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Abstract: Air aspiration is an important cause of nozzle clogging and inclusions in final products
of continuous casting of steel due to the presence of metal oxides (such as alumina) which occur
through the reoxidation of molten steel. This problem is most likely to occur when the flow control
system (slide-gate or stopper rod) causes the pressure inside the nozzle to drop below atmospheric
pressure, drawing gas into the system through possible cracks or gaps in the refractory walls. In this
work, a 1-D pressure-energy model of the complete metal delivery system from the tundish to the
mold is developed to predict the pressure distribution and throughput under dynamic operating
conditions and varying clogging conditions. The energy balance approach includes pressure losses in
the slide-gate, wall friction, and nozzle geometry variations, including the effects of multiphase flow
due to argon gas injection. The model also predicts air aspiration, oxide inclusion formation, and the
time for clogging shutdown. The predicted pressure distribution is verified with a three-dimensional
numerical simulation of multiphase turbulent flow, and is validated with plant measurements.
Parametric studies with different submerged entry nozzle (SEN) designs revealed that a smaller SEN
diameter may lessen negative pressure by redistributing the pressure loss from the slide-gate to the
entire nozzle through increased friction losses. Under negative pressure, a submillimeter-thin gap
was shown to cause considerable air aspiration. Clogging shutdown times were evaluated for several
scenarios under static and dynamic operating conditions.

Keywords: slide-gate; throughput; clogging; reoxidation; analytical model; negative pressure; clog-
ging shutdown time; energy balance; flow separation; pressure loss

1. Introduction

Air aspiration during continuous casting is very detrimental, because it generates
nonmetallic inclusions through reoxidation [1–3]. Air aspiration is caused by negative
pressure (i.e., lower than atmospheric pressure) developing near the narrow opening regu-
lated by the flow control system (slide-gate or stopper rod system) [2,4]. A huge pressure
drop occurs across the narrow opening through two mechanisms: flow acceleration and
pressure loss. The flow passing through the narrow opening area of a slide-gate or stopper
rod must accelerate to keep the same flow rate with a smaller cross-section area. According
to Bernoulli’s principle, the accelerated flow drops in pressure as its pressure energy trans-
forms into kinetic energy. In addition, a pressure loss occurs due to the sudden contraction
and expansion of the flow control system. As the accelerated flow cannot adjust to the
sudden changes of cross-section geometry due to its inertia, it causes flow separation
and pressure loss by viscous dissipation of the separated flow. The total pressure drop is
greatly affected by the opening area of the flow control system and other process conditions.
When the pressure drop is severe, i.e., so that the gage pressure becomes negative, air
aspiration may occur through any gaps or cracks in the refractory components due to the
pressure difference. Naturally, the penetrated oxygen in aspirated air reacts with dissolved
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deoxidation elements (Al, Si, and Mn) and generates nonmetallic oxide inclusion particles
such as alumina and silica [5].

The generated oxide particles either attach to the nozzle walls to cause clogging or
are carried into the molten steel pool in the mold, where they may become entrapped in
the solidifying steel shell as nonmetallic inclusions in the final product. The high contact
angle between liquid steel and oxide particles enhances their attachment to the refractory
walls, as well as agglomeration onto other oxides [6]. Recirculation zones generated by
flow separation in the nozzle facilitate the deposition of oxides by offering deposit sites at
the edge of the zones where velocity is lowest [7]. Recirculation zones typically form just
below the slide-gate, near the aperture between stopper and nozzle wall, and at the top of
the port outlet [8].

As stated, oxide particles formed due to air aspiration can lead to nozzle clogging,
which is detrimental in many ways. Clogging changes the interior shape of the submerged
entry nozzle (SEN) that is carefully designed to control the flow pattern in the liquid steel
pool [9], so may activate various defect mechanisms [10,11]. The pressure changes which
accompany clog shape changes cause throughput variations which lead to increased mold
level fluctuations and surface defects [3,12]. Of course, nozzle clogging also shortens the
replacement period, which increases production costs. The sudden release of clogs may
cause further throughput and level fluctuation problems, and may contaminate the surface
slag layer. Even worse, the released clog material may become entrapped in the solidified
shell as large nonmetallic inclusions, which negatively affects the mechanical properties of
the steel (i.e., strength and toughness) by causing defects such as slivers [13–15].

Therefore, several methods have been proposed to minimize air aspiration into the
continuous casting nozzle and the accompanying reoxidation and clogging problems. One
method is to surround the slide-gate region with argon gas, to be aspirated instead of air in
a passive manner [16,17]. Another common method is to inject argon gas actively, typically
ranging from 0–10 SLPM, (0–30% gas volume fraction), which can act in several ways.
First, argon can fill recirculation zones where clogs tend to form and generate turbulence
that disrupts particle adherence to the nozzle walls [1]. Argon injection may also lead
to increased pressure inside the nozzle by causing the slide-gate to open further for a
given molten steel throughput [3]. However, a previous model study [3] showed that
the minimum argon gas flow rate needed to avoid negative pressure and aspiration in
the SEN is typically very large, and excessive argon flow rates can be harmful [1,8,18–20].
Several patents have been proposed [21,22] to apply a sealed vacuum chamber around
the slide-gate to lower the external pressure. This expensive method also needs accurate
estimates of the necessary vacuum pressure to avoid aspiration, which is difficult for
industrial casters. An inexpensive way to minimize air aspiration is to modify the nozzle
geometry. For example, a step between the slide gate and SEN increased the minimum
pressure at the recirculation zone via stagnation [2]. A better understanding of nozzle
pressure distribution is needed to find and evaluate solutions to this important problem.

2. Previous Models

Several modeling efforts have been undertaken to understand the mechanism of
throughput and the overall pressure distribution of continuous casting systems using com-
putational flow models [3,8] or the Bernoulli energy-balance approach [1,4,23]. They have
revealed that the inter-related effects of slide-gate opening or stopper position, throughput,
tundish level, argon gas injection and nozzle geometric parameters such as the nozzle
diameter are important to the pressure distribution, but more study is needed.

Previous models of air aspiration and inclusion formation are few. One model of air
entrainment during open stream pouring estimated the formation of oxide inclusions based
on the predicted volume of entrained air [24]. Another model used a Smoothed Particle
Hydrodynamics (SPH) method to predict the amount of oxides in cast ingots during filling,
based on the surface area of metal exposed to the air [25]. A study of reoxidation due to air
permeation through the SEN refractory wall [26] concluded that this source of oxides is not
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enough to be fully responsible for nozzle clogging. However, the contribution of aspirated
air through possible cracks or gaps in the refractory was not considered.

In the current article, a new 1-D pressure-energy model is developed to estimate the
complete pressure distribution from the tundish to the submerged entry nozzle (SEN) in a
typical slide-gate system. The model includes multiphase flow effects due to argon gas
injection which have not been considered in previous 1-D models. The predicted pressure
distribution is verified with results from a 3-D numerical model, and is then validated with
plant measurements. This new 1-D model also predicts the flow rate of aspirated gas, the
resulting reoxidation, and the time before shutdown due to the evolving nozzle clogging.
Parametric studies are conducted to investigate how to minimize air aspiration and feature
improved design of nozzle diameter.

3. New 1-D Pressure Energy Model

The flow in continuous casting systems is driven by gravity. The system throughput
(Q = Vport Aport) depends on how much of the potential energy associated with the height
difference between the liquid levels in the tundish and the mold level is converted into
kinetic energy exiting the nozzle port outlets, relative to the pressure losses experienced
during the journey. Pressure losses are governed by turbulent flow through the slide-gate
opening, the nozzle design, and uncontrollable factors such as clogging. The throughput
governs the casting speed for a given mold size (Q = Vc Amold).

