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MODEL INVESTIGATIONS ON SLAG ENTRAINMENT IN CONTINUOUS CASTING

MODELOWE BADANIA ZACIĄGANIA ZASYPKI KRYSTALIZATOROWEJ W PROCESIE CIĄGŁEGO ODLEWANIA

Today continuous casting is the state of the art in industrial casting processes. The casting powder used fulfill various
tasks such as preventing air contact, absorbing non-metallic inclusions from liquid steel, providing lubrication between strand
shell and mould wall and controlling heat transfer. The mould powder in contact with liquid steel surface forms a liquid slag
layer. The jet of liquid steel from submerged entry nozzle is reflected at the mould wall forming a lower and upper flow
pattern. The upper flow moves along the steel-slag interface and generates shear stress at the interface and waves. Viscosity-
and density-differences between the two liquid phases leads under certain flow conditions to finger like protrusions. Reaching
a critical flow velocity the protrusions can breakup and form slag droplets following the flow into the liquid steel-pool. These
droplets can form finally non-metallic inclusions in steel material, cause defects in the final product and therefore should be
avoided. Till now the physical mechanisms of slag entrainment are not completely understood.

The interaction at the liquid-liquid interface was investigated using cold model study using a single-roller driven flow in
oil-water systems with various silicon oil properties. The critical values of the dimension free capillary number Ca for droplet
breakup marking the start of their entrainment in the lower fluid are determined over a wide-range of fluid properties defined
as the product of viscosity ratio (dispersed liquid/continuous liquid) and density ratio (continuous liquid/dispersed liquid) Λ.
With the knowledge of thermo-physical properties of steel-slag systems the critical capillary number Ca* for slag entrainment
as a function of Λ could be derived. Assuming stable conditions at the interface and no reaction between the phases no slag
entrainment should occur under usual casting conditions.
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Obecnie ciągłe odlewanie jest najnowocześniejszą metodą w przemysłowych procesach odlewania. Zasypka krystalizatoro-
wa stosowana w procesie spełnia różne zadania takie jak: ochrona przed atmosferą powietrza, absorpcja wtrąceń niemetalicznych
z ciekłej stali, zapewnienie smarowania między powierzchnią pasma a krystalizatorem oraz kontrola wymiany ciepła. W kon-
takcie z powierzchnią ciekłej stali zasypka tworzy warstwę ciekłego żużla. Strumień ciekłej stali z wylewu zanurzeniowego
jest odbijany od ściany krystalizatora formując zróżnicowane natężenia przepływu. Wyższy przepływ stali wzdłuż powierzchni
żużla generuje naprężenia ścinające na powierzchni rozdziału faz oraz jej falowanie. Różnice lepkości i gęstości pomiędzy
dwiema ciekłymi fazami prowadzą pod pewnymi warunkami przepływu do powstania wypukłości. Osiągnięcie krytycznej
prędkości przepływu może powodować odrywanie wypukłości i formowanie kropelek żużla przepływających do ciekłej kąpieli
metalowej. Kropelki te tworzą wtrącenia niemetaliczne w stali, powodując wady w końcowym produkcie, zatem powinno sie
dążyć do ograniczenia ich powstawania. Do tej pory fizyczne mechanizmy zaciągania żużla nie zostały dokładnie poznane.

Oddziaływanie na granicy ciecz-ciecz zostało zbadane przy użyciu zimnych modeli z pojedynczą rolką napędzającą w
układzie olej-woda, przy użyciu olejów silikonowych o różnych właściwościach. Krytyczna wartość liczby kapilarnej Ca dla
rozdrobnienia wskazującego początek zaciągania przy niskim przepływie została wyznaczana dla szerokiego zakresu właści-
wości na podstawie współczynników lepkości (płyn zdyspergowany/płyn ciągły) i gęstości (płyn ciągły/płyn zdyspergowany) Λ.
Znając właściwości termofizyczne układu stal-żużel można wyprowadzić krytyczną liczbę kapilarną Ca* dla zaciągania żużla
jako funkcję Λ. Zakładając stabilne warunki na powierzchni międzyfazowej oraz brak reakcji między fazami, w zwykłych
warunkach ciągłego odlewania nie powinno następować zaciąganie żużla.

