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Abstract: This paper presents a numerical simulation of the steel grade transition from the ladle
nozzle to the solidification end of the bloom. The simulation is based on models encompassing
fluid flow, solidification, heat transfer, an electromagnetic field, and solute transport. To validate
the accuracy of the steel grade transition model, transition blooms of high-carbon steel are sampled.
Subsequently, the model is applied to investigating the steel grade transition between medium-carbon
steel and low-carbon steel. The findings indicate that the regions exhibiting significant differences
between their molten steel flow velocity and bloom casting speed in the strand model are primarily
concentrated within 1 m below the meniscus. Additionally, the mushy zone in the strand model
possesses a substantial volume. Solute elements continuously permeate the liquid phase from
the solid phase through the mushy zone. Consequently, the distribution of solute elements in the
transition bloom is primarily influenced by the molten steel flow in the tundish and macro-segregation
in the casting process. The segregation degree of each solute element varies among grades with
different carbon contents. In the austenite phase, the segregation degree of each element follows
the order C > Si > Mo > Mn > Cr > Ni, while in the ferrite phase, the segregation degree is ordered
as C > Si = Min. Considering macro-segregation, the transition bloom partition model proves to be
more stringent than the original partition method. This results in longer transition blooms when a
significant difference exists between the new and old grades. For example, in Scheme 1, the original
plan transition bloom length is 8.88 m, whereas the new plan transition bloom length is 10.88 m.
Similarly, in Scheme 2, the original plan transition bloom length is 34.64 m, and the new plan transition
bloom length is 35.16 m. Conversely, shorter partition intervals occur when there is an overlap in the
composition of the new and old grades. In Scheme 3, the original plan partition interval for the new and
old grades is 4.08 m, while the new plan partition interval is reduced to 0.94 m.

Keywords: grade transition; macro-segregation; numerical simulation; transition bloom; solidification

1. Introduction

In contemporary times, scholars have introduced a multitude of steel grades to accom-
modate diverse application scenarios. Some of these specialized steel materials boast high
added value but experience relatively low demand, rendering it impractical to fulfill the
requirements of a single casting sequence. In response to this challenge, the technology
of steel grade transition has been proposed, enabling the production of different grades
within the same casting sequence. However, the transition from one steel grade to another
gives rise to transition blooms situated between the new and old grades. Consequently,
reducing the length of the transition blooms and accurately predicting their positions have
emerged as pivotal areas of focus in current research endeavors.

Numerous scholars have endeavored to minimize the length of the transition blooms
by adjusting the molten steel flow field within the tundish and mold. Research by Siddiqui
and Kim [1] suggests that the shortest transition billet can be achieved when the ladle
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nozzle is submerged to a depth of 38%, the inner wall angle of the turbulence inhibitor is
60°, the baffle height is 0.45 m, and the baffle is positioned 0.7 m away from the center of
the tundish. In a study by Kumar et al. [2], an optimal baffle height was proposed as a
means to reduce the length of the transition blooms. Siddiqui and Jha [3] found that the
use of turbulence inhibitors could extend the length of the transition blooms. Agarwal
et al. [4] discovered that closing one strand near the ladle nozzle would result in the longest
transition billet. However, when closing two strands, shutting the strands near the ladle
nozzle leads to the shortest transition billet.

In a strand model, Michalek et al. [5] conducted a comprehensive investigation into
the impact of Submerged Entry Nozzle (SEN) structures on the length of round transition
blooms. The findings suggest that the utilization of a straight-through-type SEN results in
the production of the longest round transition blooms. Huang and Thomas [6-8] employed
a three-dimensional (3D) plus one-dimensional numerical simulation of the strand to
examine the composition distribution of transition slabs. The accuracy of this model was
validated using industrial experimental data from Inland Steel.

The disparities in composition between the surface and center of transition blooms
arise from the flow of molten steel and macro-segregation during the solidification process
of the transition blooms. Failure to control central segregation and subsurface negative
segregation in the bloom can result in the extended length of the transition bloom. Rappaz
et al. [9-11] studied the formation, fragmentation, and remelting of dendrites during metal
solidification. In recent years, scholars have developed macro-segregation models for
blooms [12-16]. Szmyd and Suzuki [17] proposed a more accurate solute redistribution
model, which improved the accuracy of the metal solidification model. Incorporating the
composition of molten steel mixed through the tundish into the conventional strand model
enables the study of the distribution of solute elements within the transition bloom.

In many Chinese steel enterprises employing steel grade transition technology, it is
predominantly utilized for new and old grades with overlapping compositions. However,
with the escalating competition in the market, instances of steel grade transition involving
significant differences in composition between new and old grades have gradually risen.
The previous research on the steel grade transition among high-carbon steels, medium-
carbon steels, and low-carbon steels is relatively limited, with minimal exploration from the
perspective of the macro-segregation of solute elements in the steel grade transition. This
paper primarily concentrates on the steel grade transition of high-carbon steels. Through
the establishment of numerical simulations encompassing fluid flow, heat transfer, solidifi-
cation, an electromagnetic field, and solute transport, the distribution of solute elements
in transition blooms is examined. The research findings are subsequently extrapolated to
medium-carbon steels and low-carbon steels. The numerical simulation developed in this
paper for predicting the distribution of solute elements in transition blooms represents a
more precise transition bloom prediction model. Using this model, methods for reducing
the length of the transition blooms are proposed.