To avoid excessive throughput, most of the potential energy is consumed by pressure
losses through a flow control system (slide-gate, stopper rod). However, this often creates
a significant negative pressure below the flow control, where the local pressure drops
below atmospheric pressure. This detrimental negative pressure enables air to aspirate
through any cracks or gaps in the refractories where it combines with reactive alloying
elements in the steel to form inclusions, causing clogging that limits the casting time or
contaminates the steel product. In addition to quantifying how pressure losses lead to a
specific throughput, it is important to understand how to combine the required pressure
losses to avoid negative pressure in the system. The model presented in this work calculates
the pressure distribution for a given system geometry and casting conditions based on the
estimated pressure losses to achieve a targeted throughput. Then, the air aspiration rate,
inclusion formation rate, and clogging rates are quantified.

3.1. Model Geometry: Slide-Gate System

The new 1-D pressure-energy model was developed for typical continuous casting
systems with a slide-gate. The model was demonstrated using the example geometry shown
in Figure 1 (Baosteel 3CCM, Shanghai, China). This commercial flow-control system is
composed of the tundish, Upper Tundish Nozzle (UTN), slide-gate (upper plate, slide plate,
lower plate, and the lower nozzle), and SEN, with geometric details shown in Table 1. The
tundish feeds two strands, so only half of its volume is considered in this work. The
diameter of the UTN and lower nozzle is 80 mm, which decreases to 75 mm in the SEN
through a tapered section. The SEN has a flat bottom and rectangle port outlets (60 mm by
80 mm) with 15◦ downward angle.
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Figure 1. Geometry of nozzle with slide-gate.

Table 1. Nozzle and slide-gate system dimensions—standard conditions (Case 1).

Dimension Value

UTN bore diameter, DUTN (mm) 80
UTN length (mm) 255

Upper plate thickness (mm) 50
Upper plate bore diameter, Dupper (mm) 80

Slide-gate thickness (mm) 25
Slide-gate bore diameter, Dslide (mm) 80

Slide-gate orientation (deg.) 90
Lower plate & Lower nozzle bore diameter, Dlower (mm) 80

Lower plate thickness + Lower nozzle length (mm) 160
SEN whole length (mm) 714

SEN upper part bore diameter, DSEN,U (mm) 80
SEN upper part length (mm) 40

SEN tapered part length (mm) 40
SEN lower part bore diameter, DSEN,L (mm) 75

SEN lower part length (mm) 634
Port width × port height (mm ×mm) 60 × 80

Port angle (down) (deg.) 15
Port thickness (mm) 23.5

Slab geometry: T (thickness) ×W (width) (m) 0.3 × 1.9

One important use of this new model is to calculate the slide-gate opening needed
to achieve a given throughput in the caster. The slide-gate opening fraction, shown
in Figure 2, can be defined in different ways. These include distance ratios, fP and fL, and
the area fraction, fA which are defined as follows:

fP =
E

Emax
, fL =

L
Dlower

, fA =
AGAP

π
D2

lower
4

(1)
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Figure 2. Definitions of slide-gate opening.

The relation between the two measures used in this work, the area-fraction, fA, and
the linear-distance-fraction, fL, is:

fA =
2
π

cos−1(1− fL)−
2
π
(1− fL)

√
1− (1− fL)

2 (2)

A slide-gate opening measure commonly used in the plant, fP, in Equation (1) is
defined relative to an arbitrary reference line attached on the moving slide-plate, according
to offset distances, E and Emax. This “plant opening” measure is related to the linear-
distance measure of slide-gate opening by:

fP = (1−M) fL + M, M =
Emax − Dlower

Emax
(3)

3.2. Model Methodology: 1-D Pressure Energy Model for Multiphase Flow

The following energy balance is applied to relate pressure energy, potential energy,
kinetic energy, and pressure loss changes between any two selected points, x1 and x2,
located along a streamline of the flow through the tundish, nozzle and mold, as shown in
Figure 3:

Px1 + ρx1ghx1 +
1
2

ρx1V2
x1 = Px2 + ρx2ghx2 +

1
2

ρx2V2
x2 + ΣPL (4)

Here, the flow properties, including pressure, density and velocity, are area-averaged
over the cross section, making the model one dimensional. Starting at the mold level, x10,
where pressure is known to be 0 gauge, (1atm absolute), each successive point upstream
along the streamline connecting the ten points in Figure 3 is calculated from the previous
point.

In this model, the surface flow velocities at the mold level (V10) and at the tundish
surface level (V1) are assumed to be negligible. The kinetic energy of the discharged jet from
nozzle port is assumed to be dissipated in the liquid pool in the mold. The height difference
between points hx2−x1, is easily obtained from the geometry and casting conditions. The
density is a mixture density based on the volume fractions of argon and steel which is
simply that of liquid steel above the argon injection point. The pressure losses ΣPL are
found using empirical models as discussed in Section 3.3. Molten steel velocity at point x
is calculated from the throughput Q and effective cross-section area Ae f f assuming fully
developed turbulent flow (i.e., plug flow).

Vx =
Q

Ae f f
(5)
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Figure 3. Example of pressure distribution from new 1-D model (Tundish level = 1430 mm, slide-gate
opening fL = 0.3752, other casting conditions are the same as Case 1).

Further details of the effective cross-section area, throughput, and velocity calculation
are discussed in Section 3.4. At several points (5, 6, and 8 in Figure 3), fully developed
turbulent flow is not applicable due to flow separation that accompanies sudden ex-
pansion/contraction or change in flow direction. Velocity drop constants (χ, γ, β) are
introduced to calculate representative velocities at these points, as discussed in Section 3.4.

Applying the pressure-energy equation (Equation (4)) to the ten points in the continu-
ous casting system shown in Figure 3 gives the following ten equations:

Point 10
(mold level)

P10 = Patm = 0 (6)

Point 9
(top of port outlet)

P9 = ρmghsub (7)

Point 8
(SEN, same height to Point 9)

P8 = P9 − 1
2 ρmV2

SEN + 1
2 ρmV2

port + PLport + PLelbow (8)

Point 7
(SEN, outlet of tapered part)

P7 =P8 − ρmgh7−8 + PL f ,SEN (9)

Point 6
(SEN, inlet of tapered part) P6 = P7 − ρmgh6−7 +

1
2 ρmV2

SEN −
1
2 ρm

(
χVgap

)2
+ PL f , taper + PLcont (10)

Point 5
(just below slide-gate) P5 = P6 − ρmgh5−6 +

1
2 ρm

(
χVgap

)2
− 1

2 ρm

(
γVgap

)2
+ PL f , lower (11)

Point 4
(just above slide-gate) P4 = P5 − ρmgh4−5 − 1

2 ρmVUTN
2 + 1

2 ρm

(
γVgap

)2
+ PL f ,slide + PLslide (12)

Point 3
(inlet of UTN)

P3 = P4 − ρmgh3−4 + PL f , UTN (13)

Point 2
(bottom of tundish)

P2 = P3 +
1
2 ρmV2

UTN + PLtun + PLtwo (14)

Point 1
(tundish level)

P1 = P2 − ρl gh1−2 (15)
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where:
VSEN = Q

ASEN(1−α)
, Vport =

Q/2
ASEN /2×β(1−α)

, Vgap = Q
Agap(1−α)

(16)

VUTN = Q
AUTN(1−α)

, Vlower =
Q

Alower(1−α)
, Vslide =

Q
Aslide(1−α)

(17)

PLelbow = 1
2 KρmVSEN

2 (18)

PL f ,SEN = 1
2 ρmVSEN

2 × fSEN,L
h7−8

DSEN,L
(19)

PL f , taper =
1
2 ρmVSEN,U

2 × fSEN,U
h6−7

DSEN,U
(20)

PLcont =
1
2 ρmVUTN

2 × 0.42
(

1− ASEN
Alower

)
(21)

PL f , lower =
1
2 ρmVlower

2 × flower
h5−6

Dlower
(22)

