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ABSTRACT

In this paper, a mathematical model validated by in-situ temperature measurement data of
the direct chill (DC) casting process has been established in order to study the domination
and effect of multi-parameters including secondary cooling water flow rate (Q), casting speed
(V), condition of primary cooling, and spraying water temperature (T,,) on DC castingindex of
sump depth (dsump), maximum and minimum temperature gradient (Tgmax and Tg min) at
mushy zone and shape of solidus line. Further, the height of impingement zone (Hy) is
systematic quantitative analysis by a novel designed test (Hy = 1.08865Q‘ + 0.06272V —
4.75597). The calculated temperature using the numerical simulation exhibits a good match
with the actual temperature measurement data. The results of multi-factors on index by the
designed orthogonal test indicate that V dominates the dsymp (dsump = 0.033 +27.74V) and
Tgmin (Tgmin = 2569.15— 766342.20V) at mushy zone, Q dominates the Tymax (Tgmax =
9195.12 + 2344770Q — 27.83Ty) by analysing the range (R), variance (S) and significance (F).
Likewise, by discussing the combination of R, S, F and microstructure observation, the pri-
ority influencing the shape of solidus line at center part was V. The Q dominates the shape of
solidus line at the position between the center and edge part.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Magnesium alloys offer the potential for weight and related
energy savings in both the automotive and aerospace in-

ratio of common structural metals [1-7]. This potential
advantage has recently driven an increased demand for cast
and wrought magnesium products. With this increase, the
direct chill (DC) casting process, which is used to produce
the starting material for these applications, is receiving

dustries because they have the highest strength-to-weight
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Fig. 1 — Schematic illustration of temperature measurement during DC casting: (a) in-situ measurement of symmetrical
surface on width direction; (b) location of thermocouples at top view; (c) temperature vs. time gained from thermocouples at

position A, B and C.

significantly more attention from the standpoint of process
optimization [8—11].

Today's efforts concentrate on improving the quality con-
trol of the ingot. Over the last decade, the majority of research
has used numerical modeling to enhance the existing process
through a better understanding [12—15]. Due to the large
number of processing parameters such as water flow rate,
water temperature, casting speed, pouring temperature, grain
refinement and casting parameters including sump depth, the
shape of solidified shell, the thickness of mushy zone. The
results in terms of ingot quality can vary greatly with even a
slight change in casting parameters [16—21]. Furthermore,
previous studies have shown that casting parameters such as
water flow rate, water temperature, casting speed and pouring
temperature have an impact on sump depth [22—26]. Howev-
er, there has been insufficient discussion and analysis
regarding which casting parameters dominate the variation of
sump depth, temperature gradient of mushy zone and so on.
This indicates that the industry's understanding of the pro-
cess still needs improvement.

Among the numerous casting parameters, the status of
cooling water plays an important role in heat transfer during
the process of DC casting. Approximately 90 % of the total
energy contained in the ingot is evacuated by water jet and

free-falling water in the secondary cooling zone, while only
10 % is handled within the mold in the primary cooling zone
[27—33]. Therefore, the cooling water is suspected to be a po-
tential factor contributing to issues related to ingot quality.

Previous studies of secondary cooling in DC casting initially
concentrated on the effects of processing parameters such as
water flow rate, nozzle design, and cooling intensity [33—41].
The primary objective was to achieve a consistent cooling rate
across the billet's cross-section, reduce thermal gradients, and
promote desired microstructural characteristics [42—47].
These studies employed temperature measurement tech-
niques and metallographic analysis to provide valuable in-
sights into heat transfer mechanisms and the resulting
microstructure [48—50].

Based on the statement above, in this paper, a systematic
study on heat transfer of secondary cooling has been con-
ducted including analyzing flow boiling mechanism of
impingement zone and free-falling zone, developing the semi-
empirical model of secondary cooling based on in-situ tem-
perature measurement method and falling water film
quenching test [19,29,42]. Further, the effect and domination
of multi-parameters such as water flow rate of secondary
cooling, casting speed, the status of primary cooling zone,
temperature of water at secondary cooling zone on the index
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of DC casting has been conducted by orthogonal method
based on the verified model of secondary cooling zone.