2. Simulation Model
2.1. Model Description and Assumptions

This paper employed Fluent to conduct the numerical simulations, examining the
complete steel grade transition process from the ladle shroud to the solidification endpoint
of the bloom. A schematic diagram of the geometric model is illustrated in Figure 1. The
exits of the tundish are designated as a “far SEN” and a “near SEN”. To prevent the
entrainment of tundish powder in the molten steel, the tundish level should be controlled
within the range of 810 mm to 560 mm. Furthermore, mold electromagnetic stirring (M-
EMS) intensifies the formation of subsurface negative segregation in the bloom, while Final
Electromagnetic Stirring (F-EMS) can alleviate central segregation in the bloom. Therefore,
to diminish composition differences in the cross-section of the bloom and further reduce
the length of the transition blooms, the study disabled M-EMS and only activated F-EMS.
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Huang and Thomas [18] proposed that the solute transport induced by turbulent flow
in the tundish is orders of magnitude greater than molecular diffusion. Therefore, it can be
assumed that the differences in the liquid-phase diffusion coefficients of different solute
elements in the molten steel can be neglected. This allows the treatment of new and old
grades as separate components to study the steel grade transition in the tundish. The
numerical simulations of the tundish flow field [19-25] and numerical simulations of the
F-EMS electromagnetic field [26-30] have become relatively mature. This paper does not
delve further into the modeling process for the tundish steel grade transition and F-EMS.
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Figure 1. Schematic diagram of a 3D geometric.

The steel grade transition of a bloom encompasses various intricate physical phenom-
ena, including fluid flow, heat transfer, solidification, an electromagnetic field, and solute
transport. It is crucial to take into account the influence of the macro-segregation of solute
elements on the length of the transition blooms. Therefore, when calculating the steel grade
transition of a bloom, it becomes necessary to convert the dimensionless concentration of
the new grade at the SEN in the tundish model into the mass fraction C; 5. of each solute
element using Equation (1).

Ct,spe = F(Cn,spe - Co,spe) + Co,spe 1)

where Cy; spe and C, spe represent the mass fractions of the solute elements in the new and
old grades, respectively. After the conversion, it needs to be written into a Profile file and
then imported into the SEN of the strand model. The parameters of the strand model are
shown in Table 1.

Table 1. Parameters of continuous caster.

Parameter Value Unit Parameter Value Unit

Ladle shroud inner diameter 75 mm SEN inner diameter 45 mm
Ladle shroud outer diameter 148 mm SEN outer diameter 95 mm
Ladle shroud submerged depth 350 mm Submerged depth of SEN 150 mm
Casting speed 1.2 m/min Bloom cross-section 240 x 240 mm?

Mold length 700 mm Loop 0 length 400 mm

Loop 1 length 2100 mm Loop 2 length 2600 mm

Loop 3 length 3200 mm Loop 4 length 15,000 mm

F-EMS current intensity 400 A F-EMS frequency 4 Hz
F-EMS core inner diameter 660 mm F-EMS core outer diameter 800 mm
F-EMS coil height 600 mm F-EMS inner diameter 500 mm
F-EMS core height 500 mm F-EMS center position from meniscus 17,000 mm

The steel grade transition involves multiple complex physical phenomena, encompassing
fluid flow, heat transfer, solidification, an electromagnetic field, and solute transport. It is
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important to note that numerical simulations cannot perfectly replicate real-world conditions.
To streamline the numerical simulation process, this paper makes the following assumptions:

1. The new and old grades are considered transient, turbulent, and incompressible
Newtonian fluids. The density of the molten steel is calculated using the volume-
weighted mixing law within the tundish. After mixing in the tundish, it is assumed
that the density of the new and old grades does not undergo a sudden change. The
density of the molten steel entering the mold follows the Boussinesq assumption.
Assuming that the density of the new and old grades entering the mold is constant,
both are 7020 kg/m3.

2. The simulation only considers the Fe elements in the new and old grades and some
solute elements with higher mass fractions.

3. The mushy zone is treated as a porous medium, and the flow within the mushy zone
follows Darcy’s law.

4. The effects of the solidification shrinkage of the molten steel and the curvature of the
continuous caster on the solidification process of the bloom are neglected.

5. The solid-state phase change latent heat, which is far less than the latent heat of
solidification, is also ignored.

6. Induction magnetic fields and the induced heat in the molten steel, as well as the
impact of the molten steel flow on the magnetic field, are disregarded. Average
electromagnetic forces are used instead of transient values.

2.2. Governing Equations
2.2.1. Fluid Flow

The Navier-Stokes equation and the momentum equation are as follows [31]:

dp/ot+ V- (p?) —=0 )
0 p?

