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Abstract: The successful design of refractory lining for a tundish is critical due to the demand of
superheat control, improvement of steel cleanliness and reduction in material cost during continuous
casting. A design of experiment analysis, namely, the Taguchi method, was employed to analyze two-
dimensional heat transfer through refractory linings of a single-strand tundish, with the consideration
of the thickness and the thermal conductivity of lining materials. In addition, a three-dimensional
conjugate heat transfer model was applied in the tundish, taking in account the molten steel flow
and heat conduction in the linings. A special focus of this study was to demonstrate the analysis
methodology of combining Taguchi and CFD modelling to explore lining design in terms of thickness
and thermal conductivity for the given process conditions during tundish operations.

Keywords: fluid flow; refractory lining; thickness; thermal conductivity; conjugate heat transfer;
computational fluid dynamics (CFD); design of experiment (DOE); Taguchi

1. Introduction

Continuous casting tundish, working as a buffer and distributor of liquid steel between
the ladle and continuous casting molds, plays a key role in affecting the performance of
casting and solidification, as well as the quality of final products, referred to as “Tundish
Metallurgy”. Considerable research efforts have been made in academia and industry
over many decades to fully exploit and enhance the metallurgical performance of the
tundish [1-4].

Refractory linings of the tundish are designed to prevent heat loss, withstand thermal
shock and resist erosion. In addition, it is also important to prevent the molten steel
getting contaminated with unwanted impurities. A typical tundish refractory lining has
three solid layers, including (i) insulation layer, (ii) permanent layer, and (iii) working
layer. The insulation lining is a layer adjacent to steel shell, reducing the heat loss and
thermomechanical loads at the hot surface of the working lining. The permanent lining is
next to the insulation layer with the main role of safety insulation. The working lining is in
direct contact with molten steel during the casting process. The working lining material
should have good high-temperature performance and good chemical stability [5-7].

A typical tundish usage cycle consists of construction, preheating, steel casting, cooling,
removal of skull, and repair. Tundish preheating can be applied for drying and heating of
an empty tundish, which plays an important role for the entire casting process. For tundish
drying, it is required to remove the moisture from a newly lined (green) tundish for the
control of hydrogen content in molten steel. A long drying process with a slow heating rate
is necessary to ensure that the refractory is subjected to a minimum of thermal shocks. For
tundish heating, it is required to heat the tundish at a fast rate before taping of the ladle.
The burner provides a high heating rate from the flame to the lining in order to ensure
that the tundish is fully soaked. The preheating process can minimize the thermal shock
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to the refractory lining and temperature drop in the tundish. However, overheating of a
preheated tundish can also occur, resulting in costly energy losses and unwanted refractory
damage. Therefore, it is necessary to investigate transient heat transfer and control thermal
state of the refractory lining during the preheating process.

During the on-line steel casting process, the molten steel will be poured from the
ladle into the tundish. There are conductive heat losses through the wall of a tundish and
radiative heat loss through the bath surface. The tundish is heated up when filled with
molten steel due to the heat absorbed from the melt by the refractory lining. To analyze
heat transfer of molten steel in the study, CFD models are applied. The studied phenomena
of the CFD model include residence time distribution [8-10], flow control device [11-13],
inclusion behavior [14,15] and thermal status [16-18]. A series of CFD modelling studies
have recently been published by the author and co-workers with the focus on developing
a simulation-based digital design methodology to optimize the tundish geometry and
process parameters during the casting process [19-25]. These modelling studies led to
considerable improvements in understanding the various flow phenomena associated with
the tundish operations.

Within the published tundish studies, very few performed studies considering a
systematic variation of the thermal state of the tundish; for example, the boundary condition
of the walls and the tundish surface was commonly set up as a constant heat loss in the
CFD model. Under real production conditions, heat loss during casting varied on working
conditions and thermal states of refractory linings. Detailed quantitative analysis for the
thermal state of refractory lining and its effect on flow patterns in tundish have rarely been
published.

In the present study, a conjugate heat transfer model was applied in a single-strand
tundish, considering both molten steel flow and heat conduction through the refractor
linings and steel shell. A design of experiment (DOE) analysis, namely, the Taguchi
method, was employed to analyze the effects of thickness and thermal conductivity of the
refractory lining on the thermal states of the tundish during casting operation. A special
focus of this study was to demonstrate the capabilities of the combined Taguchi and CFD
analysis as an effective tool for the analysis of fluid flow and heat transfer. The results for
process optimization and energy saving will continue to encourage the application of the
simulation-based digital design methodology in research and industrial design practice.

2. Model Description
2.1. Two-Dimensional Heat Transfer

Figure 1 shows the schematic diagram of the refractory lining structure in tundish. The
refractory lining is four layered. It could be considered as a two-dimensional structure in
the modelling process. Heat conduction is driven by the local temperature gradient, while
convection is modelled using a temperature difference. In 2D heat transfer calculation, the
refractory layer was considered as a four-layered system involving both conduction and
convection, assuming a steady local heat flux through the system. A network model could
be applied to thermal circuits (shown in Figure 1) [26]. The inverse of conductance of the
thermal circuit across the network can be calculated according to Equation (1).