2. Experiment

Undoubtedly, in-situ temperature measurement is a reliable
method that provides valuable data for understanding the
impact of secondary cooling on the temperature field during DC
casting. However, this method is time-consuming and requires
careful handling. Instrumenting thermocouples into the
molten metal increases the risk for laboratory technicians. As a
result, an alternative approach is proposed in this study,
involving the use of a falling water film driven by gravity to
quench preheated samples. This method allows for the simu-
lation and discussion of the boiling mechanisms at impinge-
ment zone and free-falling zone, various factors influencing
secondary cooling, such as the height of the impingement zone,
water flow rate, and initial temperature of the slab surface.

2.1. Melting and in-situ temperature measurement
during DC casting and methods

A schematic representation of a typical DC casting process and
in-situ measurement is depicted in (Fig. 1(a)). The process in-
volves the distribution of cooling water through a series of jets
located at the bottom end of each casting mold [12—15]. When
the liquid magnesium is poured into the mold, it comes into
contact with the cooled surfaces of the mold and the bottom
block, leading to the formation of a solidified shell through pri-
mary cooling. Heat transfer through conduction and convection
subsequently transports the energy from the center of the ingot
to the solidified shell. Inside the ingot, there is a temperature
difference, creating a liquid magnesium pool known as the
sump. The withdrawal speed of the ingot is gradually increased
until it reaches a final constant value. Simultaneously, the
temperature within the ingot changes over time. In the transient
regime, the sump depth and the temperature distribution
within the ingot approach their steady-state values.

The chemical composition of AZ80 alloy was shown in
Table 1. The flammability of target melting alloys decreased
due to the addition of element Y with the 1 % mass fraction.
The liquidus and solidus temperatures of the final alloy were
879 K and 791 K respectively, determined by differential
scanning calorimetry method [42]. The melting process for the
preparation of the casting typically involved three steps.
Firstly, the ingots of pure Mg and pure Al were melted together
in an electrical resistance furnace. Secondly, the ingots of pure
Zn, Mg—-50%Y, and Mg—80%Mn master alloys were added to
the melt at 973 K. Lastly, the temperature of the melt was
maintained between 953 K and 973 K for 10 min after refine-
ment and purification, before the casting process. A crystal-
lizer made of aluminum was used in DC process to produce
the AZ80 slab with a cross-section size of 300 mm x 130 mm.

Table 1 — Chemical composition of AZ80-1Y (wt.%).

Al Zn Mn Y Mg
8.0 0.7 0.48 1 Bal.

Table 2 — Casting parameters of semi-continuous casting.

Experiment V mm/ Q PC Tw

(T, = 923 K) min L/min (insulation K
layer)

El 80 40 None 293

E2 80 70 None 293

E3 120 40 None 293

E4 80 40 All surface 313

The casting parameters of semi-continuous casting including
secondary cooling water flow rate Q, pouring temperature T,
casting speed V, the temperature of spraying water T,, and
status of insulation layer on inner face of mold PC shown in
Table 2.

The continuous temperature measurement adopted in the
present study is shown schematically in (Fig. 1(a)). The K-type
thermocouples (chromel-alumel, with a single leg 0.2 mm in
diameter) were fixed at various position by steel stent ac-
cording to (Fig. 1(b)) and the temperature-measurement
points were located above the crystallizer at first with a spe-
cial distance to obtain the temperature variation with the real
time or distance from the meniscus during the steady state of
semi-continuous casting from beginning of the temperature-
measurement points being driven downward into the melt
by bottom block [20,42]. The temperature data obtained by
HIOKI9334 logger communicator are presented as a function
of time with 50 Hz acquisition rate or the distance to the top
liquidus surface (by multiplying the casting velocity by casting
time). As seen in (Fig. 1(c)), parts of thermocouples such as
position A, position B and position C, the data of its temper-
ature are captured at the tgq at first and end with the time at
tena-

The specimens for microstructure observation were taken
from the positions of the center to the edge along the width
and thickness direction respectively.

2.2. Falling water film quenching test on ingot produced
by DC casting

A comprehensive understanding of the heat exchange varia-
tion at the secondary cooling zone during DC casting relies
heavily on accurately determining the surface heat flux density.
To simulate the secondary cooling process during DC casting
under controlled laboratory conditions, a series of carefully
designed experiments were conducted. These experiments
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Fig. 2 — Schematic diagram of DC secondary cooling
simulator: (a) heating up to the target temperature; (b)
cooling water quenching the ingot.
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involved the placement of thermocouples inside and around
the samples to measure variations in sample surface temper-
ature and the temperature of the surrounding environment
(cooling water). The experimental steps, as seen in (Fig. 2 (a))
and (Fig. 2 (b)), including a raise-down device which can drive
the ingot to move up and down and a water-spraying mold are
developed to simulate the process of secondary cooling in our
previous research [42]. The simulation of secondary cooling
process is schematic illustrated in (Fig. 11 (a)). The detail of the
simulation experiment is stated in section 3.5.3.