(at ) +V- (p%) = _Vp+uv- <v3+v?T> 408 +Fr+F+5Sp+Fug ()
Fr = pgBr(T — Ter) @

— Ns
Fo=pg Z,BC,spe (Cspe - Cref,spe) 5)

i=0

_ (1-pp 5 o

SD - MAmuSh <U - UC) (6)

where p is the density, ¢ is the time,  is the velocity, p is the static pressure, y is the
laminar viscosity, § is gravity with a value of 9.81 m/s?, Fr is the thermal buoyancy, Fc
is the solute buoyancy, Sp is the momentum sinking described in Darcy’s law, Fysq is the
electromagnetic force, Bt is the thermal expansion coefficient with a value of 0.0002 K~1,
T is the temperature, T, is the reference temperature, N; is the number of solute types
other than Fe, B¢ sy is the solutal expansion coefficient of the species spe'h, Cspe is the mass
fraction of the species speth, Cref,spe 18 the reference mass fraction of the species speth, B is the
liquid fraction, B is a small number to prevent division by zero with a value of 0.001, A ush
is the mushy zone constant with a value of 1.0 x 108 [32], and ?C is the casting velocity.

The turbulence model used in the article is Standard k — . The turbulent flow energy,

k, is represented as follows:
+Vt<zjl+]>?)f—ps+5k (7)

o(pk) n ka(vi) _i (]l-i—yt) ok
j o dx;  dx; ) dx;

ax]'

ot P ox, T ox;

_(1-p7
Sk = (53 T ﬁO) Amush k 8)
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The dissipation rate, ¢, of k is represented as follows:

de € dv;  0v; \ Ju; &2
<.u+‘:;lt)ax +Clek,ut<l+ ]>Z_CZSP+S£ (9)
€ ]

d d d
&(PS) + aTci(pwi) =3

; ox; | dx; ) Ox; k
1 — B)2
Se = MAmush € (10)
The turbulent flow energy, k, is represented as follows:
K2
e =pCu (11)

where Cy¢, Ca¢, and C, are constants with values of 1.44, 1.92, and 0.09, respectively; Sy and
S¢ are the sinks induced in the mushy and solidified zones; and o} and ¢, are the turbulent
Prandtl numbers for k and ¢, with values of 1.00 and 1.30, respectively [33].

2.2.2. Solidification and Heat Transfer

The energy equations are written as:

0 d(pv;H) 9 ( oT
g(pH) + axi N axi Aaxi (12)
T
H =y + /T ¢pdT + BLyat (13)
ref

where H is the enthalpy, A is the laminar thermal conductivity, 1, is the reference enthalpy,
cp is the specific heat, and L, is the latent heat.

2.2.3. Species Transfer

The micro-segregation model in this article adopts the lever rule, and the conservation
equations for species transfer are described as follows:

) —
&(pCSPC) +V- (pSC) =-V- ]spe (14)
- =
(v -20-p) ﬁ
SC = B ﬁ Cspe + (1 - ‘B) UcKspeCSpe (15)
N
]spe =P [.BDspe,liquSpe + (1 - ﬁ)DSpe,SOZVKSPECSpe} (16)

where S is the product of velocity and mass fraction, and ?spe is the diffusion flux of

species s peth, Kspe is the partition coefficient of the species s peth, and Dy, jiq and Dgpe 501 are

the liquid-phase diffusion coefficient and the solid-phase diffusion coefficient, respectively.
The liquid fraction, , is described as:

1 it T > Ty,
T - T, .

B = ﬁ if Tiig 2 T > Tl (17)
0 T < Ty

The liquidus temperatures Tj;; and the solidus temperatures T, are described as:

Tliq = Lerr + Z mspecspe (18)
solutes
Tsor = Therr + Z mspeCspe/Kspe (19)

solutes
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where 1, is the slope of the liquidus surface of the species s pe!, and T,y is the melting
temperature of pure iron with a value of 1808 K.

2.3. Boundary Conditions

The boundary conditions for this simulation are as follows:

1.  The SEN is defined as a velocity inlet with a velocity magnitude of 0.72 m/s. The
turbulence intensity I is calculated using Equation (20), with a value of 0.043.

—0.125
I=0016 <P0DM SEN > (20)

where Dgpy represents the inner diameter of the SEN.

2. The outlet for the strand model is set as outflow.
3. All the other boundaries are designated as walls.

For the steel-slag interface, the shear stress is set to 0, and the heat transfer at the
steel-slag interface is ignored. The walls surrounding the domain have a velocity matching
the casting speed, and the heat transfer conditions are defined for various sections of the
strand. The heat transfer conditions are set as follows:

- Mold zone. The heat flux density g,,,,;4 in the mold zone is calculated using Equation (21).

DX Chopater < M X ATwater Linen

1
Gmord = 2,688,000 — (4,020,000 — 1)

Seff Linola

where L, is the distance from the meniscus surface, L4 is the effective length of the
mold, ¢, ... is the specific heat capacity of the cooling water, m is the flow rate of the
cooling water in the mold, ATyqter is the temperature difference in the cooling water in the
mold, and S,y is the effective cooling area of the mold.

- Secondary cooling zone. The heat flux density in the secondary cooling zone is
represented by ot and gosper in the foot roll zone and the other zones, respectively.

qfoot = 420w§)f'0305tl X (Tsur - Twater) (22)

Qother = (116 + 1044@03}%21) X (Tsur - Twater) (23)

where Ty, represents the surface temperature of the bloom, and Tyqter represents the
temperature of the cooling water. The parameters of the secondary cooling zone are shown
in Table 2:

Table 2. Parameters of the secondary cooling zone.