1 1 LWorking Lpermanent | Linsulation | Lsteel 1
— =+ + + + )
hy h kWorking kpermanent K tnsuattion Ksteel hs

where &1 is heat transfer coefficient, k is heat conductivity of the solid layer, L is the thickness
of the layer.
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Figure 1. Schematic diagram and a thermal network model of tundish refractory lining.

A constant temperature is used as the thermal boundary condition at the hot fluid
side. At the cold fluid side, the heat loss is calculated based on heat transfer coefficient
(18 W/m?K) and environment temperature (30 °C). The physical properties of refractory
linings used in steel plant are listed in Table 1.

Table 1. Physical properties of refractory linings.

Thermal Conductivity Thickness

Level Factor p (kg:m~3) Cy Jkg 1K) k (W-m—1K-1) L (m)
1. Working 1900 1090 3.42 0.05
2. Permanent 2860 800 2.10 0.15
3. Insulation 1200 816.4 0.15 0.05
4. Steel shell 7800 473 28.9 0.05

2.2. Taguchi and ANOVA Analysis

Minitab V.18 (Minitab, LLC, State College, Pennsylvania, PA, USA) software was used
for design of experiment (DOE) analysis [27]. The DOE consists of four phases: planning,
characterization, optimization, and verification. The optimization was built by combining
CFD simulation and design of experiment.

Taguchi analysis uses a classical signal-to-noise (S/N) ratio as a numerical measurement
for deciding the optimal circumstances. Noise (N) is the set of uncontrolled parameters that
influences the result or response [28,29]. Signal (S) is the output variable or response. The
S/N ratio indicates robustness of an experiment. There are three categories of S/N ratios:
(i) smaller-is-better, (ii) larger-is-better, and (iii) nominal-is-best. The three S/N ratios are
described in Equations (2)-(4). Depending on the application, one should firstly identify
the objective function to be optimized.
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n
smaller — is — better : S/N = —1Olog<’112 12> )
i=1
. 1& 1
larger — is — better : S/N = —10log EZ y—Z (©)]
i=17i
yz
normal —is —best: S/N = 10log =z 4)

where y is the performance characteristic value, 7 is the observation repeat number, and s?
is the variance.

In this work, the Taguchi orthogonal array L27 (6 factors and 3 levels) OA (orthogonal
array) was applied to define the designs regarding the selected factors. In Table 2, six
factors with high (level 3), medium (level 2), and low values (level 1) were considered
in DOE. Level 3 and level 1 is plus/minus 25% from level 2, respectively. The data of
level 2 are collected from the steel plant. It should be mentioned that the level setting was
considered only for the mathematical modelling. The chemical compositions of refractory
linings related to the material properties are not included in this study. As suggested
by the Taguchi orthogonal array, twenty-seven CFD cases were proposed with different
combinations of the factor levels and displayed in Table 4. Case 0 (normal condition) was
added as a reference case.

Table 2. Controlled factors and levels.

Property Factor Unit Level 1 Level 2 Level 3
A-working W/mK 2.5650 3.4200 4.2750

Conductivity =~ B-permanent W/mK 1.5750 2.1000 2.6250
C-insulation W/mK 0.1125 0.1500 0.1880

D-Working m 0.0375 0.0500 0.0625

Thickness E-Permanent m 0.1125 0.1500 0.1875
F-Insulation m 0.0375 0.0500 0.0625

ANOVA (Analysis of variance) is applied to determine the effects of independent
variables (the various factors of interest) on the dependent variable (the response of physical
phenomenon) in statistical analysis. This method is developed by Ronald Fisher, also
referred to as the F-test [30]. It has two merits: (i) obtaining contribution rate of factors
by analyzing the variation in factors, and (ii) verifying the results’ reliability by Taguchi
analysis. The criteria for determining the effect of a design factor on response function
mainly depends on the magnitude of the F-value. The design factor with the highest
F-value represents the factor with the most significant effect on the response function. The
mathematical description of the ANOVA, such as a sum of squares (S5), mean of squares
(MS), degree of freedom (DOF), and F-values, are calculated using equations below.

Sum of Squares for Treatments,

k
_ =2
SSR =ns) (v; ~7) ©)
i=1
SSR is the “Between Group” variation, where the k “groups” or populations are
represented by their sample means, 7 is the mean of all n observations,
Sum of Squares for Error,

k ng
SSE=) ) (vi— %)’ ©)

i=1j=1



Metals 2022, 12, 62 5o0f 21

SSE is the “Within Group” variation and represents the random or sample-to-sample
variation.
Total Sum of Squares,
k ng
= 2
SST=}.) (v —) @
i=1j=1
SST is the total variation in the values of the response variables over all k samples.
Mean Square for Treatments,

SSR
MSR = 1 ®)
Mean Square for Error,
SSE

Statistic used to test the null hypothesis (F-value):

MSR

F= MSE (10)

where index i represents the ith population or treatment and the index j represents the jth
observation within a sample, 7 is the total number of observations from all samples, y;; is
the value of the jth observation in the ith sample, and ¥, is the mean of the ith sample.