PL f ,slide =
1
2 ρmVslide

2 × fslide
h4−5
Dslide

(23)

PLslide =
1
2 ρmVUTN

2
[(

AUTN
νAgap

)
− 1
]2

, ν = 0.598 + 0.4
(

Agap
AUTN

)2 (24)

PL f , UTN = 1
2 ρmV2

UTN × fUTN
h3−4

DUTN
(25)

PLtun = 1
2 ρlVSEN

2
(

2ASEN
ATUN

)2
× 0.42

(
1− 2AUTN

ATUN

)
(26)

PLtwo = 1
2 ρmV2

UTN × T (27)

In these equations, Px is the pressure at point x (Pa), Patm is the atmospheric pressure
(0 Pa gauge), g is the gravitational acceleration (9.81 m/s2), hsub is the submergence depth
(m), hx2−x1 is a height difference |hx2− hx1| (m), ρl is the liquid steel density (7000 kg/m3),
ρm is the mixture density (kg/m3), Vport is the velocity in the port (m/s), VSEN is the velocity
in the submerged entry nozzle (m/s), PLport is the pressure loss due to the change of cross-
section area from SEN to port (Pa), PLelbow is the pressure loss caused by the change of
flow direction in the port (Pa), PL f ,SEN is the friction loss in the SEN, Vgap is the velocity at
the slide-gate opening (m/s), PL f , taper is the friction loss in the tapered part of the nozzle
(Pa), PLcont is the pressure loss caused by the contraction of nozzle cross-section area (Pa),
PL f , lower is the friction loss in the lower nozzle (Pa), VUTN is the velocity in the upper
tundish nozzle (m/s), PL f ,slide is the friction loss in slide-gate, PLslide is the pressure loss
caused by the partly open slide-gate (Pa), PL f ,UTN is the friction loss in UTN, PLtun is the
pressure loss caused by the contraction of cross-section area from tundish bottom to UTN
[Pa], PLtwo is the pressure drop due to argon gas injection (Pa), Q is the throughput of liquid
steel (m3/s), α is the argon gas volume fraction, ASEN is the cross-section area of the SEN
(m2), Agap is the slide-gate opening area (m2), AUTN is the cross-section area of the UTN
(m2), Alower is the cross-section area of the lower nozzle (m2), Aslide is the cross-section area
of the slide-gate (m2), Aport is the cross-section area of the port outlet (m2), K is the minor
loss constant for the change of flow direction, fx is the wall friction factor at point x, Dx is
the diameter at point x, ASEN is the cross-section area of SEN (m2), ATUN is the tundish
bottom area (m2), and T is the loss coefficient by argon gas injection.

The calculated pressures at these ten points can be visualized as a line graph, as shown
in Figure 3. Physically, the pressure at the tundish surface level (Point 1 in Figure 3) must
return to atmospheric pressure (0 Pa gauge). Thus, the calculated pressure at Point 1 by
Equation (15) can be used as an indicator to assess the validity of the model calculation.
The minimum pressure is typically expected near the slide-gate (at Point 5, P5 in Figure 3)
due to the significant pressure drop caused by the partially opened slide-gate.

3.3. Pressure Loss Calculation

Three types of pressure loss are considered in this 1-D model: wall friction loss, minor
loss, and pressure loss due to argon gas. For the wall friction loss PL f (Equations (19), (20),
(22), (23) and (25), the Darcy-Weisbach equation is applied as follows:

PL f =
1
2

ρ V 2 × f
L
D

(28)
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where ρ is the density of the fluid, V is the cross-section averaged velocity of the fluid, f is
the friction factor that depends on Reynolds number and relative roughness ( ε

D ) of the wall,
L is the length of pipe, D is the pipe diameter. The gas effect on friction losses is included
by multiplying viscosity ratio by the single phase friction factor fl , which is obtained from
the Moody diagram [27], expressed for convenience by the following expression [28]:

fl = 1.322

{
ln

[
ε
D

3.7
+

(
7

Re

)0.9
]}−2

(29)

where fl is the single-phase friction factor, ε is the average absolute roughness (mm), D is the
pipe diameter (mm), and Re is the Reynolds number. This formula is an explicit expression
of the Colebrook equation [29], which is applicable for fl < 0.02. The ε should be measured
from the real SEN refractory surface. This work assumes ε = 1 mm for a typical nozzle
wall. Single phase friction factors for nozzle walls ( fSEN,L, fSEN,U , flower, fslide, fUTN) are
obtained with relative roughness calculations ( ε

DSEN,L
= 0.0133, ε

DUTN
= ε

Dupper
= ε

Dslide
=

ε
Dlower

= ε
DSEN,U

= 0.0125) and Reynolds number (Re ∼= 105). With the fl , the friction factor
for multiphase flow fm is obtained as follows [30]:

fm = fl

(
µm

µl

)0.25
(30)

µm

µl
=

[
1 + m f

(
µl
µg
− 1
)]−1

(31)

m f =
ρgQg

ρgQg + ρlQl
(32)

where fm is the multiphase friction factor, µm is the mixture viscosity, µl is the liquid
steel viscosity, µg is the argon gas viscosity, m f is the gas mass fraction, ρg is the argon
gas density, ρl is the liquid steel density, Qg is the argon gas flow rate, Ql is the liquid
steel throughput. The viscosity ratio µm/µl becomes almost 1 in low gas volume fraction
conditions such as the cases considered in this study. Thus, the multiphase friction factor
approximately equals the single-phase friction factor ( fl

∼= fm) in low gas volume fraction
conditions (αg < 10%).

For minor losses, the pressure loss caused by change of cross-section area [31,32]
(PLcont in Equation (21) and PLtun in Equation (26)) or flow direction [33,34] (PLelbow in
Equation (18)) is considered through an empirical loss coefficient K. The important pressure
loss caused by flow contraction at the UTN inlet (from tundish bottom to UTN top in
Equation (26)) and smaller loss at the tapered part of the SEN (Equation (21)) are estimated
using an empirical formula for sudden contraction from A1 to A2 as follows [32]:

KSC = 0.42
(

1− A1

A2

)
(33)

For the most important pressure loss caused by contraction and expansion through
the slide-gate, an empirical formula for a sharped edge orifice is applied [31], owing to the
similar shape of the opening.

KSG =

(
A0

νA1
− 1
)2

(34)

ν = 0.598 + 0.4
(

A1

A0

)2
(35)

For the change of flow direction at the port outlet from 90 degrees (vertical) to −15 de-
grees (down), Kport = 0.2 is chosen [32]. There is an additional pressure required to make
argon gas flow against buoyancy when the argon gas is injected from the UTN wall. This
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additional pressure is modeled as a pressure loss between Points 2 and 3 with an empirical
loss coefficient T. This coefficient is calculated based on the buoyancy force from injected
argon.

3.4. Throughput and Velocity Calculation

Throughput of the liquid steel, Q, and gas volume fraction, α, of the system are
used to calculate the velocity at each point in the system, as given in Equations (6)–(27).
Rearranging the energy conservation (Equation (4)) between Points 1 to 8, the throughput
Q is derived as:

Q = ASEN (1− α)

√√√√√√ 2g
(

ρl
ρm hTUN + h2

)
1 +

ρl
ρm

( 2ASEN
ATUN

)2
0.42

(
1− 2AUTN

ATUN

)
+
( ASEN

AUTN

)2( 1
ν fA
− 1
)2

+
( ASEN

AUTN

)2
0.42

(
1− ASEN

AUTN

)
+
( ASEN

AUTN

)2
f

h2−7
DUTN

+ f
h7−8

DSEN,L
+
( ASEN

AUTN

)2
T + K + C

(36)

where hTUN is the tundish height, h2 is the height from mold top to tundish bottom,
and C is the clogging constant. Other variables were introduced in Section 3.2. The accuracy
of Equation (36) is verified in Section 5 and validated in Section 6. Practically, a desired
throughput Q is given from casting conditions in most of the cases (Q = casting speed ×
mold outlet cross-section area). Thus, the throughput equation (Equation (36)) is usually
used to obtain the required slide-gate opening fA for that throughput.

