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Abstract: This paper presents a comprehensive and critical review of mold flux entrainment mechanisms in
continuous casting of steel. Entrainment introduces inclusions into the final product,and thus greatly hinders clean
steel production. By understanding the mechanisms that cause entrainment, the operating conditions of casters can
be tuned to reduce the number of defects. Nine different mechanisms have been proposed over the last three
decades, including vortex formation around the submerged entry nozzle ( SEN) ,argon bubble interactions with the
slag layer, shear-layer instability at the slag-steel interface ,excessive upward flow impingement upon the meniscus,
top surface level fluctuations,, meniscus freezing and hook formation, top surface “balding” ,top surface standing
wave instability, and slag crawling down the SEN. The previous work done for each of these mechanisms is
presented , including both quantitative and qualitative descriptions of their behavior.
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1 Introduction

Mold flux/slag entrainment, also called
emulsification, entrapment, involvement, or
engulfment is an important problem in the
production of clean steel. By any name, this
phenomenon of interest in this work is characterized
by droplets of melted mold powder being drawn
into the molten steel pool inside a continuous
casting mold. Mold flux entrainment can cause both
surface and internal defects if the entrained particles
become trapped in the solidifying steel. All of the
previous work on this subject, regardless of the
analysis method or entrainment mechanism, agrees
that mold flux entrainment depends mainly on the
physical properties of the materials involved
(‘especially the density, viscosity, and interfacial
tension of the steel and slag); the slag layer
thickness; and the flow system design and
operating conditions ( especially nozzle geometry,
casting speed,and argon gas flow rate).

Flux entrainment has received much attention
over the years and several mechanisms have been
proposed , which are summarized in this work. Many
studies have used room-temperature physical
models, usually with water and a silicon oil.
Physical models are unable to match all of the
relevant similarity criteria simultaneously ,however,

so their results are difficult to interpret
quantitatively. The ever-advancing computer
technology  has  also  allowed  numerical
investigations of flux entrainment, although

challenges related to turbulent and multiphase flow
still remain. The computational models referred to
in this paper usually treat turbulence with the k — ¢

model , though other models find occasional use.
Previous reviews of work on this topic include
those of Herbertson et al. "', Suzuki et al. '*', and
Thomas"', but a comprehensive picture of the
mechanisms of mold flux entrainment remains
elusive. Early work focused mainly on fluctuations
of the meniscus level , which correlate strongly with
defects. The entrainment mechanisms reported in
later literature fall into eight more families;
meniscus freezing, argon bubble interaction, slag
“crawling” down the submerged entry nozzle
( SEN ), vortexing, meniscus standing wave
instability, shear-layer ~ ( Kelvin-Helmholtz )
instability , narrow face spout impingement upon the
meniscus, and meniscus balding. Most mechanisms
suggest a critical condition for entrainment, which
can be used as a practical evaluation of physical or
numerical models of fluid flow in a caster.
Entrainment is not detrimental to product quality
unless the inclusions ultimately become caught in
the solidifying steel. Particles may or may not
become entrapped in an approaching dendritic
solidification front depending on the particle
diameter, local crossflow velocity, and steel
composition'*’. Downward flow velocities may
exacerbate entrapment by suspending the rising
particles in front of the solidifying interface'”’
which may explain why single-roll patterns are
found to produce more slag entrapment defects'®’.
The capacity of the liquid slag layer to absorb the
inclusions that reach it depends greatly on the
composition, and associated properties’’’. Dynamic
models have been constructed for solid®' and
liquidm particles to determine if a particle will be
absorbed into the slag layer, which decreases with
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decreasing inclusion particle diameter, decreasing
wettability between the slag and particles , increasing
interfacial tension, and increasing slag viscosity.
However, these same properties which discourage
inclusion removal often help to prevent entrainment
from occurring at all.

This paper presents a critical overview of the nine
families of mechanisms that cause entrainment of
mold slag during continuous casting. The review
adopts the following symbols; V is velocity, g is
acceleration due to gravity, g is molecular
viscosity,p is density ,and [",; is interfacial tension
between fluids A and B. The subscript u refers to
the upper fluid layer ( melted mold powder) and
the subscript [ refers to the lower fluid layer
(molten steel ). SEN port angles are defined to
increase when pointing less steeply downwards.