Loop Number Water Flow Rate = Convection Coefficient Loop Number Water Flow Rate = Convection Coefficient
P (L/(m?s)) (W/(m?-K)) P (L/(m?s)) (W/(m?-K))
0 1803.1 1 105.0 664.0
2 425.0 3 19.4 246.0

- Air-cooling zone. The heat flux density g,;, in the air-cooling zone is calculated using
Equation (24) [34].

air = USBEpla (Ts4ur - T;mb) (24)

where 03 is the Stefan-Boltzmann constant with a value of 5.67 x 1078 W/(m?K), ¢, is
the blackness at the bloom surface with a value of 0.8, and T,,,,;, is the ambient temperature
with a value of 300 K.
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2.4. Material Parameters and Simulation Schemes

Research indicates that opting for steel grades with a lower density as the new grade
can lead to shorter transition blooms [35]. In this paper, it is assumed that the physical
properties of the mixed molten steel flowing from the tundish into the mold remain
constant, with the specific parameters detailed in Table 3. Additionally, Table 4 provides
the composition ranges and actual compositions of three pairs of steel grades utilized in
the steel grade transition.

Table 3. The material parameters in the strand model.

Parameter Value Unit Parameter Value Unit
Specific heat of steel 650 J/(kg-K) Viscosity of steel 0.0062 kg/(m-s)
Pure solvent melting heat 270,000 J/kg Thermal conductivity 41 W/(m-K)
Liquid-phase diffusion coefficient 2.0 x 107° cm?/s

Table 4. Composition range and actual composition of new and old grades.

Grage C Si Mn Cr Ni Mo
Old grade GCr15 range 0.95~1.05 0.15~0.35 0.25~0.45 0.95~1.05 <0.20 -
Old grade GCr15 composition 1.00 0.29 0.36 0.99 0.01 -
New grade GCr155iMn range 0.95~1.05 0.40~0.65 0.90~1.20 1.30~1.65 <0.20 -
New grade GCr15SiMn composition 0.99 0.46 0.98 1.37 0.01 -
Old grade 30Cr2Ni2Mo range 0.26~0.34 0.17~0.37 0.30~0.60 1.80~2.20 1.80~2.20 0.50~0.80
Old grade 30Cr2Ni2Mo composition 0.31 0.23 0.52 21 2.08 0.68
New grade 30CrNi3Mo range 0.30~0.40 0.17~0.37 0.50~0.80 1.10~1.70 2.75~3.25 0.25~0.40
New grade 30CrNi3Mo composition 0.33 0.26 0.58 1.32 2.82 0.31
Old grade Q345 range 0.13~0.16 <0.40 1.20~1.35 <0.30 <0.03 <0.08
Old grade Q345 composition 0.15 0.31 1.25 0.01 0.01 0.03
New grade Q355 range 0.13~0.17 <047 1.30~1.55 <0.30 <0.03 <0.10
New grade Q355 composition 0.15 0.28 1.5 0.01 0.01 0.02
The solidification process of the three pairs of steel grades used in the steel grade
transition is depicted in Figure 2. The material parameters for the solute elements corre-
sponding to each steel grade are set based on the iron—-carbon phase diagram. Specifically,
when Q345 is the old grade and Q355 is the new grade, the parameters for each solute
element in the ferrite phase are applied. When GCr15 is the old grade and GCr15SiMn is
the new grade, the parameters for each solute element in the austenite phase are utilized.
For the pair with 30Cr2Ni2Mo as the old grade and 30CrNi3Mo as the new grade, the
parameters for each solute element in the ferrite phase are used at temperatures above
1495 °C (1768 K), and the parameters for each solute element in the austenite phase are used
at temperatures below 1495 °C (1768 K). These parameters are imported into the strand
model using a user-defined function. Table 5 provides a detailed list of parameters related
to the solute elements for the new and old grades, where R is the gas constant, and its value
is 1.987 cal/(mol-K).
Table 5. Species-dependent thermophysical properties [36,37].
DJ,S e,sol D ,spe,sol Mspe
Element Ks,spe Ky ,spe (Cnfz /s) (ZmpZ /s) (K/wi’,%) (1/57:;.%)
C 0.19 0.34 0.0127exp(—19,450/RT)  0.0761exp(—32,160/RT) 78.0 1.10 x 102
Si 0.77 0.52 8.0exp(—59,500/RT) 0.3exp(—60,100/RT) 7.6 1.19 x 1072
Mn 0.77 0.785 0.76exp(—53,640/RT) 0.055exp(—59,600/RT) 49 1.92 x 1073
Cr 0.95 0.86 2.4exp(—57,310/RT) 0.0012exp(—52,340/RT) 1.04 3.97 x 1073
Ni 0.83 0.95 1.6exp(—57,360/RT) 0.34exp(—67,490/RT) 4.69 —6.85 x 1074
Mo 0.8 0.585 3.47exp(—57,690/RT) 0.068exp(—59,000/RT) 2.6 -1.92 x 1073
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Figure 2. A schematic diagram of the crystallization process of three pairs of steel grades in steel

grade transition.