2.3. Three-Dimensional Conjugate Heat Transfer

The CFD model with conjugate heat transfer (CHT) can simultaneously calculate the
changes in fluid flow and the heat conduction in solid. The temperature and heat flux are
exchanged at fluid-solid interface by the coupling methods at each numerical iteration. CFD
software Siemens Simcenter STAR-CCM+ 2020.02 (Siemens Digital Industries Software,
Plano, TX, USA) was used to calculate three-dimensional conjugate heat transfer and
residence-time distribution of molten steel in tundish [31]. The assumptions made for the
mathematical model are described below:

The model is based on a 3D standard set of the Navier-Stokes equations.

Both steady-state and transient liquid flow are considered.

Fluid flow and heat transfer of molten steel are calculated.

Boussinesq model is applied to calculate the natural convection flow.

The heat conduction and heat losses through refractory lining are included.

The free surface is flat and is kept at a fixed level. The slag layer is not included.

2.3.1. Transport Equation

Equations (11)—(13) describe an example set of the Navier-Stokes equations that govern

the liquid phase [32].
Continuity:
dp , 9(eu;) _
i + o, =0 (11)
Momentum:
aui aui opP d

+ gi(p — po) (12)

au,» au]
(VﬂLVt){axj + axl}

ot TPax T "o o

Thermal energy:

aT o(u;T d C oT
PCpp +PCp (]) :[(koJr pyt) ]JFST (13)

ax]
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where p is the density; C, is the heat capacity; y; is the turbulent viscosity; Pr; is the
turbulent Prandtl number (the value of 0.9). St represents the source term of energy
equation.

Realizable k-¢ model: [33]

? 9 K He ok
&(Pk)‘*‘aij(()k“]) = ale(#‘f‘gk)axj

Ue\ O €2
(V " (7> ox; K+ Voe
€ ]

where k is the turbulent kinetic energys; ¢ is the turbulent energy dissipation rate; u is the
molecular viscosity; p; is the turbulent viscosity; Gy represents the generation of turbulent
kinetic energy due to the mean velocity; Y3 represents the contribution of the fluctuating
dilatation in compressible turbulence to the overall dissipation rate; v is the kinematic
viscosity; and oy and o, are the turbulent Prandtl numbers for k and ¢, respectively.

Two passive scalar equations are solved in the liquid region: (i) an instantaneous
addition of the tracer at the inlet (E-curve); (ii) a continuous addition of tracers at inlet
(F-curve). The passive scalar transport equations are solved at each time step once the fluid
field is calculated.

+ G + Gy — pe — Y1 + S (14)

+pC15e — pCy

0 0 0 €
a(ps) + a—xj(psuj) =9 +Crep.CaGy + Se (15)

aC oC [ ac] ) a8

S — 2| oD e

ot TPy x| o
where D is the effective diffusivity. The velocity field is solved and obtained from a
steady-state simulation and remained constant during the calculation of the passive scalar.

2.3.2. Analysis of RTD Curves

E-curve can be plotted based on the dimensionless outlet concentration (C-curve).
Actual mean residence time is presented in Equation (17) [34].

_ Jo tC(t)dt
= Jo~ C(t)dt o

The plug flow volume fraction (Vp/ V), mixed flow volume fraction (V,/V), and dead
volume fraction (V4/V) were calculated through Equations (18)—(20) [35].

Dead volume fraction, B
T

Vq/V=1- = (18)
Plug flow volume fraction,
Ve/V = (Omin + Opeak ) /2 19)
Mixed flow volume fraction,
Vin/V=1=-V4/V -V, /V (20)

where T is the theoretical residence time, 0, is the dimensionless time of minimum
concentration at the tundish outlet, 6 is the dimensionless time of peak concentration at
the tundish outlet.

Another common RTD expression is the cumulative distribution function F(t), i.e., the
F-curve. F-curve is a fraction of the liquid that has a residence time less than time (f) and
can be obtained by making a continuous addition of tracers at the inlet. The concentration
of tracers in the outlet stream is F-curve. In this study, F-curve was analyzed to evaluate an
intermixing time exists between 0.2 and 0.8 of the dimensionless concentration of the tracer.
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2.3.3. Geometry, Mesh, and Boundary Conditions

A single-strand tundish (48 tons), with a submerged inlet, an outlet, a weir, a dam and
a turbulence inhibitor, was investigated in the current work. The geometric dimensions of
the tundish are illustrated in Figure 2.

a b
( ) Inlet ( )
—»l le— 90 1
——- - 84
’4—3219—> <—1173——‘ k—ssd—fﬂ }——955‘—
i i) | o L b
80° 305 r.-— 498 /—— Working Lining 80° |
-~
933 —L " Permanent Lining
1200 Weir /
) i Insulation Lining /
L J_ Steel Shell
Dam 336 240 / f |
|| ! ! I/ It
] Turbulenceib sl n e L‘7 700+
> r+— 90 Inhibitor e 627 >
Outlet
|
(C) ' ' >' 404 '<

326 214

[

Figure 2. Dimensions of a single-strand tundish with flow control devices (dam, weir, and turbulence
inhibitor), unit: mm, (a) main view; (b) side view; (c) zoomed top view of turbulence inhibitor.