2 Meniscus level fluctuations

Many early studies on slag entrainment
mechanisms focused on transient fluctuations of the
meniscus, because they are observable and
measurable in the steel plant. However, recent
numerical models'""""  showed how level
fluctuations can entrain slag by exposing the
dendritic interface of the top of the solidifying steel
shell to liquid slag and mold powder during a
sudden drop in the level. Fig. 1 shows the sequence
of events leading to entrainment by this
mechanism. Although oscillation causes slight
changes in liquid level during each cycle, transient
changes in the flow pattern in the mold are
responsible for the large level fluctuations that
cause severe slag entrainment defects.

Fig.1 Entrainment by meniscus level fluctuation

Physical model studies have shown that meniscus
fluctuations increase with increasing casting
speed' " increasing SEN bore diameter'"’
increasing ( ie. more upwards ) SEN port
angles' " | decreasing SEN immersion depth'™’ |
decreasing slab width''>  and increasing argon flow
rate'>'**) Poor wettability between the argon and
SEN refractory increases the effect of argon on
fluctuations' ' | but increasing the casting speed
decreases the effect of argon bubbles ',
Electromagnetic forces offer another variable to
control the flow pattern. Plant experiments using
electromagnetic braking have reported decreases in
level fluctuations and associated defects ( cf. the

review in the paper by Cukierski and Thomas' ' ).

3 Meniscus freezing and hook formation

Another mechanism for the entrainment of slag
and inclusion particles to form surface defects is
illustrated in Fig. 2, which shows a slag particle
entrapped by a hook. The root cause of hook
formation''"”""* is freezing of the meniscus, due to
insufficient heat delivered to the meniscus region
near the narrow face. The frozen meniscus may
extend into the melt and capture rising bubbles or
particles. In addition, overflowing of the frozen
meniscus can entrap any slag coating its surface.

Hooks can be prevented by increasing flow
velocity, increasing superheat, or increasing SEN
port angles more upwards,all of which increase the
heat supply to this region.

Fig.2 Hook trapping a particle

Flow conditions such as caused by a shallow SEN
may produce excessive meniscus surface velocities
which increase surface turbulence, leading to
instability, entrapment, and uneven powder
distribution, as discussed in the previous section.
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However,too deep an SEN can result in meniscus
freezing , hook formation, and shell thinning below
mold exit''”’. Kubota'"' demonstrated that EMBr
may be used to increase flow velocities at lower
casting speeds to avoid hook formation, and gave
the condition that surface velocities should be kept
above a lower limit of 0. 15 - 0. 25 m/s to
minimize surface defects for the mold considered in
the study.

4 Argon bubble interactions

Argon gas is usually fed into the SEN to help
prevent nozzle clogging, which leads to problems
from both nonmetallic inclusions and asymmetric
fluid flow. Argon bubbles also add a buoyancy
force to the steel flow that changes the flow
pattern. Thus, argon injection may lessen some
problems, such as hook formation,but is detrimental
to other entrapment mechanisms, such as surface
level fluctuations.

Emling, et al. '*' found product defects caused
by argon gas bubbles coated with mold slag. They
noted in a water model study that argon bubbles
flowing out of the SEN can form a foam with the
slag layer,which can adhere to and crawl down the
outside of the nozzle and become caught in the
nozzle jet,as illustrated in Fig. 3. The occurrence of
the foam was found to increase with increasing slab
width, increasing argon injection rate, increasing
slag  viscosity, decreasing slag density, and
decreasing interfacial tension between the slag and
steel . A critical maximum argon flow rate was
observed to reduce defects'®™ , and was later
shown'"”! to increase with decreasing casting
speed, increasing slag layer viscosity, increasing
nozzle port angles, and increasing wettability
between the SEN refractory and molten slag.

