped steel in
the clog. As the cleanliness is degraded, tlo&idation product depositionteawill increase, thereby
causing the distance between the solidification front and the clog front to increase. This will enable the
clog matrix, which acts like a filter, to captur®mre deoxidation producend expel liquid steel.

Furthermore, the density of the buildup will be resaeily higher to preverailure of the longer
unsupported buildup length. If the volume fractiormlimina within the matrix becomes high enough,
then all the steel within that region of the clog will be expelled [20].

The effect of skulling on clog growth will be greater during some casting transients (e.g.,
initiation and interruption of casting) due to low n@&al melt temperature. During these transients,
skulling will not only increase the strength of theg-matrix, but may outpace the clog front and extend
into the bulk flow. This might be especially important at initiation of casting since it would increase the
effective wall roughness and thevef increase deoxidation product wap. Whether skulling occurs
during steady state or transient casting conditions, the rate of its remelting (if the temperature is
subsequently increased) will be limited bg tiate of carbon diffusion to the interface.

2.2. Other Modeling Results



To determine the relative importance of variphgnomena, a numberadditional models were
developed, as dcussed below:

2.2.1 Nozzle Flow Model - The only measure afggling during the cast is the slide gate or
stopper rod position. A crude model of the tundistzie slide gate, and submerged entry nozzle was
developed to quantify thelationship between slide gate positaond degree of clogging. The tundish
nozzle and submerged entry nozzle were modeled@asgh pipe whose radius was decreased by an
amount equal to the clog thickness. The nozzle peete modeled as a tee. The slide gate was
modeled as an orifice @quivalent cross sectiomé subsequently adjustedlietter match caster data.
The pressure drop due to flow acceleration at@imdish nozzle entrance was determined using
Bernoulli’'s equation. The casting conditiormnsidered are given in Table II.

Table Il. Fluid Flow Analysis Parameters

Parameter Value Source

Density 7015 kg/n¥ [62]

Tundish Melt Height 1203 mm

Nozzle Submergence Depth 203 mn

Tundish Nozzle Length 343 mm

Submerged Entry Nozzle 840 mm

Length

Nozzle Inner Diameter 80 mm

Nozzle Surface Roughness 0.5 mn

Port Resistance Coefficient 0.8 50 mm

Dia. Tee

[64]

The relationship between degree of cloggingthedslide gate position required to maintain the
casting rate is shown in Figure 13. It is seenvbay little slide gate travel is required until the clog
reaches a critical thickness. After reaching tliticat thickness, a small increase in clog thickness
necessitates a large change in slide gate positioa.ufitherlying reason for this behavior is that for a
fixed casting rate, the turbulent pseire drop through a rough pipensersely proportional to the fifth
power of the pipe radius. Thisstdt indicates that slide gate positisrgenerally a poor indicator of the
extent of initial clogging.

This analysis was also utilized to predionditions and regions at which air aspiration were
most likely to occur. Figure 14 shows the gapgessure within the tundish and submerged entry
nozzles for a casting speed of 4 ton/mid ¢éhree different clogging conditions.

The first condition represents casting throaghozzle with no clogging. As expected, the
majority of the pressure drop foriglcase is due to the slide gatéote that the pressure in the upper
half of the submerged entry nozrepredicted to be below atmospicegpressure, making this region
susceptible to aspiration. These results agood qualitative agreement with the measurements of
Heaslip et. al. [43] who performed a series of watedeling experiments whiduantified the effect of
gas injection on the pressure distribution. Additlamark is planned to simulate the specific casting
conditions he considered.



The second condition considered represenis@ish and submerged entry nozzle with a limiting
amount of clogging (i.e., the required slide gate pwsito maintain cast speed is 100%). It is noted
here that the pressure everywhexmains above atmospheric. Theal case considered represents
limiting clogging in the tundish nozzle and no clogging in the submerged entry nozzle (e.g., the
condition after a submerged entry nozzle replaceméi).this case the entire tundish nozzle is below
atmospheric pressure.

2.2.3. Fraction Alumina Captured by Nozzle

When no clogging countermeaiss are employed, nozzle clogging has been observed to limit
sequence casting to 1-3 heats [1, 45]. Assuming 250 ton heats and a 30 ppm combined oxygen
concentration in the tundish, 32 kg of aluminill pass through the nozzles in two heats.

