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Abstract
In the continuous casting of aluminum-killed steel, alumina adheres to the immersion 

nozzle, causing the molten steel flow path to close and adversely affect the flow in the mold. 
The adhesion of inclusions to refractories has been studied for the reaction mechanism 
between the refractories and the molten steel. In this study, we investigated the adhesion due 
to molten steel flow using a numerical analysis model. In order for micro-inclusions to ad-
here to the wall surface in the turbulent flow in the immersion nozzle, it is essential to pass 
into the viscous bottom layer by turbulent diffusion, so numerical analysis was conducted 
using a model based on the turbulent diffusion. As a result, near the sliding gate, nozzle 
clogging is represented by the velocity-dependent model, but the clogging of the outlet port 
could not be represented. The Linder model and the Oeters model could be represented by 
the clogging of the outlet port.

1. Introduction
In the continuous casting of steel, molten steel is poured from a 

tundish through an immersion nozzle into a mold. The molten steel 
flow in the mold has a large effect on the quality of cast slabs. It is 
desirable that the flow of the molten steel through the immersion 
nozzle should be stable. When aluminum-killed steel is continuously 
cast, however, alumina and other nonmetallic inclusions (hereinafter 
simply referred to as inclusions) adhere to the inside of the immer-
sion nozzle, clog the molten steel flow path, adversely affect the 
molten steel flow in the mold, and eventually cause deterioration of 
the slab quality.

Many studies have been conducted on this clogging mechanism 
of the immersion nozzle. Early studies investigated immersion noz-
zles used for continuous casting, evaluated the refractories and ad-
hered materials of the immersion nozzles, and reported the re-
sults. 1–3) Sasai et al. 4) performed basic experiments to clarify the re-
action mechanism between silica-containing alumina graphite, an 
immersion nozzle material, and molten steel, and reported the reac-
tion mechanism involved.

Also, the adhesion of inclusions to the immersion nozzle is con-
sidered to affect the molten steel flow near the nozzle refractory. 
Singh 5) reported the mechanism whereby inclusions suspended in 

the molten steel adhere to and deposit on the nozzle refractory wall. 
Singh’s mode considers wettability and surface tension action but 
not the inclusion motion process near the nozzle refractory wall. 
Taniguchi and Kikuchi 6) conducted a model experiment and report-
ed a mechanism whereby the lift force produced by the velocity gra-
dient near the nozzle refractory wall acts on the motion of inclu-
sions. The model of Taniguchi and Kikuchi evaluated the adhesion 
speed of inclusions to the nozzle refractory wall according to the 
theories of Rubinow and Kellyer 7) and Saffman, 8) but could not ex-
plain the adhesion phenomenon of inclusions because of the tenden-
cy for the inclusions in the downward flow to move away from the 
nozzle refractory wall. Since it is difficult for this model to explain 
the process in which minute inclusion particles, a few micrometers 
in size, reach and adhere to the nozzle refractory wall in the molten 
steel flow field in the immersion nozzle, Mukai et al. 9) proposed an 
inclusion adhesion model by focusing on the motion of inclusions 
by turbulent diffusion. Linder 10) and Oeters 11) reported models that 
consider that turbulent diffusion controls the adhesion of inclusion 
particles to the nozzle refractory wall.

As reviewed by Thomas and Zhang, 12) numerical analysis mod-
els of continuous casting in recent years have become able to make 
relatively detailed calculations, including the tundish and the im-
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mersion nozzle. The molten steel flow in the immersion nozzle is 
affected by argon gas and sliding gates and produces a complicated 
flow field accompanying gas entrapment as reported by Kato et al. 13) 
However, it is still difficult to accurately consider flow control de-
vices like sliding gates and stoppers and to perform detailed fluid 
analysis by considering gas-liquid two-phase flow due to argon gas 
injection. For example, Guitierrez et al. 14) conducted the fluid analy-
sis of molten steel through the immersion nozzle by a model that 
considers the Saffman lift force and studied the velocity of inclu-
sions adhering to the upper part of the nozzle, but they did not con-
sider sliding gates and argon gas.

As described above, it is still impossible to numerically analyze 
accurately the flow of bubbles and molten steel in the immersion 
nozzle. In this study, we investigated nozzle clogging by numerical 
analysis with a model that ignored argon gas and considered the 
shape of sliding gates and outlet ports.