For accurate calculation of the gas volume fraction, it is important to consider volu-
metric expansion of argon gas due to pressure and temperature changes from Standard
Temperature and Pressure (STP) to the conditions inside the UTN. The argon gas expansion
ratio is calculated in the model based on the ideal gas law [35]:

Vgas

Vgas,STP
=

Patm

PUTN
× TUTN

T∞
(37)

where Vgas,STP is the gas volume at STP, TUTN is the temperature inside the UTN, T∞ is
room temperature, PUTN is the pressure inside the UTN, and Patm is atmospheric pressure.
Using this expansion ratio, the argon gas flow rate given in Standard Liter Per Minute
(SLPM) is converted to the hot gas flow rate Qgas,h entering the UTN as follows:

Qgas,h

(
m3/s

)
= Qgas,SLPM (SLPM)×

Vgas

Vgas,STP
× 0.001/60 (38)

Then, the average gas volume fraction α is calculated by:

α =
Qgas,h

Q + Qgas,h
(39)

The calculated volume fraction α is used to estimate the effective cross-section area for
liquid steel flow in the nozzle, as done in a previous analytical model relating slide-gate
position and throughput [36]. As the argon gas volume fraction α increases, the liquid
steel velocity becomes faster, because argon takes up more space in the nozzle. Thus, the
area-averaged liquid steel velocity is calculated by dividing the liquid steel throughput
by the effective cross-section area Ae f f which is obtained by multiplying the liquid steel
volume fraction by the local cross-section area, (1− α)Ax.

Vx =
Q

(1− α)Ax
(40)

where Vx and Ax are the velocity and cross-section area at any point x.
Flow velocities at most of the points are calculated by the area-averaged velocity

equation (Equation (40)) except at Points 5 and 6, where flow separation is expected by
sudden expansion, and at Point 8, where the flow direction changes. In the flow separation
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regions, the velocity field is divided into two zones: the zone with recirculating flow and
the downward jet flow zone (Figure 4a).

Figure 4. Schematic for calculation of velocity drop constant (a) γ, (b) χ and (c) β.

The flow in the jet zone has a simple downward velocity profile that matches the
throughput, and grows in cross-section due to momentum diffusion as it moves down-
stream (red arrows in the recirculation zone, Figure 4a,b). The flow in the recirculation zone
has an upward component and carries no net flow. The jet penetrates into the recirculation
zone as it flows downward, and ultimately consumes the recirculation zone, returning
to plug flow. The new 1-D pressure-energy model considers these effects by introducing
velocity drop constants γ and χ to modify the jet velocity Vgap (Equations (10)–(12)), which
are explained in the next paragraphs.

The calculation of velocity drop constants γ and χ requires a momentum diffusion depth
dm (see Figure 4a,b). This requires estimating the size of the recirculation zone below the slide-
gate (length x1 and thickness ts in Figure 4), which may be done by correlating experiment data
for the similar system of backward-facing step flows in expanding pipes [37–39]. According
to these measurements, the recirculation zone length x1 in Figure 4a is independent of the
Reynolds number, when the flow is turbulent and the Reynolds number exceeds 6600.

The aspect ratio of the recirculation zone (x1/s in Figure 4a) for different expansion
ratios, ER, (ratio of outlet and inlet heights, Dlower/L in Figure 4) was investigated in
previous experiments [37]. Since the UTN diameter, the slide-gate diameter and the UTN
lower diameter are the same in the given geometry (Figure 1), the expansion ratio can be
expressed by ER = 1/ fL. Through a least square fit of experimental measurements from
Armaly [37], a simple correlation between recirculation zone length x1, expansion step size
s and slide-gate opening fL = L/Dlower is obtained:

x1

s
= 2.671223/ fL + 2.671223 (41)

This correlation shows that the recirculation zone length x1 increases as the slide-gate
opening fL decreases. The momentum diffusion depth dm is estimated, assuming that
the center of recirculation is located in the middle of the recirculation zone thickness ts
(i.e., dm = ts/2). This means that half of the recirculation zone thickness has downward
flow. To calculate the velocity drop constant γ at Point 5 (just below the slide-gate, red
dot line in Figure 4a), ts is taken to be s, which is Dlower − L. Thus, the velocity drop
constant γ is calculated from γ = L/Dlower − 0.5ts, which is based roughly on volume
conservation (VgapL = V5(Dlower − 0.5ts)). Using this estimate of γ, the flow velocity at
Point 5 becomes V5 = γVgap. Similarly, χ at Point 6 (in the upper SEN in Figure 4b) is
calculated as χ = L/DUTN − 0.5ts, and the velocity at Point 6 becomes V6 = χVgap.
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The velocity drop constant β is used to consider the flow separation at the port outlet
(Figure 4c). However, the momentum diffusion is very small in the given geometry (Figure 1)
due to the short port length compared to port diameter. Thus, β is assumed to be equal
to 1 in this work, meaning that the flow velocity at the port outlet is simply equal to the
velocity in the SEN, as shown in Equation (16) with β = 1.

3.5. Gas Aspiration Model

A simple model for the flow rate of gas aspired into the nozzle by the negative pressure
just below the slide-gate is derived in this work by considering radial flow through the gap
between two concentric disks, as shown in Figure 5.

Figure 5. Schematic of aspirated air flow into gap.

This represents the ideal average gap between the refractory plates, and the SEN that
comprises the slide-gate system. The velocity and flow rate of gas penetrating through a
gap of thickness 2H due to the pressure difference Pout − Pin is:

ur, air(r, z) =
(Pout − Pin)H2

2µ ln
(

Rout
Rin

) [
1−

( z
H

)2
](

1
r

)
(m/s) (42)

Qair =
4πH3

3µ ln
(

Rout
Rin

) (Pout − Pin) = K1∆P
(

m3/s
)

(43)

Details of the derivation of this analytical solution are provided in the Appendix A.

3.6. Inclusion Formation Model

Using the calculated rate of air aspiration, the reaction rate of alumina inclusion
formation, mAl2O3 is estimated. The model assumes that the aspirated gas is air containing
21% oxygen, and that all of the oxygen reacts with dissolved aluminum in the liquid steel
(4Al + 3O2 → 2Al2O3) according to:

mAl2O3 =
2
3

P
RT
× wAl2O3 × 60× 0.21Qair = K2Qair (g/min) (44)

The volume of clogged material is then calculated according to the fraction of inclu-
sions entering the clog, the density of alumina and the packing factor of oxides particles
in the clog [1]. This work assumes that: (1) half of the generated oxides are deposited as
a clog [40], (2) the clog has a typical composition of 50% steel and 50% alumina [41]. The
current model considers a typical Aluminum-killed steel, where alumina is the detrimental
inclusion type found in the plant, to enable comparison with available plant measurements.
Other inclusion types are easily modeled, according to the steel grade, by adjusting the
coefficient K2 according to the corresponding chemical reaction.
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3.7. Dynamic Clogging Model

The models of 1-D pressure distribution, aspirated gas flow rate, and oxide reaction
rate are coupled together in a transient manner to emulate the casting sequence and to
predict the casting time before shutdown due to clogging under dynamic conditions. The
calculation proceeds as follows:

(1) calculate the required slide-gate opening to achieve a target throughput.
(2) estimate the pressure distribution for these conditions.
(3) calculate the air aspirated based on the local pressure difference between inside and

outside of the refractory wall, (Pout − Pin), and the thickness of a postulated gap.
(4) calculate the mass of oxides formed based on the reaction rate of alumina with the

aspirated oxygen.
(5) deposit the alumina at the selected site of the clog and update the additional pressure

loss for the new clogged geometry.
(6) move to the next time step and repeat steps 1 to 5 until the slide-gate opening reaches

100% or the deposit size is fully-clogged.