The relatively small partition coefficient of the C element leads to a higher C seg-
regation. Moreover, the large slope of the liquidus surface for the C element results in
the liquidus line temperature being significantly influenced by the mass fraction of the
C element in the molten steel. Therefore, in the steel grade transition, it is advisable to
choose steel grades with similar mass fractions of the C element. The research schemes
in this paper are outlined in Table 6, where Schemes 1, 2, and 3 correspond to steel grade
transition between pairs of high-carbon steels, medium-carbon steels, and low-carbon
steels, respectively. Schemes 4, 1, and 5 investigate steel grade transitions with different
tundish levels. When using the flying tundish technology, the new and old grades are not
mixed in the tundish, so the tundish level of Scheme 5 is 0 mm.

Table 6. Numeric simulation schemes.

No. Old Grade New Grade Tundish Level No. Old Grade New Grade Tundish Level
1 GCr155iMn 560 mm 2 30Cr2Ni2Mo 30CrNi3Mo 560 mm
3 Q355 560 mm 4 GCr15 GCr155iMn 810 mm
5 GCr155iMn 0 mm

3. Results and Discussion
3.1. Model Validation

In spectral analysis, it was found that the variation pattern of the C element was not
obvious [6], so this paper measured the mass fraction of the Si element. Figure 3 illustrates
the simulated and measured Si content in the transition bloom when GCr15 serves as the
old grade and GCr15SiMn as the new grade. The sampling positions for the transition
bloom include the subsurface negative segregation zone and the central segregation zone,
with a sampling interval of 2 m. The excellent consistency between the measured data and
the simulated data confirms the accuracy of the model.
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Figure 3. Simulated and measured values of Si content in transition bloom of Scheme 1.

3.2. Foundation before Steel Grade Transition
3.2.1. Tundish Simulation

Figure 4 depicts the variation in the mass fraction of the new grade over time during
the steel grade transition in the tundish. The moment labeled as 0 in the chart corresponds
to the time when the new grade starts flowing into the tundish from the ladle. Figure 4a
represents the steel grade transition with GCr15 as the old grade and GCr15SiMn as the
new grade at a low tundish level. In this case, the density of the old grade is greater than
that of the new grade. Figure 4b illustrates the steel grade transition with 30Cr2Ni2Mo as
the old grade and 30CrNi3Mo as the new grade at a low tundish level, where the density
of the old grade is less than that of the new grade. Figure 4c represents the steel grade
transition with Q345 as the old grade and Q355 as the new grade at a low tundish level,
where the density of the old grade is approximately equal to that of the new grade.
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Figure 4. Contour maps of the change in mass fraction of new grades in the tundish over time during
the steel grade transition: (a) Scheme 1; (b) Scheme 2; (c) Scheme 3; (d) Scheme 4.

It is evident from the figure that the steel grade transition in the tundish is significantly
influenced by the density difference between the new and old grades. When the density of
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the old grade is greater than that of the new grade, the generation time of the mixed molten
steel is shorter, resulting in fewer transition blooms. Conversely, when the density of the
old grade is less than that of the new grade, the generation time of the mixed molten steel
is longer, leading to more transition blooms.

Figure 4d illustrates the steel grade transition with GCr15 as the old grade and
GCr15SiMn as the new grade at a normal tundish level. It can be observed that the
greater the remaining amount of the old grade in the tundish, the longer the generation
time of the mixed molten steel, and the more transition blooms are produced.

Figure 5a—d correspond to Figure 4a—d, respectively. In these figures, the black curve
represents the dimensionless concentration history of the new grade at the far SEN (out 1),
while the red curve represents the dimensionless concentration history of the new grade
at the near SEN (out 2). The dimensionless concentration of the new grade at the SEN in
the tundish model is converted into the mass fraction C; s, of each solute element using
Equation (1). This information is then compiled into a Profile file and imported at the
entrance of the strand model for each element’s mass fraction. As the variation patterns
in the bloom are similar, studying the steel grade transition of one strand is sufficient to
understand the steel grade transition of the bloom. In this simulation, the strand from the
near SEN (out 2) is chosen for further investigation.
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Figure 5. Residence time distribution (RTD) curve of the mass fraction of new grades at each SEN of
the tundish during the steel grade transition: (a) Scheme 1; (b) Scheme 2; (c) Scheme 3; (d) Scheme 4.

3.2.2. F-EMS Simulation

Maxwell was employed to calculate the electromagnetic force and magnetic induction
intensity generated by F-EMS for the bloom, as depicted in Figure 6. The electromagnetic
force is imported into the strand model by compiling a user-defined function.
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Figure 6. Electromagnetic force and magnetic induction intensity calculated using Maxwell:
(a) F-EMS center cross-section electromagnetic force distribution; (b) magnetic induction intensity at
the centerline of the bloom.