The volume mesh was generated in Simcenter STAR-CCM + with the option of poly-
hedral mesh and prism layer. Three prism layers were generated next to all the walls. The
surface mesh was generated first. Then, the volume mesh was built based on the surface
mesh by adjusting the growth rate and the biggest mesh size. A mesh independency study
was carried out to estimate an appropriate mesh density for the calculations. Five reference
mesh sizes (0.006 m, 0.008 m, 0.01 m, 0.012 m, and 0.014 m) were evaluated. The difference
in the calculated averaged temperatures of steel shell were less than 0.1 °C. A reference
mesh size of 0.01 m was used for the CFD calculations. Large portions of the near wall flow
field resemble laminar flow characteristics, which allowed the use of an average y + value in
the first layer of the mesh near the wall of around 2 in many areas. A prism layer thickness
convergence study demonstrated only a minor impact of the prism layer thickness on the
near wall flow field resolution. A half tundish model was simulated through its symmetry
plane in order to save computational time. It is a common approach for tundish simulation
when the Reynolds averaged Navier-Stokes (RANS) turbulence model is applied. The final
CFD model possessed a total of 8.3 million cells (C3) in the computing domain, including
1.7 million cells for the fluid region and 6.6 million cells for the solid regions.

No-slip conditions were applied on all wall boundaries for the liquid steel phase. A
constant mass flow was used at the inlet. At the outlet of the tundish, the outflow boundary
condition was applied. A wall function was used to bridge the viscous sub-layer and
to provide the near-wall boundary conditions for the average flow and the turbulence
transport equations.
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The heat loss is calculated based on the heat transfer coefficient (15 W/m?K) at the
side and bottom walls and environment temperature (30 °C). The heat losses through the
top surface were set to be 15 kW/m?, considering the radiation from melt surface [13,19].

Zero mass flux was applied at walls and free surface for the passive scalar equation.
At t = 0~2 s the mass fraction of tracer at the inlet was set to be equal to 1. When t > 2 s it
was given as zero. The concentration of the tracer at the outlet was monitored from t = 0
to 2600 s and the RTD curves were obtained from the numerical calculation. A summary
of input parameters and boundary conditions used for computational fluid dynamics
simulations is given in Table 3.

Table 3. Input parameters and boundary conditions used for computational fluid dynamics (CFD)

simulations.
Parameter Value
Density 7000 kg/m?
Viscosity 0.0053 Pa-s
Reference pressure 101,325 Pa
Heat capacity 822]/kg-K
Thermal conductivity 41 W/mK
Thermal expansion coefficient 0.000127 1/K
Inlet (mass flow) 29.167 kg/s
Inlet (temperature) T=1562°C
Wall (flow) No slip
Surface (flow) Free slip
Side Wall (heat loss coefficient) 15 W/m?K
Top Surface (heat loss) 15 kW/m?
Tracer inlet (E-curve) 1t<0to2s),0(t>25s)
Tracer inlet (F-curve) 1

2.3.4. Solution Procedure

The discretized equations were solved in a segregated manner with the semi-implicit
method for the pressure-linked equations (SIMPLE) algorithm. The second-order upwind
scheme was used to calculate the convective flux in the momentum equations. The solution
was judged to be converged when the residuals of all flow variables were less than 1 x 1074,
together with the stability of the velocity, the temperature and the turbulence at the key
monitored points. Both steady-state and transient flow fields and temperature distribution
were calculated with consideration of the heat losses in tundish. The time step for the
transient simulation was 1 s. The under-relaxation parameters of flow calculations for the
pressure, the velocity and the turbulence were 0.3, 0.7, and 0.8, respectively. To calculate
the RTD curves in the prototype, the flow fields were first calculated in a steady state. Then,
the transient calculations were performed to solve the passive scalar equations.

3. Results

The results are presented in four sub-sections. Two-dimensional modelling results of
steady-state heat loss and transient preheating of the tundish are given in Sections 3.1 and 3.2,
respectively. Three-dimensional models in simulating steady-state and transient conjugate
heat transfer in tundish are given in Sections 3.3 and 3.4, respectively.