This transient clogging model enables the simulation of a wide variety of realistic
casting scenarios, such as increasing slide-gate opening to maintain throughput during the
evolution of clogging, decreasing tundish level during a ladle exchange, and so on.

4. 3-D Computational Model of Nozzle Flow and Pressure

A 3-D numerical model of multiphase turbulent flow is developed to verify the
new 1-D pressure-energy model. The computational model solves the 3-D Navier-Stokes
equations for mass and momentum conservation, using the standard k − ε model [42]
for turbulent flow. A modified wall function is applied to model the roughness of the
nozzle wall, assuming a typical average absolute roughness height ε = 1 mm. Wall friction
increases greatly if the roughness height ε is greater than the viscous sublayer [43]. Flow
experiments [44] revealed that the viscous sublayer becomes negligible on rough walls
due to interference by the rough surface. Therefore, the intercept of the log relation in the
standard wall function is adjusted via a term ∆B in the model based on the roughness ε.
The corrected flow velocity in the boundary layer is calculated as follows [43]:

u+
overlap =

1
κ

ln
(

yυ∗

ν

)
+ B− ∆B

(
ε+
)

(45)

∆B
(
ε+
) ∼= 1

κ
ln
(
1 + 0.3ε+

)
(46)

where u+ is the nondimensional velocity (u+ = u/υ∗), κ is Karman’s constant (= 0.41),
B = 5.5 [45], υ∗ is the friction velocity, ν is the kinematic viscosity, and ε+ is the nondi-
mensional average roughness height (ε+ = ευ∗/ν).

An Eulerian-Eulerian model is applied to model the multiphase flow due to argon
gas injection into the molten steel. This model solves a separate continuity equation
(Equations (47) and (48)) and set of momentum equations (Equations (49)–(51)) for each of
these phases:

∂(αlρl)

∂t
+∇·(αlρlul) = 0 (47)

∂
(
αgρg

)
∂t

+∇·
(
αgρgug

)
= 0 (48)

∂(αlρlul)

∂t
+∇·(αlρlulul) = −αl∇p +∇·(µlαl

(
∇ul +∇ul

T
)
) + αlρlg + Fdrag,l (49)

∂
(
αgρgug

)
∂t

+∇·
(
αgρgugug

)
= −αg∇p +∇·(µgαg

(
∇ug +∇ug

T
)
) + αgρgg + Fdrag,g (50)

Fdrag,l = −Fdrag,g =
3
4

CD
dg

αgρl
∣∣ug − ul

∣∣(ug − ul
)

(51)
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where α is the volume fraction, subscript l is the liquid phase, subscript g is the gas phase,
t is time, ρ is density, u is the fluid velocity vector field, p is the pressure field, µ is viscosity,
g is gravity, Fdrag is the drag force, CD is the drag coefficient, and dg is the average bubble
diameter. The drag coefficient CD depends on the bubble characteristics and flow regime.
Here, a bubbly flow is assumed with a bubble diameter dg = 3 mm. The same geometry
shown in Figure 1 is considered for the 3-D numerical simulation. A constant mass flow rate
boundary condition is applied at the inlet of the UTN and where the argon gas is injected
in two places: the UTN side wall and upper plate of the slide-gate. A no-slip boundary
condition with the modified wall function (Equations (45) and (46)) is applied to simulate
the friction loss at the nozzle wall. A constant pressure boundary condition is applied
at the nozzle ports, according to the ferrostatic pressure at the given submergence depth.
The equations are solved using ANSYS-Fluent (version 14.5) with a mesh of 0.23 million
hexahedral cells (2.5 mm cubic cells) for the 3D model calculation.

5. 1-D Model Verification with 3-D Computational Model

The 1-D pressure-energy model is applied to simulate a commercial slide-gate flow-
control system without clogging and compared with results of the 3-D numerical simulation
in order to verify the new model. Details of the system geometry are given in Table 1.
Operating conditions and material properties are provided in Table 2, based on plant
measurements discussed in the next section.

Table 2. Operating conditions and material properties for Case 1.

Operating Condition Values

Slab size (m) 0.3 × 1.9
Slide-gate orientation (deg.) 90 (orthogonal to mold width direction)

Slide-gate opening fL 0.4
Tundish depth hTUN (mm) 1030
Casting speed Vc (m/min) 0.60

Argon gas flow rate Qgas,SLPM (SLPM) 3.8 (from UTN wall)
2.2 (from upper plate)

Submergence depth hsub (m) 0.21
Absolute average roughness of nozzle wall ε (mm) 1 (nonclogged condition)

Hot argon gas temperature TUTN (K) 1823
Hot argon gas pressure PUTN (kPa) 70.7 (=ρsghTUN)

Material Property Values

Liquid steel density ρs (kg/s) 7000
Liquid steel viscosity µs (Pa·s) 0.006
Argon gas density ρg (kg/s) 1.6228
Argon gas viscosity µg (Pa·s) 2.125 × 10−5

Mixture density ρm (kg/s) 6580

Figure 6 shows the distributions of pressure, velocity, and gas volume fraction in the
nozzle from the 3-D numerical simulation of this case. As expected, a huge pressure drop
occurs just below the slide-gate, as shown in Figure 6a, as pressure decreases from the
maximum to minimum. Also, a large recirculation zone develops below the closed side
of slide-gate, as shown in Figure 6b. The thickness of the recirculation zone decreases
with distance below the slide-gate, due to momentum diffusion, as discussed previously
regarding Figure 4. The gas volume fraction in the nozzle (Figure 6c) shows that the
injected argon gas from the UTN wall and the upper plate of slide-gate accumulates
in the recirculation zone developed below the slide-gate where the minimum pressure
is observed.
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Figure 6. Distribution of (a) pressure, (b) velocity and (c) gas volume fraction from 3-D numeri-
cal model.

To compare the 1-D and 3-D models, both models are run for the same throughput.
For the 1-D model, the slide-gate opening is output, given all other conditions, including
the tundish height. For the 3-D model, flow in the tundish is not included, so the slide-gate
opening is fixed and the tundish level is estimated from the calculated pressure result at
the UTN inlet Pinlet by:

hTUN =
Pinlet +

1
2 ρmV2

UTN + PLtun + PLtwo

ρl g
(52)

This relation is found by rearranging Equations (14) and (15) based on the ferrostatic
pressure between the tundish top and bottom (Points 1 and 2), and the pressure loss be-
tween Points 2 and 3, taken from the 1-D model (PLtun = 5.393 kPa and PLtwo = 6.293 kPa).
From the calculated inlet pressure (Pinlet = 50.6 kPa) and velocity (VUTN = 1.21 m/s) by
the 3-D model, the calculated tundish height is 995 mm, which has only 3.4% of error
compared to the plant data (1030 mm).

The results from the 1-D pressure-energy model in Figure 7 show the predicted relation
between throughput Q and slide-gate opening fL for this case. A classic S-shape curve is
predicted. This curve includes the throughput for this case of Q = 0.0057 m3/s, where the
predicted slide-gate opening is fL = 0.3992, which agrees well with the slide-gate opening
from the 3-D simulation and from the plant data of fL = 40%.