Fig.3 Slag foaming
5 Slag crawling

A solid object submerged into a flowing liquid

will result in a pressure buildup on the windward
(right) side and a corresponding pressure drop in
the leeward (left) side,as illustrated in Fig.4(a).
When a free surface is present, these pressure
changes will cause changes in elevation of the
surface. Asymmetric flow in a continuous casting
mold can cause this situation to occur. This low-
pressure zone might draw some liquid slag down
along the outside of the SEN, and if severe enough,
the slag might become entrained into the steel jet
and be carried away to form defects, as shown in
Fig.4(b).

Fig.4 Slag crawling

Physical model experiments of flow past a
circular cylinder[m were performed to investigate
this mechanism. The penetration depth h, that the
upper fluid crawls down the cylinder is:

hy =1.90Cp nupu Vi + Coiwpe Vi 1/
[g(pe —pu)] (1)
where C, ... =1.0 and C, ,, =2.5 are the pressure
coefficients for a circular nozzle. For elliptical
nozzles, the coefficients to decrease with increasing
aspect ratio a according to[22 ] ;
Cpmax =1.376 =0.0652 - a (2)
Copmin =1.978 =1.065 - In(a) (3)
where the aspect ratio is the ratio of the major
diameter ( parallel to the flow direction) to the
minor diameter, so increasing the SEN aspect ratio
lowers the penetration depth. To avoid entrainment
by this mechanism, the SEN immersion depth
should be greater than the slag penetration depth.
Note that slag crawling and the slag foaming
mechanism discussed previously can act together to

aggravate entrainment > | but this is not reflected in
Eq. (1).

6 Von karman vortex formation

Flow past bluff bodies can result in the periodic
shedding of vortices in the wake of the object.
Asymmetric flow between sides of the mold is the
source of flow through the narrow gap between the
SEN and mold walls that causes vortices that
entrain slag, as shown in Fig. 5. The slightest
asymmetry can result in the formation of vortices,
but this does not guarantee the entrainment of slag.

These vortices can entrain slag that becomes
entrapped between the dendrites on the wide face
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near the SEN, leading to a sharp increase in the
number of sliver defects in the center of the
slabs' . Alternatively , vortices may pull a funnel of
slag deep enough into the mold that the jet coming
out of the SEN entrains the tip of the vortex,
transporting slag-related inclusions elsewhere in the
slab'*~*) The vortices are always observed to form
on the weaker side of the flow,i. e. in the wake of
the SEN'” ' Vortex depth increases with
increasing meniscus surface velocity ', Vortex
diameter increases with increasing casting speedm:
and SEN misalignment'?**'. Vortex formation
frequency increases with increasing slab width' ">
shallower SEN immersion depths''>*? increasing
SEN  port 2.2 increasing  casting

angle' ,
speed @22 and increasing SEN
misalignment"

23,24]

2

Fig.5 Vortexing entrainment

Vortex formation needs both rotational flow in
the plane of the meniscus,and a downward-pulling
sink. The sink momentum is found where the
opposing roll flows meet near the center of the
mold ™?"’. A maximum velocity for vortex
formation was also observed, because excessive
velocities cause the meniscus to become too
oscillatory and turbulent to allow the formation of
vortices =7 Computational models confirm that
vortex formation cannot occur with perfectly
symmetric geometry and flow conditions >’
Meeting a critical meniscus velocity or flow rate
criterion does not guarantee vortex formation'*’ |
and furthermore , the presence of a vortex does not
necessarily mean that slag will be entrained into the
melt >’

Increasing argon flow rates to above 10% gas
fraction induces buoyancy that can decrease the
downward velocity near the SEN and prevent
vortex formation, but this reinforces asymmetric
flow'?’ and can also trigger the argon-related

mechanisms discussed above. Vortex formation was
shown to be effectively suppressed with sufficiently
strong EMBr to control the asymmetry of the
flow'>*!. Recent water modeling'>' has proposed
a critical surface velocity for vortex formation of
0.3 m/s,as well as a model to predict the depth of
vortices h, ;

h, = [Vi/ellp, /(pe —p)] +

c([AV/e]lp/(pe —p) D™ (4)
where V__ is the horizontal steel velocity (m/s) in
the center of the mold, 10 mm below the water-oil
interface and halfway between the SEN and wide
face, AV, is the sudden change in vertical velocity,
measured 50 mm below the steel-slag interface, 10
mm away from the SEN and halfway between the
wide faces,and C =0. 0562m"* is a constant with
all other quantities in m-kg-s units. This model
predicts the SEN immersion depth needed to avoid
the jets cutting of the tips of the vortices.