3.1. Two-Dimensional Steady-State Heat Transfer

Figure 3 shows the temperature profile of refractory lining as a function of solid
layer’s thickness in tundish for a steady-state calculation of C1 described in Table 4. The
boundary condition of temperature at the hot side is 1550 °C, which is the temperature of
molten steel. Temperature decreases gradually in the working layer and permeant layer. In
insulation layer, a significant temperature decrease is observed due to low heat conductivity
of materials in the region. The calculated temperature at the cold side of shell is 207 °C. A
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Figure 3. Calculated temperature profile in refractory lining (case C1).
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Table 4. Taguchi L27 OA, shell temperature (T), heat loss (Hjugs), and signal-to-noise (5/N) ratios.

Thermal Conductivity Thickness
Case k (W/mK) L (m) T(O) Hjgss (W) S/N
A B C D E F
Co 2 2 2 2 2 2 207 3189 -
C1 1 1 1 1 1 1 207 3189 —46.32
c2 1 1 1 1 2 2 168 2485 —44.502
C3 1 1 1 1 3 3 143 2036 —43.105
C4 1 2 2 2 1 1 252 3996 —48.024
C5 1 2 2 2 2 2 205 3157 —46.244
C6 1 2 2 2 3 3 175 2608 —44.849
c7 1 3 3 3 1 1 290 4684 —49.25
Cc8 1 3 3 3 2 2 238 3749 —47.536
9 1 3 3 3 3 3 203 3125 —46.17
C10 2 1 2 3 1 2 206 3165 —46.263
cn 2 1 2 3 2 3 174 2587 —44.791
C12 2 1 2 3 3 1 220 3419 —46.849
C13 2 2 3 1 1 2 247 3913 —47.854
C14 2 2 3 1 2 3 208 3213 —46.361
C15 2 2 3 1 3 1 266 4251 —48.498
Cl6 2 3 1 2 1 2 266 4251 —48.498
C17 2 3 1 2 2 3 153 2220 —43.694
C18 2 3 1 2 3 1 207 3189 —46.319
C19 3 1 3 2 1 3 208 3208 —46.361
C20 3 1 3 2 2 1 262 4173 —48.366
C21 3 1 3 2 3 2 216 3429 —46.689
C22 3 2 1 3 1 3 170 2522 —44.609
C23 3 2 1 3 2 1 207 3189 —46.319
C24 3 2 1 3 3 2 169 2510 —44.558
C25 3 3 2 1 1 3 191 2892 —45.621
C26 3 3 2 1 2 1 256 4073 —48.165
c27 3 3 2 1 3 2 209 3228 —46.403
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Taguchi orthogonal array L27(6 factors and 3 level) was applied to define the design
cases and listed in Table 4. The calculated results of shell temperature and heat loss are
given in Table 4. CO0 is a reference case under normal conditions (A2B2C2D2E2F2). As
shown in Table 4, C1 has a normal level of shell temperature 207 °C with heat loss 3189 W.
C3 has the lowest shell temperature 143 °C with heat loss 2036 W, while C7 has the highest
shell temperature 290 °C with heat loss 4684 W. The corresponding S/N (signal to noise)
ratios according to the Taguchi analysis are also listed in Table 4. The temperature at
the cold side of shell was used as a design factor. A greater S/N value corresponds to
a better heat insulation and less heat loss in the system. From the analysis of the S/N
ratio (Figure 4), the levels of the factors to provide the best insulation of the tundish are
determined as Al, B1, C1, D3, E3, and F3. Although it is a well-known fact from theory that
a thickness increase and a conductivity decrease lead to better heat insulation, the Taguchi
analysis can visualize the significant factors. The turning points in signal-to-noise ratios of
A and D indicate weak contribution of factor A and D.

Main Effects Plot for SN ratios

Data Means
A B C D E F
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

Figure 4. Mean S/N ratio (shell temperature) for each factor at levels 1-3.

As listed in Table 5, the term DOF represents the degree of freedom. The adjusted
sums of squares (Adj SS) indicate the relative importance of each factor. Adjusted mean
squares (Adj MS) measure how much variation a term explains. The factor with the biggest
coefficient and biggest adjusted sum of squares has the greatest impact. As suggested in
Table 5, it indicates that the contribution order to decrease the heat loss in the tundish
process is factor F > C > E > B > A > D, according to ANNOV analysis in Table 5. The factor F
and C (heat conductivity and thickness of insulation layer) had the highest contribution on
the heat loss in tundish, which is consistent with the results from Taguchi method (Figure 4).
In the cases of insulation layer with greater thicknesses, the steel bath energy losses decrease
due to the stronger thermal barrier induced by the lower thermal conductivity material.
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Table 5. ANOVA table for six factors studied (response: shell temperature).