1. Introduction

The emulsification in steel-slag systems is an area of
interest in different stages of metallurgy. In the basic oxy-

gen furnace the emulsification of molten steel in top slag
or the reverse emulsification of the top slag in the molten
steel takes place under certain blowing conditions. These
phenomena significantly influence the rate of reaction
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between the molten steel and the slag [1],[2]. The effect
of sulphur on emulsification behavior in steel was studied
by El Gammal et al. [3]. Calculating the flotation coef-
ficient they pointed out a maximum of emulsification of
steel in slag in the initial stage of desulphurization i.e. at
high sulphur content in steel. A theoretical model for the
emulsification of slag into steel in gas-stirred ladles was
developed by Wei and Oeters [4],[5]. Using a balance of
forces acting on fluids near the interface the slag entrain-
ment in steel melt depending on critical flow velocity,
drop size and number of droplets formed per time were
drawn. In continuous casting process the entrainment of
slag in the liquid melt pool is a source for non-metallic
inclusions reducing product quality [6]. Increasing cast-
ing speed or melt flow rate increases the shear stress in
the vicinity of the metal-slag. To get an insight into the
mechanism of slag entrainment, model liquids are used
to predict the behavior of the steel-slag interface under
shear stress conditions. Savolainen et al. [7] studied the
influence of the thermo-physical properties like density,
viscosity and interfacial tension between model liquids
on slag entrainment. They pointed out that increasing
three parameter, the oil viscosity, density difference and
interfacial tension, results in an increase of critical fluid
flow velocity needed for slag entrainment. The breakup
of droplets of one fluid suspended in a second fluid with
density ratio ρc/ρd =1 induced by velocity lag between
the continuous phase and the dispersed droplets was
studied in couette-device and four-roller apparatus at low
temperatures extensively [8]. The breakup of droplets in
a steady shear flow depends on the viscosity ratio ηd/ηc
(viscosity of the dispersed phase divided by the viscosity
of the continuous phase) and on critical capillary number
Ca*,

Ca∗=
ucrit. ηc

σ
. (1)

Here ηcis continuous phase viscosity, ucrit.the critical
speed in the vicinity of the liquid-liquid interface and σ
the interfacial tension between the two liquids. The crit-
ical capillary number as a function of the viscosity-ratio
describes a border between stable and unstable droplets.
Increasing the capillary number to its critical value Ca*
results in droplet breakup producing two or more small-
er droplets [11]. In the present work the results of the

experimental study for droplet breakup at liquid-liquid
interfaces are presented with ρc/ρd in the range of 1.0
to 1.3 and a wide-range of ηd/ηc using a model with a
single-roller.

2. Experimental

2.1. Experimental setup

Figure 1a shows the schematic drawing of the ex-
perimental apparatus consisting of a reservoir with roller,
driving motor and measuring unit. The rectangular wa-
ter reservoir with the dimensions 0.2×0.08×0.08 m3 is
made of acrylic material. Inside of the container a plas-
tic roller with a diameter of 40 mm and a length of
60 mm is mounted. The roller is linked to a d.c. motor
with controlled rotating speed. Figure 1b and c shows
schematically the arrangement for the study of air en-
trainment and entrainment of upper liquid in the lower
liquid respectively. For the liquid-liquid study the roller
is located 10 mm below the interface in the reservoir
and the oil layer thickness is 10 mm which is carefully
stratified. For better visualisation the oil layer is marked
by red, oil soluble colour. A high speed camera in front
of the acrylic vessel records the process of meniscus for-
mation and droplet breakup with 300 frames per second.