The predicted pressure distribution from the 1-D model for this case ( fL = 0.3992) is
shown in Figure 8. The calculated points are connected by straight lines. The tundish and
mold liquid levels, Points 1 and 10, are at atmospheric pressure of zero. Pressure increases
linearly, going down from Point 1 to the tundish bottom (Point 2) due to the ferrostatic
pressure. At the UTN inlet (Point 3), pressure drops for two reasons: the sudden decrease
of cross-section area from the half of tundish bottom area to the UTN cross-section area,
and the pressure loss caused by argon gas injection. Moving down the UTN to Point 4,
the pressure drops due to wall friction losses, but the increase due to ferostatic pressure
is larger, so the combined effect is a linear increase in pressure. Across the partly-open
slide-gate (Points 4 to 5), the huge pressure losses of the complex flow path cause a drop
into negative pressure. This may cause air aspiration if there is a gap or crack near Point
5. As flow separation arises in the lower nozzle and upper part of the SEN due to the
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sudden expansion from the slide-gate opening, pressure increases to Point 6 according to
the velocity drop, governed by constants γ and χ with ferrostatic pressure build-up.

Figure 7. Relation between throughput Q and slide-gate opening fL for Case 1.

Figure 8. Axial pressure distribution for Case 1.

The pressure increases even more through the contracted joint region to Point 7, due
to the velocity drop from χVgap to VSEN and the continuing growth of ferrostatic pressure.
The pressure loss due to the geometry contraction is small compared to these two effects.
The pressure continues to increase down the lower part of the SEN to Point 8, because
the pressure build-up by ferrostatic pressure exceeds the pressure loss by wall friction.
Friction loss in this region is slightly larger than inside the UTN because downward velocity
through the SEN (VSEN) is higher according to the smaller cross-section area. Across the
nozzle ports (Points 8–9), a small pressure drop occurs, due to the change of flow direction.
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Point 9 is at ferrostatic pressure based on the submergence depth. From there, the pressure
increases back to zero, i.e., atmospheric pressure, at the mold level (Point 10).

Table 3 compares results from the 1-D model, the 3-D model, and the plant data.
Recall that the slide-gate opening is the output from the 1-D model, but the tundish level
is a calculated result from the 3-D model. The results in Table 3 show that both models
agree reasonably with each other. They also match with the plant data, as shown in the
next section.

Table 3. Comparison of slide-gate opening, tundish level and throughput.

Results Slide-Gate Opening fL Tundish Level hTUN (mm) Throughput Q (m3/s)

Plant data 0.40 1030 0.0057
3-D model 0.40 (input) 995 (output) 0.0057 (input)
1-D model 0.3992 (output) 1030 (input) 0.0057 (input)

The pressure distributions from the 1-D and 3-D models are compared in Figure 9.

Figure 9. Comparison of pressure distribution between 1-D and 3-D model results.

The straight lines connecting 10 pressure points from the 1-D model reasonably approx-
imate the continuous pressure distribution curve from the 3-D model. This demonstrates
that the 1-D pressure-energy model is reasonably accurate and can be used as an alternative
to the full 3-D computational model for pressure. These results also confirm that the casting
conditions in this case are likely to induce air aspiration, due to the negative pressure just
below the slide-gate.

6. Model Validation with Plant Measurements

The verified 1-D pressure-energy model was applied to simulate 12 different sets of
casting conditions where plant measurements were available. These conditions included
the verification case presented in the previous section as Case 1. The throughput equation
(Equation (36)) was used to estimate the slide-gate opening fL.
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Table 4 presents the casting conditions and the predicted slide-gate opening fractions,
for the 12 cases. The last two columns of this table show the actual slide-gate opening and
the qualitative condition of nozzle clogging observed after casting. The predicted opening
fraction compares reasonably with the actual plant gate opening, if the clogging condition is
considered. Agreement is expected to be best without clogging because the model assumes
no clogging (i.e., C = 0 in Equation (36)). The predictions match the plant measurements
within ~2% for all of the nonclogged cases, except for Case 6. The predictions match exactly
for Cases 1 and 2.

Table 4. Comparison of slide-gate opening from the 1-D model to the plant data.

No. Slab Size
(m)

Casting Speed Vc
(m/min)

Argon Flow Rate Qgas
(SLPM)

Tundish Depth
hTUN
(m)

Slide-Gate
Opening,

fL (%)
1-D Model

Slide-Gate
Opening,

fL (%)
Plant Data

Clogging
Condition

1 0.3 × 1.9 0.60 6 1.03 40.0 40 Nonclogged
2 0.3 × 1.9 0.60 6 1.03 40.0 40 Nonclogged
3 0.3 × 2.1 0.66 4.3 1.08 44.4 43 Nonclogged
4 0.3 × 2.1 0.66 4 1.10 44.2 46 Nonclogged
5 0.3× 2.1 0.66 8.2 1.02 46.1 45 Nonclogged
6 0.3 × 2.1 0.70 4.2 1.02 46.8 37 Nonclogged
7 0.3 × 1.7 0.80 7 1.02 45.1 45 Clogged
8 0.3 × 1.7 0.80 7 0.98 45.2 39 Clogged
9 0.3 × 1.7 0.74 6.5 1.02 42.8 49 Clogged
10 0.3 × 2.1 0.70 8.6 1.02 48.2 61 Severely Clogged
11 0.3 × 2.1 0.70 10.2 1.02 48.7 66 Severely Clogged
12 0.3 × 2.1 0.70 8.4 0.93 48.9 63 Severely Clogged

For the cases where clogging was observed, the plant gate opening was consistently
larger than the prediction, as expected to accommodate the clogging while maintaining
the casting speed. The difference was naturally greatest for the three cases with severe
clogging, where the measured gate opening was about 25% larger than predicted. For the
three cases with nonsevere clogging (Cases 7–9), the results were inconsistent, with one
case having larger opening, one case having smaller opening, and one case the same. This
is consistent with previous results that mild clogging may either accelerate or decrease the
throughput, depending on the shape of the clog [3].

These results suggest that the new model can reasonably predict the throughput and
pressure relation in real commercial operations. Moreover, the model can predict severe
clogging by monitoring the value of C, thereby enabling the model prediction to match
the measured slide-gate opening. Caution is required for conditions with mild clogging,
however, where data is limited, as the effect is not consistent and further study is needed.

7. Parametric Studies

The verified and validated 1-D pressure-energy model is applied in this section to
investigate the effects of lower SEN diameter, overall nozzle diameter, SEN submergence
depth, and tundish level on pressure distribution in the system. Attention is focused on
negative pressure just below the slide-gate that could lead to air aspiration, reoxidation,
and nozzle clogging, which is predicted in the following section.

7.1. Effect of SEN Lower Diameter

In the first parametric study, four different SEN lower part diameters DSEN,L are tested
(DSEN,L = 51, 58, 66 and 75 mm) to understand the effect of SEN diameter on the pressure
distribution. All other geometry and operating conditions are from the original case (Case 1
where DSEN,L = 75 mm). First, a new slide-gate opening fL is calculated for each case using
the throughput equation (Equation (36)), to keep the same throughput Q = 0.0057 m3/s.
Figure 10 shows the relationship between throughput and slide-gate opening fL for each
lower-SEN diameter.
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Figure 10. Effect of SEN diameter DSEN,L on relation between slide-gate opening fL and through-
put Q.

Naturally, a larger slide-gate opening is required to maintain throughput as the
diameter DSEN,L decreases. The difference between curves increases as the slide-gate opens.
The maximum throughput achievable drops greatly as lower-SEN diameter decreases.

Table 5 gives the calculated slide-gate opening and friction factor for each case in
this study. Decreasing DSEN,L is seen to increase the slide-gate opening fL for the same
throughput Q as expected; In addition, the flow velocity increases, which increases the
wall friction loss in SEN (i.e., PL f ∝ V2). Because the total pressure loss required for the
same throughput does not change regardless of DSEN,L, the increase of wall friction loss
leads to less pressure loss through the slide-gate. Thus, the slide-gate opens more, and the
pressure loss is distributed as wall friction loss in the entire SEN.

Table 5. Calculated slide-gate opening and friction factor with different SEN lower part diameter
DSEN,L.