Factor DOF Adj SS Contribution Adj MS F-Value
A 2 283.1 0.76% 141.5 0.55
B 2 2468.5 6.61% 1234.2 4.84
C 2 11,242.3 30.13% 5621.2 22.03
D 2 266.7 0.71% 133.3 0.52
E 2 3095.6 8.30% 1547.8 6.06
F 2 16,388.7 43.92% 8194.4 32.11

Error 14 3572.8 9.57% 255.2

Total 26 37,317.7 100%

T(°C)

200

100

Figure 5a shows the predicted shell temperature corresponding to the insulation layer
thickness. Increasing the thickness of the insulation layer from 0.02 to 0.2 m lowers the shell
temperatures from 335 to 87 °C. The result indicates insulation layer is an effective thermal
barrier, thus lowering the shell temperature. The gains of the insulation layer thickness over
0.1 m are less significant but greater thicknesses leads to higher investment costs. Figure 5b
highlights the predicted shell temperature corresponding to the thermal conductivities of
the insulation layer materials. It can be observed that increasing the thermal conductivity
from 0.03 to 0.3 raises the shell temperature from 77 to 302 °C. Moreover, a nearly linear
relationship is found between shell temperature and material’s thermal conductivity.

(2) TCQ) (b)
400
L]
300 - N [
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Insulation Layer's Thermal Conductivity k (W-m1K1)

Figure 5. Predicted shell temperature corresponding to (a) insulation layer thickness and (b) insula-
tion material’s thermal conductivity.

3.2. Two-Dimensional Transient Heat Transfer (Tundish Preheating)

Figure 6 shows that the average temperature of refractory lining during the preheating
of the tundish. Three different cases (C1, C3, and C7) were selected based on Table 4
to represent the normal, low, and high heat loss conditions, respectively. The initial
temperature was set to 27 °C and the hot surface temperature was set to 1300 °C as the
tundish preheating temperature. C1 and C7 have quite similar thermal behavior in the
working lining (Figure 6a) and permeant lining (Figure 6b). C3 (A1B1C1D1E3F3) shows
the lowest predicted temperature on the shell due to low heat conductivity of refractory
lining, thick permanent and insulation layer. To consider energy cost and heat efficiency for
anormal heat loss case C1, the increase rate of average temperature in the permanent layer
(Figure 5b) is about 4.3 °C/min in the first three hours and 0.65 °C/min in the next nine
hours. This means the heating efficiency decrease significantly after the first three hours.
Therefore, it is necessary to consider the fuel cost and burner efficiency in order to calculate
the economic thickness of insulation.
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Figure 6. Average temperature of refractory lining in (a) working lining (b) permanent lining (c)
insulation lining (d) steel shell during tundish preheating for 12 h under normal (C1), low (C3), and
high (C7) heat loss conditions.

3.3. Three-Dimensional Steady-State Conjugate Heat Transfer

Figure 7 shows the predicted flow pattern and temperature distributions on the
symmetry plane after pouring molten steel from ladle. The flow patterns in the entry
zone have similar characteristics for the three cases. For the tundish equipped with a
turbulence inhibitor, the entering flow reoriented towards the top surface and formed
two circulation loops at the symmetry plane of the inlet chamber. The high velocity in
the inlet chamber leads to a strong mixing. The high temperature zone caused by the
incoming stream is confined within the region near the inlet owing to the presence of the
weir. The low temperature region is found at the tundish bottom around the turbulence
inhibitor due to the formation of dead zone. The flow moves underneath the weir and
downstream towards the outlet chamber controlled by the dam. In the outlet chamber, a
big counterclockwise-circulation loop is observed. The lowest temperature is located near
the bottom between the weir and the outlet because of low fluid movement within dead
zone. The flow patterns in outlet chamber show slightly different for the three studied
cases.
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Temperature (C)
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1552,0

Figure 7. Calculated temperature and flow pattern on the symmetry plane of the tundish under
condition of: (a) normal (C1), (b) low (C3), and (c) high (C7) heat loss.

Figure 8a shows the 3D temperature distribution in the four solid layers of the tundish
(working lining, permanent lining, insulation lining, and steel shell). The calculation was
run at steady state. Temperature gradient in the solid layers is obvious due to the difference
in heat conductivity in material. Figure 8b shows the temperature distribution in the
working lining. In the turbulence inhibitor, the highest temperature is observed due to
high temperature of the incoming molten steel. Two low temperature regions are observed.
One occurs at the bottom of inlet chamber close to the turbulence inhibitor, while the other
appears at the tundish bottom between the dam and outlet. This is mainly due to the lower
flow velocity reducing the convective heat transfer in these regions. When the molten
steel flows through the entire tundish, the hotter molten steel heats the refractory inner
layer-working lining. Therefore, the temperature profile of the working lining can reflect
the temperature of the molten steel in the tundish. Figure 8c displays the temperature
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distribution of refractory outer layer steel shell. The lowest temperature is 172 °C and
the highest temperature is 271 °C. The low temperature region locates at the interface of
the tundish walls and the high temperature region locates at the center of the tundish
front/back walls.