For analysing of the experiments the open source
software Avidemux is used. With the help of a mark on
the roller and the frame number it is possible to calcu-
late the critical rotation speed ucrit. for the first entrained
droplet. For each experimental run the water reservoir is
covered with new silicone oil. At the start of the experi-
ment the roller rotate with a low rotation speed which is
slowly increased by the motor. During the acceleration of
the roller a velocity gradient between roller and interface
increases and the interface is exposed to an increasing
velocity gradient. Reaching ucrit. droplet breakup appear.
With the observation of the first emulsified droplet the
experimental run ends and after a rest time initial con-
ditions for the interface are adjusted and the next run
could be started. Using analyse system the critical rota-
tion speed at the time of the first droplet separation and
its size was recorded.
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Fig. 1. a) Top view: Configuration of the experimental setup, Side view b) Liquid level for model test c) Liquid level for experiment of upper
liquid entrainment

2.2. Dimensionless Analyse

When a liquid-liquid interface is subjected to a shear
force from a flow imposed by a rotating roller deforma-
tion of meniscus is generated. The flow acts tangentially
on the interface leading to deformation and circulation
inside of the thin layer. The interfacial tension restore
the tendency to breakup of droplets. In order to describe
the flow-induced breakup of droplets dimensionless re-
lations are used. Therefore the material properties of the
phases and the velocity are related. The utilisation of the
Π – Theorem [13] leads to a function for the entrainment
considering the following variables,

Entrainment = f
{
ucrit., ρc,ρd,ηc,ηc, σ, g

}
, (2)

where ηc and ηd are the viscosities of the continuous and
disperse phase, ucrit . the critical speed in the vicinity of
the liquid-liquid interface, σ is the interfacial tension
between the two liquids and ρc and ρd are the densities
of the continuous and disperse phase.

Applying the Π – Theorem we achieve the Π−
groups listed in Table 1. The reciprocal of Π1 is the

ratio of the deforming stress exerted by the continuous
phase (ηcucrit.) and the counteracting Laplace pressure
(2σ/r) and is called the capillary number Ca. The com-
bination of Π2 and Π3 leads to the density-ratio ρc/ρd
and Π4 is the viscosity-ratio ηd/ηc. The product of ηd/ηc
and ρc/ρd is a dimensionless number describing only
material parameters and is called Λ.

TABLE 1
Π-groups

Π1=σ/ucrit.ηc Π2=u3ρd /ηcg

Π3=u3ρc/ηcg Π4=ηd /ηc

2.3. Fluid properties of the model liquids

With the knowledge of Λ for the steel-slag system
we can chose the model-liquids for the cold model study.
Table 2 shows the properties of the used Newtonian fluids
(densityρ, dynamic viscosity η and interfacial tension σ).

TABLE 2
Properties of the liquids used for model investigations at 298 K

Liquid Phase
Density Viscosity Surface tension Interfacial tension

against H2O
Λ

[kg m-3] [kg m-1 s-1] [N m-1] [N m-1]

Silicon oilAk0.65 disperse 760 0,0006 0,016 0,040 1

Silicon oilAk5 disperse 920 0,0046 0,019 0,040 5

Silicon oilAk10 disperse 930 0,0093 0,020 0,040 10

Silicon oilAk35 disperse 955 0,0330 0,021 0,041 34

Silicon oilAk50 disperse 960 0,0480 0,021 0,041 50

Silicon oilAk100 disperse 963 0,0960 0,021 0,042 99

Silicon oilAk200 disperse 966 0,1930 0,021 0,044 199

Silicon oilAk500 disperse 969 0,4850 0,021 0,044 499

Water continuous 997 0,0009 0,074 – –
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Water was used as continuous phase for all experiments.
Silicon oils are used to develop a liquid-liquid interface
with differing viscosity-ratios. Through the choice of sil-
icon oils the viscosity was changed in a range of about
four magnitudes.

3. Results and discussion

3.1. Model-test

In order to test the roller-device and compare with
literature data the entrainment of air by a wet roller
(compare Fig. 1b) was investigated using liquids with
viscosities ranging over four decades of magnitude. The
entrainment data are correlated by the dimensionless Ca
– number and property number Γ = δ(ρ · η−4 · g−1) 1

3 . In
Figure 2 the entrainment data obtained in own study is
compared with that obtained by Bolton and Middleman
[12]. The air entrainment data in our model are slightly
higher than in the study of Bolton and Middleman. This
can by related to the differing roller materials and the
resulting wetting behaviors between the liquid phase and
the roller.