A series of K-type subsurface thermocouples are installed
along thickness and width direction. The sample instru-
mented with thermocouples were heated up to the target
temperature according to the water impingement points
during the DC casting temperature-measurement before
quenching. The water-spraying box produced jets of cooling
water with a linear with flow rate density Q, from 20 L/min -
m to 100 L/min - m, and the surface temperature of ingot T;
was also varied, ranging from 520 K to 670 K, to establish the
relationship with the heat flux density.

In this study, the heat flux density is calculated using the
inverse method to systematically examine the relationship
between surface heat flux density and temperature. The
temperature history, obtained from the subsurface thermo-
couple, and the thermophysical properties of AZ80, as shown
in Fig. 4, are input into the inverse heat transfer calculation
program to determine the surface heat transfer during the
boiling process.

The whole process of inverse method is shown in Fig. 3,
which can be classified into four main stage including prep-
aration, setting initial conditions, calculating with several it-
erations and providing results [51]. The surface heat flux
density is estimated from the initial temperature T; by mini-
mizing the objective function shown in Eq (1):

F(hi) :% i (Ti:rYAb’ _ YL+7A9)2 1)
n=1

Where M is the number of the heat fluxes to be predicted,
TERA0 and YiRA? gre the calculated and measured temperature
at time i+7rAd, r is the number of future time steps to
compensate for the heat difference and A is a discrete time
interval. The objective function is minimized through itera-
tions. At each iteration step, the heat flux density is increased
by Ah. This procedure is continued until the ratio (Ah/ h) be-
comes less than 0.001, and then an estimate of h' can be ob-
tained. At this point, the time is increased by A#, qi is used as
the initial heat flux guess for the next time step and the pro-
cess is repeated for hi*!, yielding the full history of q(t). Then,
the interfacial heat flux density can be determined by the
following Eq (2) [29]:

q=h(Ts — Ty) )

2.3. Design of orthogonal experiment of DC casting with
multi-factors L;6(4°)

The math model of DC casting as can be seen in section 3.1
enables direct determination of the liquid cave depth, tem-
perature gradient of the mushy zone, and curvature of the
solidus line for different design parameters. However, due to
the extensive computational requirements, this approach can
be time-consuming and inefficient. To address this challenge,
the orthogonal test method offers an efficient and systematic
approach to evaluate the influence of various DC casting pa-
rameters. By conducting a limited number of numerical ex-
periments, this method allows for the identification of
preferred parameter values, leading to an optimal result
[52—54].

The ranges and variation of the DC casting parameters,
which are the factors of the array, are chosen according to a
set of common and realistic specifications [55—58], which are
Q (L/min), PC condition, V (mm/min), T,, (K), Void (deviation
data as an error reference). These five parameters are divided
into four levels, the so-called narrow face which is the surface
on thickness direction (130 mm) and the rolling face which is
the surface on width direction (300 mm) as shown in Table 3,
and an orthogonal test is carried out, using the orthogonal
array L,6(4°), as shown in Table 4.

3. Modeling in DC casting
3.1. Numerical modelling

In current work, a three-dimensional mathematical model of
AZ80 DC casting process is developed based on the continuum
model by Bennon to compare and validate the semi-empirical
models of secondary cooling and providing the dominance of
the multi-factors influencing the casting indexes [58]. A
consistent continuum approach is employed to solve the
mass, momentum, and energy conservation equations for the
solid-liquid phase change system. A single-region volume-
averaged model is established, which applies the control
equations to all regions of the solidification system, allowing
computations to span the entire computational domain
without the need for explicit delineation of solid, liquid, and
mushy regions [59]. The following sections provide a detailed
explanation of the numerical simulation control equations for
the above-mentioned processes.
The mass conservation equation is shown in Eq (3):

v (pmV) =0 3)

Where the p,, is the density of melt during DC casting and the

V is the speed vector.
The momentum conservation equation at x, y and z di-
rection in a three-dimensional model is as follows:

A Vv, A AV,
X T x ETae x vl x| _
”T"< e T Vi Ty TV az) o

ap PV, PV, *V, (1-fi)—
——X+ (,ulf +,U«tf> ( %2 + ayz + 972 > +pmga(T_TYef) +Amushfl3T¢ Vi (4)
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Fig. 3 — Schematic diagram of reverse seeking process for heat transfer coefficient: (a) preparation before calculating;
(b) setting the initial conditions; (c) calculating by several iterations; (d) final results by several iterations.