7 Meniscus standing wave instability

Flow beneath a free liquid surface will create
surface waves which can become unstable and turn
over to entrain the interface, if the local slope
becomes sufficiently steep ( exceeding
vertical ) ', The flow in continuous casting molds
leads to a stationary wave in the surface shape,
excluding the local level fluctuations discussed
previously. A stability criterion was proposed as a

height-to-wavelength ratio*"**' .

(Pyne/ V) e = 0.21 +0.14(p,/p, )* (5)
where h,,. is the wave height defined as the
vertical distance between the lowest point ( trough)
and highest point (crest) of the surface level and is
the wavelength, defined as the distance between the
outer SEN wall and the narrow faces ™ *'. Early
experiments  indicated this model is an
overprediction and that a vortex forms at the node
at lower height-to-wavelength ratios, indicating that
the stability of the wave is governed by shearing at
the interface, rather than by the wave turning
over'.

Eq. 6 can be used with any of the models
available in the literature ***>*¥-%/ that predict the
wave height to create a criterion for critical SEN
port velocity. For example, the wave height &
may be calculated as[32 ] ;

31]

wave

hwave = 0 31 ( Vicrt/g) (Dport/Lc) :
[(P( +pu>/(p€ _pu>1 (6>
where D, is the diameter of the SEN ports,V,  is

the velocity of the molten steel at the SEN ports,
and L, is a characteristic length taken as the height
of the upper recirculation zone, calculated as L. =

1 1 ) .
hSEN + ?ws]ab tan ( (t)discharge - ?d)jel ) for 1mmersion
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depth hggy, slab width w, , jet discharge angle
O gischarge » and. jet spread angle ¢ as shown in
Fig. 6.

spread

Fig.6 Standing wave instability

With a proper surface tension model, the wave
instability event was successfully simulated
numerically[m. This numerical model showed a
recirculating packet of fluid at the trough that
disappeared after entrainment. This suggests that
shear stresses form a horizontal vortex that causes
the instability of the interface, which is a different
mechanism, discussed in the next section. The
highest surface velocities coincide with the trough
of the standing wave ") which again indicate
that shear instability is the real cause of
entrainment. None of the models in the literature
investigated a steel-slag system,asymmetry effects,
or combined effects of buoyancy, surface tension,
and three-dimensional flow features. However, it
appears likely that the standing wave height
instability ( turnover) mechanism is not a problem
in practice, because shear instability occurs more
easily.

8 Shear layer instability

The interface between two density-stratified fluids
with relative motion will become unstable with a
large-enough difference in velocity. A theoretical
condition for this instability was derived by
Helmholtz'*' and Kelvin'*' for two idealized fluids
separated by a flat interface. Most researchers have
identified shear instability of the interface to be a
cause for mold slag entrainment, shown in Fig. 7,
though little has been done to explore this
mechanism. This fundamental hydrodynamic
phenomenon of Kelvin-Helmholtz instability has
received considerable treatment over the last 150
years and is found throughout nature, including
ocean waves and clouds. The interface between the
two fluids becomes unstable when the velocity
difference between the two layers is greater than.

4
AV = /4g(p, —p)Tulp, +pi 1> (7)

Fig.7 Shear instability

Magnetic fields applied transverse to the flow
direction do not affect the stability of the interface,
and fields applied parallel to the flow direction have
the same effect as surface tension in stabilizing the
interface'*'’. The physical model experiments of
Iguchi, et al. “2) confirmed the Milne-Thomson"*"
extension of the Kelvin-Helmbholtz theory for finite-
depth fluids using low-viscosity oils, where surface
tension is not important. This shear instability
mechanism is most likely to occur midway between
the narrow face and the SEN where the horizontal
surface velocity is a maximum.