Fig. 2. Air entrainment in roller tests

3.2. Entrainment mechanism and droplet breakup

Figure 3a) to d) shows a sequence for entrainment
of silicon oil Ak50 in water. With increasing roller-speed
a meniscus with finger-like protrusion is formed. Reach-
ing a critical rotation speed droplet breakup takes place,
d). During droplet breakup the formation of satel-
lite droplets was observed. Up to a viscosity-ratio of
ηd/ηc > 50 the length of the finger-like protrusion and
thus the possibility of disintegration into more than one
droplet increase. Figure 4a) to d) show the disintegration
of a protrusion into a mother droplet with d =14 mm
and a satellite droplet (marked by arrow) of only 3 mm
in diameter. The smaller one follows the fluid-flow easily
and can be taken away from the interface.

Fig. 3. Meniscus formation and droplet breakup for system silicon oilAk50-water

Fig. 4. Formation of satellite droplets
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Fig. 5. Effect of viscosity-ratio on the droplet diameter and the critical
velocity

3.3. Droplet size

Depending on ηd/ηc the size of the first entrained
droplet was measured. Three runs of entrainment ex-
periments were performed for each silicon oil – wa-
ter system. From the captured picture of the first en-
trained droplet we derived the area of droplet using the
open source program ImageJ. Assuming ideally spher-
ical shaped droplets we can calculate the diameter d.
Figure 5 shows the droplet diameter as a function of vis-
cosity ratio of the dispersed to continuous phase. With
constant interfacial tension we observed an increase in
droplet diameter which was also mentioned in other stud-
ies [7],[18].

3.4. Correlation between Capillary number and the
ratio of viscosity and density

Theoretical and experimental studies of Rallison and
Strove [9], [14] pointed out that the breakup of New-
tonian fluid droplets entrained in a immiscible fluid de-
pend only on Ca* and ηd/ηc if inertial effects are neg-
ligible. For the model liquids used in our experimental
study ρc/ρd ranged from 1.0–1.3. In our experiments de-
pendency between Ca* and 1 should be generalized as
Ca∗ = f (1) and is plotted in Fig. 6.

The entrainment data correlated by equation 3 is pre-
sented in Fig. 6. The data points are dividing the areas of
no entrainment (Ca – values below Ca*) from the area
of entrainment of the upper liquid (Ca – values higher
then Ca*). For fixed Λ three data points on breakup
were measured. For the range 0.001 < Λ < 10 the criti-
cal capillary number is constant. In this region the Ca*
is independent of Λ. For Λ > 10 the capillary number
increases up to 0,038 by value of Λ =500. Beyond this
value we assume a drastically increase of Ca* as report-

ed by Strove [14] for high viscosity ratios in a cone-plate
device. In Fig. 6 the values of the present study are
compared with the data of Savolainen et al. [7] perform-
ing entrainment experiments with differing density-ratios
and interfacial tensions. Considering different model
configurations the measured data are in the same range.
For constant σ and increasing Λ we observe increasing
Ca*-numbers. The capillary number seems to be very
sensitive to interfacial tension. Savolainen et al. were us-
ing H2O-Na-Cl-solutions with different Na-Cl concentra-
tions in order to varied ρc/ρd in a range of 1.1-1.3. With
increasing Na-Cl-content the density-ratio increases but
the interfacial tension is diminished. With the results of
Salvolainen et al. and our own data we assume a strong
influence of decreasing interfacial tension on the cap-
illary number for nearly constant Λ. For decreasing σ
and constant Λ we assume increasing Ca*. To prevent
entrainment at liquid-liquid interfaces we have to keep
the value of Ca lower than Ca*. Doing so we can either
increase slag viscosity resulting in a higher values of Λ

or increase interfacial tension σ resulting in lower values
of system capillary numbers.