In Eqs (4)—(6), the ws and uy represent the viscosities of

laminar flow and turbulent flow. The V;, V; and V; repre-
sent the velocity components in the x, y and z directions,
within a three-dimensional numerical model, respectively.
Similarly, the V. denote the casting speed during DC casting.
The g and « correspond to gravity acceleration and coefficient

of thermal expansion. The value of « is 2.7e-5 K~'. Addition-
ally, the T and T, represent the temperature of the ingot and
the reference, respectively. The value of T, is 835 K. The value
of ¢ is 1e-3, which is a small value to prevent the formula from
being divided by zero, Ash is the mushy zone parameter, and
the value is 1e5 kg/(m? - s).
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Table 3 — Factors and levels of DC casting parameters.

Levels Q  PC (insulation layer) \% Ty,  Void
1 30 All surface (PC1) 60 283 1
2 50 Narrow surface (PC2) 80 293 2
3 70 None (PC3) 100 303 3
4 90 Rolling surface (PC4) 120 313 4

The energy conservation equation is shown in Eq (7):

oT —
mep.effﬁ + mep_eff V.-VT=V-: (kVT) (7)

Where the C,. and k represent the effective specific heat
calculated by method of equivalent specific heat as shown in
Eq (8). The relationship between 8, and the fraction of solid
and liquid phase is 8, = (fi — fs)/2. The thermophysical
properties of AZ80 are shown in Fig. 4. In which the latent heat
Ls; is taken into consideration by applying the equivalent
specific heat method [20]. The value of Lg; is 309 kJ/kg.

Table 4 — L;4(4°) orthogonal array testing for DC casting
numerical simulation.

No. Q PC v Tw Void
1 30 PC1 60 283 1
2 30 PC2 80 293 2
3 30 PC3 100 303 3
4 30 PC4 120 313 4
5 50 PC1 60 293 4
6 50 PC2 80 283 3
7 50 PC3 100 313 2
8 50 PC4 120 303 1
9 70 PC1 60 303 2
10 70 PC2 80 313 1
11 70 PC3 100 283 4
12 70 PC4 120 293 3
13 90 PC1 60 313 3
14 90 PC2 80 303 4
15 90 PC3 100 293 1
16 90 PC4 120 283 2

(Bm)
T ®)
The lever rule is employed to calculate the liquid phase
fraction f; and solid phase fraction f;, with the equations
shown in Eq (9) [9].

Cpar (T) =fs x Cps(T) +fi(T) x Cp1(T) + Lsy

O(if T < Tsotia)

T — Tsotia
Thiquia — Tsotid
1(if T > Tiiugia)

( lf Tsolid <T< Th‘qm‘d> (9)

Where the Tjg and Tg¢ denote the liquidus and solidus
temperature of the alloy.

To accurately describe natural convection and forced
convection in the DC casting process, it is essential to provide
an accurate turbulence model during numerical simulations.
In engineering applications, turbulence numerical simula-
tions primarily include three methods: Direct Numerical
Simulation (DNS), Large Eddy Simulation (LES), and solving
the Reynolds-Averaged Navier-Stokes (RANS) equations.
Among these methods, the RANS approach is widely used in
solving engineering problems, including models such as the
Reynolds stress model and the eddy viscosity closure model.

In the momentum equation, the turbulent viscosity, rep-
resenting turbulent characteristics, is obtained from eddy
viscosity theory, and it depends on the flow characteristics
itself. In flow field calculations, the turbulent viscosity value is
computed by augmenting the turbulence model equations.
Turbulence models based on the eddy viscosity assumption
include single-equation models, two-equation models, zero-
equation models, and the low-Reynolds-number k-¢ model,
with the k-¢ two-equation model being a commonly used
method.