Cases DSEN,L
(mm)

Liquid Steel
Throughput Q (m3/s)

fSEN,m
(Friction Factor)

fL
(Slide-Gate Opening)

Original (Case 1) 75 0.0057 0.0424 0.400
Parametric case A 66 0.0057 0.0443 0.407
Parametric case B 58 0.0057 0.0463 0.428
Parametric case C 51 0.0057 0.0485 0.456

The calculated pressure distributions in Figure 11 clearly show this redistribution of
pressure loss.

Specifically, as DSEN,L decreases, the slope of the line for the lower SEN portion of
the graph becomes steeper due to the increase of wall friction loss. More importantly,
the negative pressure just below the slide-gate increases as DSEN,L decreases. Case C
(DSEN,L = 51 mm) does not show negative pressure anymore in the system. Thus,
decreasing SEN diameter DSEN,L should be beneficial to mitigate negative pressure at the
slide-gate by increasing the slide-gate opening fL and redistributing the pressure drop into
the wall friction loss in the lower SEN.
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Figure 11. Effect of lower SEN diameter DSEN,L on pressure distribution.

7.2. Effect of Overall Nozzle Diameter

In the second parametric study, all diameters in the nozzle are fixed to be the same
and changed together (i.e., a straight vertical pipe). Four different diameters (52.6, 58,
66, 75 mm) are evaluated, based on Case 1. Again, the first step is to calculate the slide-
gate opening fL for each case using the throughput equation (Equation (36)) to maintain
constant throughput. Figure 12 shows the relationship between throughput and slide-gate
opening fL for each nozzle diameter. Table 6 gives the calculated slide-gate opening and
friction factor for each case. The same trends found in the first parametric study were
observed, i.e., decreasing the nozzle diameter increases the slide-gate opening. However,
the difference between cases is much greater.

Figure 12. Effect of nozzle diameter on relation between slide-gate opening fL and throughput Q.
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Table 6. Calculated slide-gate opening and friction factor with different SEN lower part diameter.

Cases All D
(mm)

Liquid Steel
Throughput Q(

m3/s
) All fm

(Friction Factor)
fL

(Slide-Gate Opening)

Original
(Case 1) 75 0.0057 0.0424 0.400

Parametric case D 66 0.0057 0.0443 0.5118
Parametric case E 58 0.0057 0.0463 0.6334
Parametric case F 52.6 0.0057 0.0480 1.000

The pressure distributions for each case are shown in Figure 13. As in the first study,
decreasing nozzle diameter decreases the pressure drop in the slide-gate and increases the
slopes of the pressure plot inside the nozzles. Differing from the first study, decreasing all
nozzle diameters together causes the pressure loss at the UTN inlet (PLTUN , Equation (26))
to dominate the total pressure loss. As the pressure loss by the sudden contraction between
the tundish and the UTN increases with decreasing diameter, the minor loss at the UTN
inlet increases, which enables increased slide-gate opening to alleviate the negative pressure
at the slide-gate. However, the effect is not as large as in the first parametric study, in spite
of the greater increase of slide-gate opening fL. Even with a fully-opened slide-gate, case F
(D = 52.6 mm), negative pressure still develops, inside the UTN in this case. Therefore,
this parametric study shows that decreasing nozzle diameter does not always mitigate
the negative pressure occurring near the slide-gate. Careful design of the different nozzle
diameters is required to evenly distribute the pressure loss to the occurrence of avoid
negative pressure in the system.

Figure 13. Effect of nozzle diameter on pressure distribution.

7.3. Effect of Submergence Depth and Tundish Level

In the third parametric study, the influence of submergence depth and tundish level
on the pressure distribution was investigated. As discussed in Section 3, the potential
energy generated by the height difference between tundish surface level and mold level is
the driving force for flow in the system, which governs the total energy input. Therefore,
the submergence depth and tundish level directly control the potential energy according
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to their height difference. Table 7 shows the predicted slide-gate opening fL for different
submergence depths. As submergence depth increases, the tundish must be lowered,
which decreases the potential energy of the height difference. Thus, less pressure loss is
required to gain the same throughput. Consequently, the slide-gate opening increases with
the deeper submergence depth.

Table 7. Calculated slide-gate opening and friction factor with different SEN lower part diameter.

Cases Submergence Depth
(mm)

Liquid Steel
Throughput Q (m3/s)

fL
(Slide-Gate Opening)

Parametric case G 100 0.0057 0.3936
Original
(Case 1) 210 0.0057 0.4000

Parametric case H 350 0.0057 0.4072
Parametric case I 500 0.0057 0.4171

Figure 14 shows the pressure distribution for the different submergence depths.
Deeper submergence depth is shown to slightly alleviate the negative pressure in the
nozzle. This is due to the smaller pressure loss at the slide-gate enabling a larger slide-gate
opening at deeper submergence.

Figure 14. Effect of submergence depth on pressure distribution.

The tundish level has the same effect as submergence depth. The effect of tundish level
on slide-gate opening is shown in Table 8, for a constant throughput. Lowering tundish
level means less potential energy input, so less pressure loss is required to maintain the
throughput. Therefore, the slide-gate opens more as the tundish level drops.
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Table 8. Calculated slide-gate opening with different tundish level.

Cases Tundish Level
(mm)

Liquid Steel
Throughput Q (m3/s)

fL
(Slide-Gate Opening)

Parametric case J 400 0.0057 0.4568
Parametric case K 600 0.0057 0.4345
Parametric case L 800 0.0057 0.4165

Original
(Case 1) 1030 0.0057 0.4

Parametric case M 1300 0.0057 0.3820

The calculated axial pressure distribution with the different tundish levels is shown in
Figure 15.

Figure 15. Effect of tundish level on pressure distribution.

Interestingly, the tundish level has little effect on the negative pressure near the slide-
gate, relative to the submergence depth. The minimum pressure in the system, found just
below the slide-gate, is about the same, regardless of slide-gate opening and tundish level.
Clearly, the submergence depth has more influence than the tundish level on the negative
pressure developing near the slide-gate although both affect the height difference that
controls the potential energy driving force.

8. Estimation of Air Aspiration, Reoxidation, and Transient Clogging
8.1. Estimation of Aspirated Gas Flow Rate and Reaction Rate of Generated Alumina

The new 1-D pressure-energy is coupled with the analytical solution for aspirated air
flow rate (Equation (43)) and generated oxides (Equation (44)), and applied to estimate
the clogging shutdown time. The nozzle designs used in Parametric studies 1 and 2 are
considered in the calculations. Also, it is assumed that the air aspiration is assumed to occur
through a thin gap between the refractory plates just below the slide-gate. The calculated
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pressure at Point 5 (in Figures 11 and 13) is used to calculate air flow through this gap (Pin
in Equation (43)). Figure 16 shows the rates of aspirated gas flow and alumina formation
reaction, for the different nozzle diameters investigated in the first two parametric studies
(SEN lower diameter and overall diameter), for three gap sizes, of thickness 2H of 100, 150,
and 180 microns.

Figure 16. Estimated flow rate of aspirated air and alumina generation rate with different nozzle
diameter.

All of the results show that even very thin, submillimeter sized gaps, such as those
caused by sealing tolerance problems, are critical to the process because they cause huge
aspiration problems. For example, a 150-micron gap causes ~17 SLPM of aspirated gas flow
for Case 1 (Point 5), which has a pressure difference of ~46 kPa. The oxygen in the aspirated
air will all react with the most reactive elements in the steel to form inclusions. For Al-
killed steel, which contains available dissolved aluminum, this will generate ~10 grams of
alumina per minute (or 0.6 kg/h). This rate will build up 1.1 mm thickness of clogging per
hour on the entire SEN wall, assuming that 50% of the inclusions attach to the walls [40]
and that the clog consists of 50% alumina and 50% steel [41]. This represents up to 30% of
the typical clogging rate observed in commercial operations [26]. Note that the aspirated
gas flow rate (Equation (42)) increases with the cube of the gap size, so large gaps will
cause severe clogging and quality problems very quickly.