3.2.3. Old Grade Casting Simulation

From Figure 7b, it can be observed that the mushy zone has a large volume in the
strand model, and solute elements continuously migrate from the solid phase through
the mushy zone into the liquid phase. This results in significant differences in the mass
fraction of the solute elements on the same cross-section of the bloom. Regarding the
molten steel flow perspective shown in Figure 7c, the regions with a substantial difference
between the molten steel flow velocity and the casting speed are mainly concentrated
within 1 m below the meniscus. The impact of the molten steel flow on the mass fraction
differences in the solute elements in the same cross-section of the bloom is relatively minor.
In Figure 7b,c, the positions of the mushy zone and areas with a high molten steel flow
velocity are compressed to show their locations in the complete bloom. On the other
hand, Figure 7a,d are local magnifications of Figure 7b,c at normal proportions. Therefore,
the macro-segregation of the solute elements has a much more significant impact on the
mass fraction differences in the solute elements in the same cross-section of the bloom
compared to the effect of the molten steel flow. When establishing a predictive model
for the composition of the transition bloom, the influence of macro-segregation on the
distribution of the solute elements cannot be ignored.
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Figure 7. Comparison between the mushy zone and the area with significant differences in molten
steel flow velocity: (a) local mushy zone at the solidification end; (b) the overall mushy zone in the
continuous casting process of bloom; (c) the overall flow field in the continuous casting process of
bloom; (d) local flow field in the mold.
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Numerical simulation of the continuous casting process with the old grade forms
the foundation for simulating the steel grade transition. Figure 8 presents the numerical
simulation results of the normal continuous casting process for the old grades GCr15,
30Cr2Ni2Mo, and Q345. Due to the actual aspect ratio of the computational domain
being 100:1, the aspect ratio in the figure is reduced to 10:1 for better visualization of the
simulation results. The following vertical section contour maps use this compression ratio.
Figure 8a,ce, respectively, show the liquid fraction contour maps for the old grades GCr15,
30Cr2Ni2Mo, and Q345. Due to the composition differences between the three steel grades
leading to different solidus and liquidus temperatures, they eventually result in different
solidification endpoints. The elements with the greatest differences in each steel grade
transition scheme are then displayed in Figure 8b,d,f. Among them, Figure 8b illustrates
the distribution of the Si element in GCr15, Figure 8d shows the distribution of the Ni
element in 30Cr2Ni2Mo, and Figure 8f displays the distribution of the Mn element in Q345.
During the solidification process of the bloom, a liquid phase, a solid phase, and a mushy
zone in between exist. The solute elements undergo redistribution at the solidification front,
which is the primary cause of macro-segregation in the bloom. Before the solidification is
completed, there is a relatively long mushy zone that accumulates the high-concentration
solute elements expelled by the surrounding bloom. This leads to significant positive
macro-segregation in the center of the bloom, increasing the compositional differences in
the bloom’s cross-section.

f \ /
@ [l o © (@ © | o
Liquid Mass Liquid Mass Liquid Mass
fraction fraction fraction fraction fraction fraction
of Si of Ni of Mn
(Wt.%) (Wt.%) (wt.%)
0.9000 0.3000 0.9000 2.0940 0.9000 1.2800
0.8000 0.2980 0.8000 2.0914 0.8000 1.2740
0.7000 0.2960 0.7000 2.0888 0.7000 1.2680
0.6000 0.2940 0.6000 2.0862 0.6000 1.2620
0.5000 0.2920 0.5000 2.0836 0.5000 1.2560
0.4000 0.2900 0.4000 2.0810 0.4000 1.2500
0.3000 0.2880 0.3000 2.0784 0.3000 1.2440
0.2000 0.2860 0.2000 2.0758 0.2000 1.2380
0.1000 0.2840 0.1000 2.0732 0.1000 1.2320
0.2820 2.0706 1.2260
0.2800 2.0680 1.2200

Figure 8. Solidification and segregation during continuous casting of three old grades: (a) solidifica-
tion of GCr15; (b) Si element segregation in GCr15; (c) solidification of 30Cr2Ni2Mo; (d) Ni element
segregation in 30Cr2Ni2Mo; (e) solidification of Q345; (f) Mn element segregation in Q345.

The differences in the thermal physical parameters of the solute elements result in
them having different segregation degrees. There are various methods for defining the
segregation degree, and Wolczynski’s [38] method can be used to observe the distribution
of solute elements throughout the cross-section. This article uses Equation (25) to calculate
the segregation degree 75, for each element.

- Cspe

Vspe = =
P Cspe

(25)
where s, represents the average mass fraction of the element spet". The segregation
degrees of various elements in the cross-section of the fully solidified blooms for the old
grades GCr15, 30Cr2Ni2Mo, and Q345 are shown in Figure 9. From Figure 9a, the order

of the center segregation of the elements is C > Si > Mn > Cr. In Figure 9b, the order of
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the center segregation of the elements is Mo > Mn > Cr > Ni. Figure 9c reveals that the
order of the center segregation of the elements is C > Si = Mn. It can be observed that the
segregation degree of the elements is closely related to the distribution coefficients of each
element in different phases.
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Figure 9. The segregation degree of each solute element after solidification of three old grades:
(a) GCr15; (b) 30Cr2Ni2Mo; (c) Q345.

3.3. Formation Process of Transition Blooms with Different Carbon Contents

After the molten steel enters the mold, it flows downward along the solidification front
under the influence of the flow field. At the initial stage of the steel grade transition, the
center of the same cross-section of the bloom is the old grade, and the solidification front of
the bloom is the new grade. As the bloom further solidifies, the effect of macro-segregation
becomes evident. The solute element mass fraction at the center of the bloom cross-section
gradually becomes higher than that of the new grade at the solidification front, becoming
the defining condition for the starting point of the transition bloom.