Fig. 6. Entrainment data for droplet breakup at liquid-liquid interfaces

3.5. Considerations on steel-slag systems

To get an insight into the effect of various compo-
nents on the thermo-physical properties the viscosity of
mould slags and the interfacial tension between mould
slags and liquid steel was measured. Therefore a slag
basic mixture was chosen and the components of in-
terest were changed. The viscosity measurements were
carried out using a rotating bob viscometer in com-
bination with a high temperature furnace. The torque
of a rotating cylinder immersed in a liquid slag is
measured under a constant cooling-rate of 10 K/min.
The viscosity measurements and the related parameters
are described elsewhere [15]. The measurements of the
interfacial-tension for mould powder in contact with a
liquid steel (DIN100Cr6 – Mat. No. 1.3505) where



288

TABLE 3
Values of density, viscosity and interfacial tension for liquid steel and liquid slag at T = 1823 K

Slag
ρd

[kg m-1]
ηd

[Pa s]
σ

[N/m] steel
ρc

[kg m-1]
ηc

[Pa s] Λ

A 2500 0,02 0,9
100Cr6 6900 0,005

11

B 2600 0,9 1,2 497

performed using the drop weight method, as reported
in [16]. The density of the slag was calculated using
published relationship [17].

For the steel-slag system the values of ρc/ρd are in
the range of 2.5-2.6 and ηd/ηc is in the range of 4-180.
The density-difference between steel and slag produces
a counteracting parameter against entrainment as report-
ed by Harman and Cramb [19]. We used the minimum
and maximum values of viscosity, density and interfa-
cial tension to calculate the material number Λ (Table
3). These values are marked by vertical lines in Fig. 6.
Using the Ca* - Λ – diagram to predict entrainment
of slag into steel we achieve critical capillary numbers
Ca* in the range of Ca = 0.025-0.045. If we consid-
er the steel velocity usteel = 0.3 m/s in the vicinity
of the steel-slag interface and constant interfacial ten-
sion the resulting system capillary numbers are in the
range of Ca= 0.0017-0.002 and are significantly lower
compared to the critical value obtained in experimental
model investigation. For these conditions with the sta-
ble steel-slag interface the droplet breakup should not
appear. But in the case of a local decrease of interfa-
cial tension due to reactions at the steel-slag interface
the system capillary number increases to higher values.
Chung and Cramb [19] reported a number of dynamic
interfacial phenomena during their study of interfacial
tension between liquid Fe-11pct Ti – alloys and liquid
slag. They observed a decrease of interfacial tension to
σ = 50 mN/m. Those low interfacial tensions increase
the system capillary number up to 20 times and droplet
breakup can appear. We also have to regard that the
critical velocity we have measured in the model investi-
gations is related to the speed of a roller in a distance of
10 mm from the liquid-liquid interface. For the calcula-
tion of Ca*-Λ-diagram we used the critical roller-speed.
The real velocity in the vicinity of the interface should
be lower. Assuming a velocity gradient the velocities
should be lower and the critical capillary numbers for
slag entrainment too.

4. Conclusions

Droplet breakup at liquid-liquid interface exposed
to a shear flow was investigated at room temper-

ature using a single-roller model and various sili-
con oil-water-systems. We observed increasing values of
the critical capillary number Ca* with increasing mate-
rial parameter Λ at constant interfacial tension σ. The
droplet diameter of the first entrained droplet increases
with increasing Λ and the formation of satellite drops
could be observed for Λ > 50. To keep away from critical
capillary numbers we have to enlarge either the material
parameter Λ or the interfacial tension σ.

Assuming constant interfacial tension and a met-
al flow of 0.3 m/s in the vicinity of the steel-slag in-
terface system Ca - numbers are in the range of Ca=
0.0017-0.002 and no slag entrainment should appear.
However the strong change of the interfacial tension be-
cause of chemical reactions at the steel-slag interface
can lower the interfacial tension and therefore promote
the entrainment of slag droplets into steel.
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