In this paper, a semi-empirical standard k-e model is used,
and the equations for turbulent kinetic energy k and turbulent
dissipation rate ¢ are expressed as follows [18,49]:

d(pk) - Mg
T+pm(UV)k:V |:<,u1f +7k vk + Dk — PmE

a5,

_A )
mush _f]S To

(10)

2

U)o [ 2] o

ot ®

(1-f)’

- AmMShWE (11)
In Eq 10—13, the constants used in semi-empirical standard
k — e model have the following values: ¢, = 1.0; 0. = 1.3;
Cq = 1.44; ¢, = 1.92; c, = 0.09. The equations about p, and Ly are
shown in Eq 12 and 13 as follows:

D=ty {V\_f : (VV +(vV) tf)} (12)

_ PGk’
B £

s (13)

The equations above are solved by the software of Ansys
Fluent. The detailed boundaries of fluid and thermal field are
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given in section 3.4 and section 3.5. The temperature field
results are given in section 5.

3.2.  Heat transfer boiling modelling of secondary cooling

The heat flux density during secondary cooling is typically
characterized by idealized boiling water curves. These curves
are based on the well-known Leidenfrost boiling curve
[61-65], which including four regimes: film boiling FB, tran-
sition boiling TB, nucleate boiling NB, and forced convection
FC by surface temperature decreasing. These regimes are
graphically illustrated in Fig. 5, presenting the relationship
between the surface heat flux density and the surface tem-
perature Ts. The temperature of minimum film boiling Ty,s is
similar to the temperature of Leidenfrost Tq [66,67]. The Tpns
corresponds to the rewetting temperature for high mass flow
rate bottom reflood. T is the rewetting temperature for
droplet or sprays. The critical heat flux temperature, Ty, is
also called the temperature of maximum heat flux [61-63].
This temperature is the rewetting temperature for a falling
film in top reflood.

Water film Water film

(a)

—————— e

bounce off

bounce off

At start-up stage At transition stage

At steady stage

During the FB stage, heat transfer occurs between the
heated surface covered with a stable film and the surrounding
vapor through conduction and convection. The Leidenfrost
point T4 serves as the boundary between the TB stage and the
FB stage. As for the TB stage, the heat exchange occurred be-
tween the heated surface covered with unstable film and part
of the wetting region. The critical heat flux represents the
upper limit of the boiling curve and delineates the boundary
between the NB and TB intervals. For the NB stage, vapor
bubbles are formed at the heated surface. Vapor structures
vary from a few individual nucleation sites at low temperature
to patches of coalesced bubbles and vapor columns as the heat
flux density is increased. Below the onset of nucleate boiling
pointed in Fig. 5, no vapor nucleation occurs, and the heat is
removed by forced or natural convection.

In the case of DC casting, according to Fig. 6 film boiling can
lead to the ejection of the water film away from the metal
surface [29]. This phenomenon must be distinguished from
the bounce-off of the water jet, which takes place in the
impingement zone when the jet velocity vj is too high or
when the impingement angle is too large [40]. During the
start-up stage and transition stage, as the ingot cooling pro-
gresses, the wetting zone increased, the temperature at the
point of water ejection drops below the Leidenfrost point and
the vapor film moves downward to regions where the surface
temperature is higher [42,44]. The evolution of the rewetting
front is illustrated in (Fig. 6 (a)) and (Fig. 6(b)). In steady-state,
film boiling and water ejection do not occur, and the water
film flows down the whole surface of the ingot. In conse-
quence, the boiling occurred at the free-falling zone to follow
the Leidenfrost boiling mechanism. While, due to the forced
spraying water impinge on the surface, the NB dominate the
impingement zone during the entire process of DC casting.

Based on the analysis above, four types including FB, TB,
NB and convective cooling run through the whole secondary
cooling process. The Tiig and Tgy are critical due to dis-
tinguishing the film boiling and nucleate boiling.

The film boiling dominate the whole process under the
condition the surface temperature is higher than Tjiq. The film
boiling regime at free-falling zone can be modelled with two
values: the minimum heat flux and the Ty;q. As demonstrated

Wiater film

The contact of cooling water with surface during DC casting

Fig. 6 — Different boiling stage during DC casting (a) and Falling water quenching process at start-up stage in laboratory(b).
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Fig. 7 — Comparison between Eq (14) and experimental
data of in-situ temperature measurement and falling water
film quenching test.

by previous study [46,47,49], the heat flux is independent of
the surface temperature in the film boiling regime. This heat
flux is therefore equal to the minimal heat flux for any surface
temperature above the Leidenfrost point. The Leidenfrost
point temperature Tiis represents the boundary between
stable film boiling and transition boiling. Accurate knowledge
of the Leidenfrost point is of critical importance when
modelling the transient start-up phase of the DC casting
process, because the heat flux is relatively low for stable film
boiling, but increases significantly when transition boiling
begins.