Figure 10a—c, respectively, illustrate the steel grade transition of the old grade GCr15
and new grade GCr155iMn, the old grade 30Cr2Ni2Mo and new grade 30CrNi3Mo, and the
old grade Q345 and new grade Q355. When GCr15 is the old grade and GCr155iMn is the
new grade, the equilibrium distribution coefficient of the Si element in the austenite phase
is relatively small, leading to a higher segregation degree. Therefore, in Scheme 1, there is a
significant difference in the mass fraction of the Si element in the same cross-section. When
30Cr2Ni2Mo is the old grade and 30CrNi3Mo is the new grade, the equilibrium distribution
coefficients of the Ni element in both the austenite phase and the ferrite phase are relatively
large, resulting in a smaller segregation degree. Therefore, in Scheme 2, there is a smaller
difference in the mass fraction of the Ni element in the same cross-section. When Q345 is
the old grade and Q355 is the new grade, the equilibrium distribution coefficients of the Mn
element in the ferrite phase are relatively large, resulting in a smaller segregation degree.
Therefore, in Scheme 3, there is a smaller difference in the mass fraction of the Mn element
in the same cross-section. However, in Scheme 3, the difference in the mass fraction of the
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Mn element between the new and old grades is also relatively small, leading to a larger
difference after converting the Mn element into a dimensionless concentration.
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Figure 10. Contour maps of the most influential elements over time in the strand model of the
steel grade transition with different C content schemes: (a) the variation in Si element over time in
Scheme 1; (b) the variation in Ni element over time in Scheme 2; (c) the variation in Mn element over
time in Scheme 3.

Figure 11 shows the dimensionless concentration history of the average mass fraction
of the new grade at the exit of the tundish, as well as the curve drawn from the center seg-
regation value, average value, and sub-surface negative segregation value of the transition
bloom. Figure 11a depicts the history of the Si element mass fraction of the transition bloom
when GCr15 is the old grade and GCr15SiMn is the new grade in the steel grade transition.
In this scheme, the Si element mass fractions of the new and old grades differ significantly,
and the actual composition of the Si element of both steel grades is far from the control line
(y = 0.35 and y = 0.40) of the steel grade composition range. The previous transition bloom
prediction method did not consider the macro-segregation phenomenon in the transition
bloom. The original method determined a relatively short transition bloom of 8.88 m.
The new scheme, considering the macro-segregation in the transition bloom, calculates a
longer transition bloom of 10.88 m compared to the original scheme. Figure 11b shows the
history of the Ni element mass fraction of the transition bloom when 30Cr2Ni2Mo is the
old grade and 30CrNi3Mo is the new grade in the steel grade transition. In this scheme,
the Ni element mass fractions of the new and old grades differ significantly, and the actual
composition of the Ni element of both steel grades is close to the control line (y = 2.20 and
y = 2.75) of the steel grade composition range. The original method determined a relatively
long transition bloom of 34.64 m. The new scheme calculates a slightly longer transition
bloom of 35.16 m compared to the original scheme. Figure 11c illustrates the history of the
Mn element mass fraction of the transition bloom when Q345 is the old grade and Q355 is
the new grade in the steel grade transition. In this scheme, the Mn element mass fractions
of the new and old grades overlap, and the original method considered no transition bloom,
with a determined division interval of 4.08 m. The new scheme calculates a shorter division
interval for the new and old grades, only 0.94 m compared to the original scheme.
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Figure 11. RTD curves of the most influential elements over time in the strand model of the steel grade
transition with different C content schemes: (a) the variation in Si element over time in Scheme 1;
(b) the variation in Ni element over time in Scheme 2; (c) the variation in Mn element over time in
Scheme 3.

3.4. Different Tundish Levels in Steel Grade Transition

This study investigates the steel grade transition with different tundish levels using
GCr15 as the old grade and GCr155iMn as the new grade, as illustrated in Figure 12.
Figure 12a depicts the steel grade transition under a normal tundish level, while Figure 12b
shows the steel grade transition with the minimum tundish level, and Figure 12c illustrates
the steel grade transition with a flying tundish. When there is an overlap in the compositions
of the old and new grades, it is recommended to use the normal tundish level to obtain
a longer separation interval between the old and new grades. In cases where there is a
significant difference in the composition between the old and new grades during the steel
grade transition, the use of the minimum tundish level, which does not cause tundish
powder entrainment, or the flying tundish method is advised. Figure 12c demonstrates
the flying tundish technique without the simultaneous use of a “grade separator”. It is
evident that, influenced by the flow field and macro-segregation, there is a substantial
difference in the mass fraction of the solute elements across the same transverse section of
the transition bloom, resulting in a longer transition bloom. Therefore, when employing
the flying tundish method, it is recommended to use a grade separator concurrently to
effectively reduce the uneven distribution of the solute elements across the same transverse
section caused by the flow field [6].

Figure 13 illustrates the dimensionless concentration history by plotting the average
mass fraction of the new steel at the tundish outlet, along with the RTD curve plotted based
on the center segregation value, average value, and subcutaneous negative segregation
value of the transition bloom. Figure 13a depicts the historical concentration of the Si
element for the steel grade transition with a normal tundish level. The original method
determined a length of 10.67 m for the transition blooms. The new approach calculates a
length of 14.45 m for the transition blooms, longer than the original method. Figure 13b
presents the historical concentration of the Ni element for the steel grade transition with
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the lowest tundish level. The original method determined a transition bloom length of
8.88 m. The new approach calculates a transition bloom length of 10.88 m, longer than the
original method. Figure 13c shows the historical concentration of the Mn element for the
steel grade transition with a flying tundish. The original method determined a transition
bloom length of 1.13 m. The new approach calculates a transition bloom length of 4.02 m,
longer than the original method.