9 Upward flow impinging on meniscus

The upward spout along the narrow faces
resulting from a double-roll flow pattern may cause
slag entrainment in both cutting'*”’ and dragging'*’
and modes, illustrated in Figs. 8 and 9. This is an
example of shear-layer instability where the
geometric aspects of the flow render the Kelvin-
Helmholtz theory inapplicable. Harman and
Cramb'*’ developed the following relation, based

on measurements of oil-and-water  model
experiments ;
Vcrit = 3 065(]—'?“292g0 115/60, 365>

( (p( _pu>0.215/p(:. 694) (M?l 231/M((). 043) (8)

Fig.8 NF spout,dragging mode

Entrainment occurs more easily with lower water
(steel) density, lower interfacial tension, lower oil
(slag) viscosity,and increasing slag layer thickness
5. This work was repeated’' for a wider property
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range and more controlled flow patterns and
resulted in similar trends, except for the effect of
slag layer thickness.

Fig.9 NF spout,cutting mode

10 Meniscus balding

In a worst-case scenario, some of the above
mechanisms for slag entrainment can push the slag
layer out of the way,as shown in Figs. 10 and 11.
This phenomenon is termed “ balding of the
meniscus,” as it exposes molten steel to the
sintered and solid powder layers of the slag layer,if
not the atmosphere. This can occur in continuous
casting at high nozzle flow rates”®™ | and the
accompanying surface re-oxidation forms inclusions
such as alumina. Also, particles of powder can
become entrained at the bald meniscus, especially if
the bald spot coincides with the trough of the
standing wave ™. Meniscus balding may be
prevented by having a slag layer thickness at least
the size of the standing wave height*’ such as
predicted from Eq. 6. Excessive argon flow rates
can also cause balding, as illustrated in Fig. 11.

Fig.10 Balding by excessive NF spout

Fig.11 Balding by excessive argon flow

11 Discussion

Designing and operating a caster to avoid
entrainment requires careful selection of many
different inter-related parameters,to find a window
of stable, entrainment-free operation. Casting
conditions must be found to simultaneously avoid
each of the above mechanisms. The various

equations presented here can be used together as
design tools or to help evaluate the results of a
numerical or physical model of flow in the caster.
In using these equations, it should be noted that
critical conditions for a given mechanism are often
exceeded due to asymmetric flow conditions, even
though symmetric time-averaged flow conditions
would have safely avoided entrainment.

There is no single optimum solution. For
example, the choice of slag layer properties should
balance the conflicting needs to use the slag as an
inclusion catcher ( requiring lower interfacial
tension) with preventing shear instability ( requiring
high interfacial tension). Further work is needed to
include chemical composition and mass transfer
effects at the interface'’’, which can significantly
change the interfacial tensions.

Entrainment by vortex formation combined with
related exacerbating mechanisms is likely the most
common mechanism of entrainment, owing to the
ease at which asymmetric flow can occur. The
stability of the standing wave ,the impinging narrow
face spout, and bone fide Kelvin-Helmholtz
instability are all different embodiments of the same
mechanism; parallel  shear-layer instability.
Preventing shear instability requires control of
surface velocity. Maintaining a safe surface velocity
requires selection of SEN parameters and EMBr
settings to avoid excessive meniscus fluctuations
and shear instability, while keeping the meniscus
temperatures warm enough to prevent hook
formation.

12 Conclusion

Many studies have been performed over the years
to investigate mold slag entrainment, which is one
of the main sources of inclusion defects in
continuous casting of steel. This work identifies
nine  distinct mechanisms  responsible  for
entrainment , especially vortexing due to asymmetric
flow,argon bubble interactions with the slag layer,
shear-layer instability at the slag-steel interface,and
excessive upward flow impingement on the
meniscus. Other important mechanisms include
meniscus level fluctuations, meniscus freezing and
hook formation, and meniscus balding. Standing
wave instability appears unlikely as shear-layer
instability can occur more easily. The slag layer can
also crawl down the SEN, which is important at
shallow submergence depths or with slag foaming.
The various simple models available to estimate
these nine mechanisms are summarized here, and
can be used together to evaluate flow patterns in
models of the flow field in the molten steel pool.
Predictions are further complicated, because the
different mechanisms can act together to aggravate
entrainment. Much future work is needed to develop
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better prediction tools to control this important
problem.
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