2. mathematical model
2.1 Fluid analysis model

Fluid analysis calculations were performed by using the com-
mercial fluid analysis software ANSYS Fluent®. Governing equa-
tions of fluid analysis are given by Equations (1) to (3). Equation (1) 
is the law of mass conservation and Equation (2) is a momentum 
transport equation. The second term on the left-hand side of Equa-
tion (2) is a momentum convection term. The first-order upwind 
scheme was used to calculate the momentum convection term. The 
second term on the right-hand side of Equation (2) is a viscosity 
term. The components of the viscosity term are as shown by Equa-
tion (3).
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where ρ is specific gravity, v→ is the flow velocity vector, p is pres-
sure, g→ is the gravitational acceleration vector, μ is viscosity, I is the 
unit matrix, and T is the transpose matrix.

The molten steel flow in the immersion nozzle is turbulent. The 
standard k-ε model was used as the turbulence model. Here, k and ε 
are turbulent energy and turbulent energy dissipation rate and are 
calculated as shown by Equations (4) and (5), respectively.
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where μt is turbulent viscosity and calculated by

 μt = ρCμ 
k2
—ε     (6)

Gk is the turbulent energy generation rate. The coefficients of the 
standard model are C1ε = 1.44, C2ε = 1.92, σε = 1.3, σk = 1.0, and Cμ = 
0.09.

Let N be the inclusion concentration and →uP be the inclusion mo-
tion velocity. A user subroutine was developed from the transport 
equation expressed by Equation (7) and used to calculate the trans-
port equation. VT is the adhesion velocity of inclusions to the nozzle 
refractory wall and described in the next section.

 ∂—
∂t  (N) + 

Δ

∙ ( u→P  N) = −VT   (7)

The inclusions in the molten steel are assumed to be rigid parti-

cles and their motion velocity →uP is calculated by Equation (8).
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where ρP and τr are the specific gravity of particles and relaxation 
time, respectively, and are given by

 τr = 
ρP dP
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where dP and Re are the particle diameter and particle Reynolds 
number, respectively, and are given by Equation (10). Cd is the resis-
tance coefficient of particles and depends on Re.

 Re = 
ρ dP | u→P − ν→   |—

μ     (10)

When the particle motion velocity expressed by Equation (8) 
reaches the steady state, it is called the terminal velocity. Depending 
on Re, this velocity may be considered in the following three cases 
as expressed by Equations (11) to (13). 15)

Stokes’ law (Re < 2)    uP = 
g (ρP − ρ) dP

2

—18μ   (11)

Allen’s law (2 < Re < 500)    uP = (  4g2 (ρP − ρ)2
—

225μρ  )1/3

dP (12)

Newton’s law (Re < 500)    uP = (  4g (ρP − ρ)—
3 × 0.44ρ  dP)1/2

 (13)

The Saffman lift force Fs is expressed by Equation (14) and the 
terminal velocity that accounts for the Saffman lift force is given by 
Equation (15). 6, 8)

 Fs = 1.62√ ρμ uP √ |  ∂v—∂n  | dP
2   (14)

 uP = 
1.62μ √ ρ|  ∂v—∂n  | dP

   (15)  3π √ μ
When calculated by Equation (9), the relaxation time of inclu-

sion particles in the molten steel is short. The inclusion particles 
reach the terminal velocity relatively quickly. To reduce the calcula-
tion time, the motion velocity of inclusion particles was calculated 
by assuming that it was the sum of the molten steel flow velocity 
plus the above-mentioned terminal velocity.

Figure 1 schematically illustrates the inclusion adhesion distri-
bution of the immersion nozzle. The adhesion of inclusions by the 
molten steel flow is considered to occur where the main stream of 
the molten steel separates from the nozzle refractory wall. 16, 17) This 
study performed calculations on the regions near the sliding gate 
and the outlet ports where the molten steel flow is likely to separate 
from the nozzle refractory wall.

Figure 2 shows the calculation geometry and the calculation 
mesh used for the numerical analysis. The inside diameter of the im-

Fig. 1   Schematic image of nozzle clogging
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mersion nozzle was set to 100 mm and the opening degree of the 
sliding gate was set to 75%. A uniform flow was assumed to enter 
the top of the immersion nozzle and the outlet port end was assumed 
to be under free outflow conditions. The height and width of the 
outlet ports were set to 70 and 60 mm, respectively. The angle of the 
outlet ports was set to 30° downward. Transient analysis was con-
ducted under the conditions shown in Table 1.
2.2 Inclusion adhesion model

Figure 3 schematically illustrates the flow pattern near the noz-
zle refractory wall according to the description of the inclusion ad-
hesion mechanism by Linder. 10) The inside diameter of immersion 
nozzles is generally 50 to 100 mm and the molten steel inflow rate 
is approximately 0.5 to 6.0 ton/min. The Reynolds number Re in the 
immersion nozzle is calculated to be Re = 1.06 × 105 by taking the 
inside diameter of 0.08 m as characteristic length and using the val-
ues given in Table 1. In a turbulent flow, the flow velocity decreases 
near the nozzle refractory wall under the influence of wall friction 
and a laminar flow region is formed. The laminar flow region is 
called a laminar sublayer or viscous sublayer. The thickness of the 
viscous sublayer δ is obtained from Equation (16). 18) In Equation 
(16), ν is the kinematic viscosity coefficient of molten steel and u* is 
the friction velocity of molten steel.