The results in Figure 16 also show that decreasing nozzle diameter below a threshold
size can lessen the aspirated gas flow rate and corresponding alumina formation. In
particular, decreasing the SEN lower diameter is a better solution than decreasing the
overall nozzle diameter.

8.2. Static and Dynamic Estimation of Clogging Shutdown Time

Based on the estimated inclusion buildup rate, the time before shutdown due to
clogging is calculated to evaluate the lifespan of different SEN designs. For the growth
mechanism of clogging, it is assumed that half of the generated oxides are deposited on
the nozzle wall, and that the clog composition is half alumina and half steel. The time
to fully-clog the nozzle (i.e., to fill the cross-section with oxides) is first estimated for the
different nozzle diameters under constant operating conditions, based on the constant
reaction rate for a 150 microns gap thickness.

The results for clogging time are presented in Figure 17 at three different locations
down the nozzle (below the slide-gate [3], the tapered part [46], and the nozzle port [9]).
The surface area of these deposit sites is based on the size of the recirculation zones, which
the clog is assumed to gradually fill, except in the tapered part, where the surface area is
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taken as the nozzle wall area. Figure 17 shows that decreasing the nozzle diameter does not
shorten the time to complete nozzle clogging if air aspiration is the only inclusion source.
The clogging time is extended because the negative pressure decreases. Also, as expected,
it is better to decrease only the lower-SEN diameter instead of the diameter of all nozzles
in the system.

Figure 17. Effect of nozzle diameter on clogging time for different clogging locations (150-
micron gap).

Finally, a transient model of clogging shutdown time (the smaller of time to fully-open
slide-gate and time to fully-clogged cross-section area) is applied to simulate different
nozzle diameters and deposit sites for realistic casting sequences which maintain constant
throughput by continuously opening the slide-gate opens to compensate for the evolving
increase of nozzle clogging. Details of the model are given in Section 3.7. The results in
Figure 18 show the evolution of pressure distribution, slide-gate opening, and port outlet
cross-section area when clogging occurs at the port outlets. Conditions are based on the
original nozzle geometry and conditions given in Figure 1 and Table 1 for Case 1 with gap
size of 150 microns, throughput Q = 0.0057 m3/s, and 100 s time step.

As inclusions form and the clog grows, the pressure loss at the port increases. This leads
to an increase of slide-gate opening to keep the same throughput (Figure 18b). Effectively, the
pressure loss that originally occurs mainly at the slide-gate is redistributed to the nozzle port
by the port clogging as time progresses. Interestingly, this transient simulation converges
to an equilibrium just short of a clogging shutdown (90% clogged area): the reoxidation
rate decreases gradually as the slide-gate opens because the negative pressure is gradually
mitigated by the evolving clogging at the ports, as shown in Figure 18a. The pressure at the
slide-gate increases to nearly zero after 85 minutes of operation time, so clog growth drops
accordingly (Figure 18b). This result shows that the growth of clogging helps to lessen
air aspiration due to the increase of slide-gate opening that it causes. However, it should
be cautioned again that this model considers only oxides formed by air aspiration as the
clogging source. Any inclusions supplied from upstream will clog the nozzle continuously,
leading to a clogging shutdown.
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Figure 18. Transient model of nozzle clogging showing evolution of (a) pressure distribution, (b) slide-gate opening and
clogged port area.

9. Discussion

As discussed in Section 3, the control of throughput can be explained as an energy
balance between potential energy, kinetic energy, and pressure losses. The pressure distri-
bution calculated by the 1-D pressure-energy model quantifies how most of the potential
energy is dissipated by the slide-gate (e.g., Figure 8). These results reveal that this excessive
pressure loss at one location causes negative pressure just below the slide-gate (Point 5
in Figure 8). The negative pressure can lead to air aspiration and significant detrimental
reoxidation even with a very thin, submillimeter gap at the slide-gate.

Four ways to avoid the negative pressure and air aspiration problem are suggested in
this study. The simplest method is to increase the throughput. With more kinetic energy
and friction loss from the higher velocity distributed down the nozzle, less potential energy
must be dissipated by the slide-gate. Thus, the slide-gate opening will increase and lessen
the negative pressure problem.

A second method is to increase the submergence depth and to lower the height
difference between the tundish and mold level. An upward-ports design could compensate
for the deeper submergence depth to maintain optimal mold flow.

A third method is to redistribute the pressure losses by decreasing the nozzle diam-
eter(s). The lower SEN diameter is the best diameter to lessen, because it tends to raise
pressure in the system above it. In the commercial system studied in this work, decreasing
the lower SEN diameter to 51 mm was predicted to avoid negative pressure completely.
Plant trials with several changes in processing conditions, including a decreased lower
SEN diameter, found significantly less nozzle clogging and strand defects.

Finally, it is important to avoid cracks and leaks in the refractory, where air aspiration
occurs. As shown in Equation (43), the aspirated gas flow rate decreases with thicker
refractory walls. The proposed 1-D pressure-energy model can be used to test these and
other methods to find ways to lessen negative pressure, aspirated gas, oxides, and to
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increase time before clogging shutdown. This model also has great potential for a real-time
monitoring system in the plant.

10. Conclusions

A new 1-D transient pressure-energy model is presented to calculate steel throughput,
pressure distribution from the tundish top to the mold top surface, air aspiration, generated
oxides, and clogging shutdown time. General expressions for pressure at selected points in
the continuous casting system were derived based on Bernoulli-type energy balances. The
new model was verified with a 3-D CFD computational model simulation and validated
with plant measurements. The results from parametric studies suggested several ways
to mitigate problems with negative pressure just below the slide-gate, air aspiration,
reoxidation, and clogging. Decreasing the lower-SEN nozzle diameter was predicted to be
the easiest and the most effective way to avoid negative pressure and associated production
and quality problems. Negative pressure was avoided for the geometry and conditions of
the standard commercial operation in this study by decreasing the lower SEN diameter to
51 mm. The analytical model to estimate the rates of gas aspiration and inclusion formation
showed that only a 150-micron gap or crack in the nozzle refractory walls was sufficient to
produce excessive aspiration, inclusions, clogging, and multiphase flow in the mold.
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Appendix A

For the geometry given in Figure 5 for air flow through a thin radial gap, the continuity
and Navier-Stokes equations can be simplified to Equations (A1) and (A2), assuming
steady-state, incompressible, axi-symmetric, radial, and Newtonian flow.

rur = ξ(z) (A1)

− ρu2
r

r
= −dP

dr
+ µ

∂2ur

∂z2 (A2)

where r is the radial coordinate (m), ur is the radial gas velocity (m/s), z is the axial
coordinate (m), ξ is an arbitrary function of z, ρ is the gas density (kg/m3), P is the gas
pressure (Pa), µ is the gas viscosity (Pa·s). Equation (A2) is a nonlinear partial differential
equation which has no analytical solution. However, it can be simplified further by scaling:

Re× u∗2r
r∗

=
dP∗

dr∗
− ∂2u∗r

∂z∗2 (A3)

Considering that the gap is very thin (2H) (Figure 17), the gas flow falls into the
Stokes flow regime, Re� 1, and the nonlinear term in the left-hand side can be neglected.
Equation (A2) then simplifies to:

dP
dr

= µ
d2ur

dz2 (A4)
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Inserting the continuity equation (Equation (A1)), Equation (A4) becomes

r
dP
dr

= µ
d2ξ

dz2 (A5)

Since ξ = f (z), the left-hand size of the equation becomes only a function of r, but the
right-hand size is only a function of z. Therefore, both terms must be a constant C to satisfy
Equation (A5).

r
dP
dr

= C and µ
d2ξ

dz2 = C (A6)

By integrating these two ordinary differential equations, the velocity and flow rate of
the aspirated air are obtained in Equations (42) and (43).
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