(a)

" Temperature ()
=i 172,00 450,00 F28,00 1006.0 12840 15620

L |'=,_l Temmpearnatee ()
o 1542, 15946.0 1520,0 1254.0 1358,0 15620
[ L B

2 i Temperatune (C)
X 172,00 191,80 211,60 231,40 251,20 271,00

Figure 8. Calculated temperature distribution in the tundish (a) all solid layers; (b) working lining;
(c) steel shell.

Figure 9 and Table 6 display the calculated E-curve, F-curve, and RTD analysis for the
selected three cases, case C1, C3, and C7, respectively. In Figure 9a, the E-curve of three
cases shows very similar shape. They have same peak value time at 271 s. The difference in
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dead volume fraction is within 1%. The theoretical residence time for three cases are 820 s.
The predicted mean resident time for C1, C3, and C7 are 729 s, 729 s, and 737 s, respectively.
Figure 9b shows the CFD modeling results of the F-curves of the three studied tundish
configurations: C1, C3, and C7. The three F-curves are very close to each other. The model
assumes that an intermixing zone exists between the value 0.2 and 0.8 of the dimensionless
concentration of the tracer. The predicted intermixing time for C1, C3, and C7is 901 s, 859 s,
and 890 s, respectively. C3, the tundish with lowest heat loss, owns the shortest intermixing
time. From the results mentioned above, it shows that the selected configurations of the
tundish refractory lining have little difference in thermal hydraulic behavior of molten steel
in tundish under steady-state condition. The main reasons are: (i) even for the highest heat
loss case (C7), the thickness of insulation layer is 0.0375m, which can provide effective heat
insulation for the tundish as shown in Figure 5a; (ii) the heat loss through refractory lining
is much lower (18%) compared to the heat loss through top surface (82%). These value
were calculated from the CFD results by the integration of the heat flow at the boundaries.
The heat loss through walls and top surface is 40 kW and 187 kW, respectively.
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Figure 9. (a) E-curve and (b) F-curve for the tundish configurations: C1, C3, and C7.

Table 6. Analysis of residence time distribution for the tundish configurations: C1, C3, and C7.

Case ttheoretical (s)

tmean (s) tmin (s) tmax () to2 (s) tos (s) tmix (s) Vd/V (%) Vp/V (%) V!V (%)

C1 820
C3 820
Cc7 820

729 201 271 293 1194 901 11 25 64
729 204 271 316 1175 859 11 25 64
737 201 271 303 1193 890 10 25 65

3.4. Three-Dimensional Transient Conjugate Heat Transfer

The initial conditions of the temperature in the refractory lining were based on the
results of 2D transient tundish preheating cases in Section 3.2. A normal preheating time,
3 h, was applied for the calculation. The average temperature was used in four solid
layers, as listed in Table 7. It is clear to see the large difference between the temperature of
refractory linings and the steel temperature even when the tundish is preheated for 3 h,
which lead to an unsteady state heat during the tundish casting operation.
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Table 7. Initial conditions of temperature (°C) for the transient conjugate heat transfer analysis (3 h

preheating).
Case Working Lining ~ Permanent Lining Inzvi.ﬂ;tlgm Steel Shell Molten Steel
C3 preheating 1203 529 81 30 1562
C7 preheating 1125 738 312 69 1562
©3 without 30 30 30 30 1562
preheating

Figure 10 shows the 3D temperature distribution in the two refractory layers of
the tundish (inner-working lining, and outer-permanent lining) for the C3 and C7 3 h
preheating) after 1 h casting operation. The liquid level keeps constant for the simplification.
It is clear that temperature C3 has a lower temperature in the permanent lining compared
to that of C7. This is due to the higher heat insulation and thicker permanent lining from
C3.

- Temperature (C)
i 340,00 584,40 828,80 1073,2 1317,6 1562,0

Figure 10. Calculated temperature distribution in working and permeant lining of the tundish after

1 h casting: (a)—case C3 (with preheating); (b)—case C7 (with preheating).

The calculated transient flow pattern and temperature distributions of molten steel on
the symmetry plane for C3 (with preheating) and C7 (with preheating) after 1 h casting
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are shown in Figure 11. The main flow patterns of C3 and C7 are quite similar. A slightly
higher temperature of molten steel can be observed in Figure 11b compared to Figure 11a
in inlet chamber. In addition, the temperature in the inlet chamber is higher than the outlet
chamber. The low temperature region locates at the bottom of the tundish between the inlet
and outlet.

Temperature (C)
1520,0 1528.4 1536,8 1545.2 1553.6 1562.0

Figure 11. Calculated temperature distribution of molten steel on the symmetry plane of the tundish
after 1 h casting: (a) C3 (with preheating); (b) C7 (with preheating).