The initiation of the sub-surface negative segregation (blue) curves in Figure 13a—c
occurs earlier than that of the average composition (black) curves, and the average com-
position curve change occurs earlier than that of the central segregation (red) curves at
the initiation stage. For Figure 13a,b, the composition changes in the mixed molten steel
are relatively slow. When the sub-surface negative segregation (blue) curves rise to the
position of the average composition (black) curves, the average composition (black) curves
have also risen, and the two curves do not intersect. Similarly, the average composition
(black) curves and the central segregation (red) curves do not intersect either. Therefore,
the control curve for the initial division position is the central segregation (red) curve, and
for the final division position, it is the sub-surface negative segregation (blue) curve.

However, the composition changes in the mixed molten steel in Figure 13c occur too
rapidly. When the sub-surface negative segregation (blue) curve rises to the position of the
average composition (black) curve, the average composition (black) curve has not yet risen,
resulting in the intersection of the two curves. Similarly, the average composition (black) curve
intersects with the central segregation (red) curve, and the sub-surface negative segregation
(blue) curve also intersects with the central segregation (red) curve. This leads to the control
curve for the initial division position being the sub-surface negative segregation (blue) curve,
and for the final division position, it is the central segregation (red) curve.

Mass
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of Si
(Wt.%)
0.400
0.389
0378
0.367
0.356
0.344
0333
0322
0311
0.300

Time to start casting
of new grade (s)
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i

540 720 900 1080 1260 1440 1620 1800 540 720 900 1080 1260 1440

Figure 12. Contour maps of Si element variation over time for a steel grade transition strand model
with GCr15 as the old grade and GCr15SiMn as the new grade under different tundish level schemes:
(a) the tundish level is 810 mm; (b) the tundish level is 560 mm; (c) the tundish level is 0 mm.
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Figure 13. RTD curves of Si element variation over time for a steel grade transition strand model
with GCr15 as the old grade and GCr15SiMn as the new grade under different tundish level schemes:
(a) the tundish level is 810 mm; (b) the tundish level is 560 mm; (c) the tundish level is 0 mm.

4. Conclusions

This study established a comprehensive numerical model for the entire process of steel

grade transition, from the ladle shroud of the tundish to the solidification endpoint of the
bloom. The model incorporates physical phenomena such as fluid flow, an electromagnetic
field, heat transfer, solidification, and solute transport. The accuracy of the numerical simula-
tion was validated by comparing the measured and simulated values of the Si element mass
fraction in the transition bloom, where GCr15 serves as the old steel and GCr155iMn serves as
the new steel. The main findings of this study are summarized as follows:

1.

The regions where the difference between the molten steel velocity and the casting
speed is significant are mainly concentrated within 1 m below the meniscus. The
influence of the molten steel flow on the mass fraction difference in the solute elements
in the same cross-section of the transition bloom is relatively small. The voluminous
mushy zone in the strand model leads to the continuous migration of solute elements
from the solid phase through the mushy zone into the liquid phase. This results
in macro-segregation, where the impact of macro-segregation on the mass fraction
difference in the solute elements in the same cross-section of the transition bloom is
much greater than that of the molten steel flow.

The steel grade transition process for various solute elements in different phases
exhibits similarities. The segregation degrees of the solute elements are closely related
to their distribution coefficients in different phases. The segregation degree order of
the solute elements in the austenite phase is as follows: C > Si > Mo > Mn > Cr > Ni.
In the ferrite phase, it is C > Si = Mn.

The transition bloom division model considering macro-segregation is more rigorous
than the original division method. This results in longer transition blooms when there
is significant dissimilarity between the old and new grades. For example, in Scheme 1,
the original division method determines a transition bloom length of 8.88 m, while the
new method calculates a length of 10.88 m. In Scheme 2, the original division method
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gives a transition bloom length of 34.64 m, while the new method calculates a length
of 35.16 m. Simultaneously, it also leads to a shorter partition interval when there is
an overlap in the composition of the old and new grades. For example, in Scheme 3,
the original method determines a partition interval of 4.08 m, while the new method
calculates a length of 0.94 m.

4. When there is an overlap in the composition of the old and new grades, it is recom-
mended to use the normal tundish level, which can slow down the mixing of the old
and new grades, allowing for a longer partition interval. When there is a significant
difference in the composition of the old and new grades in the steel grade transition,
it is recommended to use the minimum tundish level, which does not cause tundish
powder entrapment, or to use the flying tundish method. Increasing the rate of change
in the composition of the old and new grades shortens the length of the transition
bloom. When using the flying tundish method, it should be combined with the use
of a “grade separator” to effectively reduce the uneven distribution of the solute
elements in the same cross-section of the transition bloom caused by the flow field.
At the same time, attention should be paid to the actual composition of the solute
elements, especially in the new steel, which differ significantly in their mass fractions,
and should be kept away from the control lines of the steel composition ranges.
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