The density of a pure alumina clog will depend on the packing efficiency of the deoxidation
products. If the clog is modeled as a group of 1Goniciameter finger-like sictures (see Figure 15)
and the critical distance between the fingers for ejection of molten steel is calculated [10], the volume
fraction of alumina in a “pure alumina” clog is 17%onsidering a two strand caster [1] having 1 m
long nozzles with 20 mm thick clogs, the amount afraha within the clogs is calculated to be 5.1 kg.

Taking the ratio of the deposited alumina to themaha throughput, it is seen that in these severe
clogging situations about 16% of the alumina pag$irough the nozzle is deposited (assuming the clog
is composed of deoxidation products). This indictitesin the absence ofogging countermeasures
(e.g., argon injection), transport of the inatus to the nozzle wall is fairly efficient.

2.2.4. Relationship between Retation and Clogging Rate

Nitrogen pickup between the tundish and moldlwamsed to quantify the reoxidation occurring
in the nozzle [58]. Prior to efforts to improvezate air-tightness, McPherson [58] measured nitrogen
pickup values of 5 ppm. Considering 250 ton s@aid assuming all the aspirated oxygen forms
alumina, this reoxidation source wdwenerate 1.4 kg of alumina indweats, a substantial fraction of
the above calculated clog mass.

The aspirated oxygen alaccelerates the deposition of det@ation products by creating a
surface tension gradient around thexddation product which in turn caas a net force on the particle
in the direction of the wall. Considering a lin@ariation in surface tensn with position, and assuming
Stokes drag on the particle, the surfaceitan induced partie velocity is:

where, V = patrticle velocity
m, = surface tension gradient

R = particle radius
M = viscosity of steel
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Consider aspiration occurring evenly over thegté of a 1 m long, 80 mm diameter nozzle which

results in a nitrogen pickup of 0.3 panrelatively air-tight systemlLB]. Assume that the oxygen does

not react with the steel or deoxidants in the vicinity of the wall. The concentration gradient needed to
diffuse the oxygen through the near-wall region to the bulk flog=@6 cn#/s [56]) will in turn

generate a surface tension gradient due to the effect of oxygen concentration on steel surface tension (
5 (N/m) / (atom% O) [56]). This surface tension gratiresults in a surprisingly high particle velocity

of 0.9 m/s for a 10 microdiameter particle.

In light of this analysis and prior publicatiotiscussing deoxidation produtcansport [31], it is
concluded that in some regionsyein the vicinity of the aspirath and outside of flow recirculation
zones), this surface tension-induced transport ar@sim may be the dominant mode for transporting
deoxidation products to the wall.

3. SUMMARY

Clogging in continuous casting nozzles resutdecreased productivity, increased maintenance
expense, and decreased product quality. Cloggsigts from deposition afeoxidation products,
solidification on the nozzle wall, formation of complexides, or chemical reactions at the nozzle wall.
These mechanisms may work together in practieféective clogging countermeasures include
improving steel cleanliness, addioglcium, injecting argon, and elinaiting flow recirculation zones.

A simple steady state heat transfer analysis of the nozzle indicates that the steel within a clog
buildup may freeze during casting and thereby reagfdhe clog buildup. It was shown that the
cleanliness of the steel may effect this solidifma behavior by changintpe deoxidation product
deposition rate. The skulling will occur to a greater degree at initiation of casting since the nozzle and
surrounding hardware will act as a heat sink.c&skulling within the nozzle will increase the clog
buildup rate by reducing the amouwftclog re-entrainment, actions reduce skulling will be further
investigated.

Other scoping calculations indicate that clogging factors are of little use in quantifying the extent
of initial clogging, air aspiration is most likely at the start of cast in the region just below the slide gate
or following submerged entry nozzle replacemernhetundish nozzle (if theeindish nozzle is badly
clogged), a significant fraction of the alumina in the steel is captured by the nozzle when clogging
countermeasures are revhployed, and air aspiration intethozzle can account for a significant
fraction of the clogging and pronetleposition of deoxidation products.
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Analysis Model