The calculated average temperatures at the tundish outlet for C3 (with preheating) and
C7 (with 3 h preheating) during 1 h casting are shown in Figure 12a. Due to temperature
difference between molten steel and refractory, a large portion of heat flows through the
refractory lining, leading to the temperature drop at the outlet in the first 15 to 20 min for
C3 and C7. After that, the outlet temperature increases gradually. It is interesting to note
that the outlet temperature of C7 is slightly higher than C3, though C3's configuration has
a better thermal insulation. At the time of 60 min, the outlet temperature for case C3 and
case C7 is 1550.7 °C and 1551.7 °C, respectively, which is around 10 °C lower than the inlet
temperature.
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Figure 12. Transient result of the average temperature at the outlet of the tundish after 1 h casting for:
(a) C3 and C7 with preheating; (b) C3 with and without preheating.

To study the effect of tundish preheating, the calculated outlet temperatures for two
cases (C3 with and without preheating) during the 1 h casting are shown in Figure 12b. A
significant temperature drop is observed in the first few minutes, which means that a large
amount of heat flows to the refractory lining. At the time of 60 min, the outlet temperature
for C3 with preheating and without preheating is 1550.7 °C and 1545.5 °C, respectively.

Figure 13 gives the temperature distribution in the working lining after 1 h casting
for C3 without preheating. At the bottom of inlet chamber, there is a region with very low
temperature. When the tundish was equipped with a turbulence inhibitor, the entering
flow reoriented towards the top surface. This leads to a low velocity region at the bottom
of the inlet chamber. Due to the less convective heat transfer in this region and the larger
heat loss through refractory, the low temperature region is formed. In addition, the thermal
buoyancy has also an impact on the temperature distribution, causing a lower temperature
region close to the bottom. However, the temperature inside the turbulence inhibitor is
very high, close to the inlet temperature. As marked by arrow in Figure 13, the temperature
gradients and thermal shocks around the turbulence inhibitor can lead to high thermal
stress, resulting in cracking or shattering of the turbulence inhibitor. Compared to the
steady-state result in Figure 8b, the transient calculation shows a higher temperature
gradient.

Temperature (C)
1496,4 1512,8 1529,2 1545,6 1562,0

Figure 13. Calculated temperature profile in the working lining after 1 h casting for case C3 without
preheating.
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Tapping molten steel into a tundish without preheating is always undesirable. It
adversely affects the refractory lining. Moreover, it causes a significant temperature drop of
the molten steel. Hence, tundish preheating is very crucial for proper control of superheat
of molten steel.

4. Conclusions

A simulation-based digital design methodology that combined CFD simulation and
Taguchi analysis was presented to study conjugate heat transfer in a single-strand tundish.
The objective is to analyze the effects of thickness and thermal conductivity of refractory
lining on the thermal states of a tundish. Six factors were selected, namely, thermal
conductivity of working lining (A), permanent lining (B), insulation lining (C) and thickness
of working lining (D), permanent lining (E), and insulation lining (F). The main conclusions
of this study can be drawn as below:

e  From the results of 2D steady-state heat transfer, the contribution of studied six factors
in a greater heat loss in tundish is F > C > E > B > A > D. The insulation lining’s
thickness and thermal conductivity had the greatest influence on heat loss in tundish.

e  The heat gains of the insulation layer thickness over 0.01 m are less significant. De-
creasing the thermal conductivity of the insulation layer material leads to a decrease
in heat loss with a nearly linear relationship.

e  From the analysis of tundish preheating, case C3 (A1B1C1D1E3F3) shows the low-
est predicted temperature due to the best heat insulation in comparison with C1
(A1B1C1D1E1F1) and C7(A1B3C3D3E1F1).

e  The selected configuration (case C1, C3, and C7) of refractory lining has a minor effect
on the thermal hydraulic behavior of molten steel in the tundish under the steady
state condition. In case C3, the heat loss through refractory lining is much lower (18%)
compared to the heat loss through top surface (82%).

e  From the transient conjugate heat transfer calculation of case C3 and C7 with preheat-
ing, it shows that a large portion of heat flows through the refractory lining, resulting
in a temperature drop in the first 15 to 20 min.

e  For case C3 without preheating, a large temperature gradient is observed near the
turbulence inhibitor. There is a risk of cracking or shattering of turbulence inhibitor if
tapping molten steel into a tundish without preheating.

For the future work, it is important to analyze the thermal insulation with respect to
cost. An increased thickness of lining can be more expensive than the cost saving from
recovered heat of a thermal optimum lining design. That is to say, it is necessary to consider
fuel consumption and burner efficiency during tundish preheating in order to obtain the
economic optimum thickness of insulation. During the casting operation, large amounts
of heat can be lost due to radiation from the top surface of the melt. The effect of slag
on the thermal states of the tundish needs also be considered. In addition, an advanced
optimization algorithm is needed to improve the design process. A faster computer will
enable sensitivity analysis for large parameter sets aiming at true optimization to be
performed, rather than the limited number of cases.

To sum up, the present study demonstrated that a simulation-based digital design
methodology, combined CFD modelling and Taguchi analysis, was effective in finding a
better tundish design. This improves the tundish performance by realizing time and cost
conservation. The results for process optimization continue to encourage the application of
the simulation-based digital design methodology in research field and industrial practice.
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