 δ = 5.0ν/u*    (16)
The friction viscosity u* is given by Equation (17). In Equation 

(17), τw is the wall friction stress and cf is the average friction coeffi-
cient. From Equations (16) and (17), the thickness of the viscous 
sublayer is inversely proportional to the root square of the offshore 
flow velocity.

 u* = (τw /ρ)1/2 = (cf /2)1/2 ubulk
1/2   (17)

Linder 10) assumed that the inclusion particles are introduced into 

the viscous sublayer by turbulent diffusion, they adhere to the nozzle 
refractory wall. The adhesion velocity VT to the nozzle refractory 
wall is modeled as given by

 VT = 0.01dP  τw—ρν     (18)

Similarly, Oeters 11) calculated the adhesion velocity to the nozzle 
refractory wall of intrusion particles introduced into the viscous sub-
layer by turbulent diffusion as given by

 VT = 0.62ε3/4 ×10−2
—ν5/4  (  dP—2  )2

   (19)
Mukai et al. 19) reported the mechanism whereby inclusion parti-

cles enter the viscous sublayer and move to the nozzle refractory 
wall under the action of the surface tension gradient due to the con-
centration gradient near the nozzle refractory wall.

In this study, we considered the following four models as adhe-
sion models of inclusions to the nozzle refractory wall:

1) Model in which the adhesion velocity is inversely proportional 
to the root square of the flow velocity

2) Model in which the adhesion velocity is inversely proportional 
to the root square of the flow velocity and is proportional to 
turbulent viscosity

3) Linder model
4) Oeters model

The first model (hereinafter referred to as model 1) is based on 
the premise that the lower the flow velocity, the thinner the viscous 
sublayer becomes and the more likely the inclusions adhere to the 
nozzle refractory. The second model (hereinafter referred to as mod-
el 2) is the model 1 to which is added such an effect that the higher 
the turbulent viscosity, the more readily the inclusion particles enter 
the viscous sublayer. The Linder model and Oeters model compare 
the test results and numerical analysis results of inclusion particles 
adhering to the nozzle refractory rotated in a crucible. The distribu-
tion of adhered inclusions calculated by the Linder model is report-
ed to be close to the experimentally determined distribution of ad-
hered inclusions. 20, 21)

A numerical analysis model can obtain the quantities required 
for the above four models to calculate the adhesion velocity of in-
clusion particles to the nozzle refractory wall. As a concrete calcula-
tion method, transient analysis is conducted on the time marching 
method and the adhesion velocity is calculated at each time step 
while the advection and diffusion of the inclusion concentration are 
being calculated. In the cells where the inclusions were adhered, the 
volume of the adhered inclusions was integrated. When the cells 
were filled up, they were defined as solid walls by using immersed 
boundaries. The clogging of flow channels was simulated in this 
way.

Fig. 2   Calculation geometry and mesh

Fig. 3   Schematic illustration of flow situation close to wall

Table 1   Calculation conditions
Molten steel
Flow rate 2.4 ton/min
Density 7 000 kg/m3

Viscosity coefficient 0.006 Pa∙s

Alumina particle
Diameter 100 μm
Density 3 990 kg/m3

Concentration 40 ppm
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3. Numerical Analysis Results
Figure 4 shows the distribution of adhered inclusions and the 

distribution of molten steel flow velocity after 3 600 s as the results 
of calculation by model 1. Model 1 assumes that the adhesion veloc-
ity of inclusion particles is proportional to the root square of the 
flow velocity in the cells adjacent to the nozzle refractory wall and 
to the inclusion concentration N. The calculations were made by set-
ting the coefficient α of the adhesion velocity to 0.1.

 VT = αN  1—
√ ν

    (20)

Figure 5 shows the flow velocity distribution in an immersion 
nozzle of the initial geometry and the flow velocity distribution 
when inclusions are adhered to the immersion nozzle after 3 600 s. 
When no inclusions are adhered to the immersion nozzle wall at 
t = 0, the molten steel flows straight down through the opening of the 
sliding gate and stagnates in the open space of the sliding gate. The 
molten steel also stagnates downstream of the clogged region of the 
sliding gate.

With model 1, the adhesion of inclusions proceeds in low-flow 
velocity regions. At t = 3 600 s, as a result, large amounts of inclu-
sions adhered in the open regions of the plate and the clogged re-

gions of the gate. The amount of inclusions adhered near the outlet 
ports is relatively small. Inclusions are adhered in the concave por-
tion (well) at the bottom end of the nozzle. This nozzle clogging is 
considered close to the nozzle clogging experienced on actual con-
tinuous casters.

Figure 6 shows the adhesion of inclusions when model 2 was 
applied. With model 1, the adhesion velocity depends only on the 
flow velocity and inclusion concentration, and the effect of the tur-
bulence degree is not taken into account. Model 2 assumed that the 
adhesion velocity is proportional to turbulent viscosity in addition to 
the effects of flow velocity and inclusion concentration. The adhe-
sion velocity is expressed by Equation (21). The coefficient α was 
adjusted to make the adhesion amount comparable to that in model 
1.

Figure 7 shows the flow velocity distribution when the inclu-
sions are adhered to the immersion nozzle. Model 2 considered the 
effect of turbulent viscosity but produced results similar to those of 
model 1 that did not consider the effect of turbulent viscosity. This 
is because the turbulence degree is high throughout the immersion 
nozzle and because there is no significant difference in the distribu-
tion of turbulent viscosity between models 1 and 2. This study used 
the k-ε model, the most standard turbulence model. It will be neces-

Fig. 4   Calculation result of nozzle clogged in model 1

Fig. 5   Velocity distribution in immersion nozzle of model 1

Fig. 6   Calculation result of nozzle clogged in model 2

Fig. 7   Velocity distribution in immersion nozzle of model 2
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sary to study the effect of turbulence models.

 VT = αN 
μt—
√ ν

    (21)

Next, the results of calculations with the Linder model and the 
Oeters model are shown in Fig. 8. Figure 9 shows the flow velocity 
distributions with the adhesion of inclusions in the Linder model 
and the Oeters model. With the two models, the adhesion of inclu-
sions proceeds where the turbulent energy dissipation rate is high 
and also proceeds around the outlet ports. The latter adhesion of in-
clusions could not be reproduced by models 1 and 2. The inclusions 
adhered in small amounts in the open regions at the center of the 
sliding gate. This is contrary to the conventional view that the inclu-
sions adhere in large amounts in these regions.

Figure 10 compares the results of calculations with the nozzle 
clogging models studied. The horizontal sections of the upper, cen-
ter and lower parts of the sliding gate and the enlarged views near 
the outlet ports are shown in Fig. 10. The adhesion amount of inclu-
sions is large in the central open regions of the sliding nozzle in 

models 1 and 2, but small in the Linder model and the Oeters model. 
On the other hand, the adhesion of inclusions does not proceed near 
the outlet ports in models 1 and 2, but the outlet ports are clearly 
clogged in the Linder model and the Oeters model.

Nozzle clogging on the actual continuous caster is considered to 
proceed as shown in Fig. 1. The reproducibility of clogging around 
the sliding gate was better with models 1 and 2. The reproducibility 
of clogging around the outlet ports was better with the Linder model 
and the Oeters model.

4. Conclusions
Concerning nozzle clogging on continuous casters, we studied 

the adhesion of inclusions promoted by the molten steel flow veloci-
ty and obtained the following findings: We think that we can com-
plete a model capable of evaluating nozzle clogging by compara-
tively studying the investigation results of nozzle clogging on con-

Fig. 8 Calculation result of nozzle clogged in Linder model and Oeters 
model Fig. 9   Distribution of fluid flow in Linder model and Oeters model

Fig. 10   Comparison of nozzle clogged in calculation models
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tinuous casters and the numerical analysis results of nozzle clog-
ging.

1) The adhesion of inclusions in the flow stagnant region around 
the sliding gate is satisfactorily reproduced by a model that as-
sumes that the adhesion velocity of inclusions is inversely pro-
portional to the square root of the molten steel flow velocity. 
However, this model cannot reproduce the clogging of the out-
let ports.

2) The Linder model and the Oeters model can successfully re-
produce the clogging of the outlet ports but assume that the 
amount of inclusions adhering in the open regions of the slid-
ing gate is smaller than actually observed.
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