The average heat flux for film boiling is given by Eq (3). The
Gravity number G, is equal to the Galilei number P, times the
square of the Prandtl number Pr, and is given by the following
Eq 1420 [60]:

2k
qﬂ:.auemge = \/T—W Tw (14)
Ry

= 15
pwcp.w ( )

My
9 =" 16
» (16)

Table 5 — Thermophysical properties of cooling water.

Thermophysical properties Parameter

Density, p,, (kg/m?) 965.23
Thermal conductivity, ky (W/ m-K) 0.675

Specific heat, Cpy (J/ kg-K) 4205.54
Viscosity, u,, (kg/m-s) 3.16E-04
Saturation temperature, Tsqt (K) 373.12
Surface tension, oy, (N/m) 0.059
Latent heat, L, (K/kg) 2257
Prandtl number, P, 1.97

T (K)
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400 T T T T T T T
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394
4 °
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386 [ ]
384 =
| u
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3804 e
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Fig. 8 — The T, at various Q and T,
s
Pr=— 17
- 17)
p.— UoLCpwpy _ @ _ UoHjp (18)
) ku ay Oy
3 2113
G _ gL3C 0%, gLt gH;,  pug PrH;, 19)
n— k2 T a2 a2 u2
w w w w
_ < [Pw9
Uo =0.0004524Q , /—= (20)
My

In which water film velocity vo is equal to the water flow rate
in m%s - m divided by thethickness of the water layer in m.
The thickness of a free-falling water film is itself a function of
the water flow rate density Q , the density p,, and the viscosity
M-

The length L corresponds to the height of the impingement
zone Hj, which is particularly important during the whole
process of DC casting, due to its higher cooling intensity.

As canbeseeninFig. 7, the experimental data shows a high
degree of fit with the model of Eq (14). In consequence, the
model of Eq (14) is applicable for film boiling in this paper.

During the nucleate boiling stage, various models have
been proposed to describe the heat flux, most of which fall
under the category of the superposition approach. This
approach, introduced by Chen [68], assumes that the total wall
heat flux can be linearly decomposed into a convective
component and a nucleate boiling component, as shown in Eq
(21). This linear decomposition is appealing for two main rea-
sons. Firstly, it allows for flexibility in selecting the most
appropriate submodels for each component. Secondly, it en-
sures the correct asymptotic behavior as the system transi-
tions to the non-boiling regime. Specifically, when the surface
temperature T is lower than the onset nucleation temperature
Tonb, the nucleate boiling component g,, becomes zero, and
only the macroscopic, single-phase convection component (q)
remains.
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Fig. 9 — Description of fluid and temperature field boundary conditions.

Qtotal = qnb + qc (21)

In nucleate boiling component, the heat flux of nucleate
boiling g,, modelled by Rohsenow [69,70] was found to be a
function of several parameters including water thermophys-
ical properties, solid surface roughness and so on, as
described in Eq (22):

wil_c, Lq"b _ o ] ’ (M) ¢ (22)
g ot \[ 9 (o1 — pg) ks

Furthermore, according to Rohsenow [69—72], whereas c1 is
not affected, c2 might depend upon the surface finishing,
attaining values in the range between 0.8 and 2.0. Because the
different thermophysical properties of water at its saturation

temperature are constant, the heat flux for nucleate pool
boiling can be simplified to:

Qb = CpAT50t™® = Cp(Ts — Toar)™ (23)

In convective component, the heat flux of convective h, for a
free-falling film of water in Eq 24 and 25 obtained from many
researchers which can be generalized in Eq (26):

Nu = CRe! PPGn®3 (24)

Table 6 — Fluid field boundary conditions.

Boundaries Fluid boundary conditions
Inlet (BO) Veast
Viget = Vp = =——
et : Sinlet + Soutlet
k1.5
Re = 0.01 x V2, &g, = k¢
Rintet
Outlet (B1) Vy=0Vy, =0V, =0

Primary cooling zone (B2, B3, Vy=0V, =0V, =0
B4)

Air cooling zone (B6)

Secondary cooling zone (BS,
B7)

Surface of symmetry (B8, B9)

Bottom block zone (B10)

Vx:OVy =0Vz = Viast
VXZOVy :0Vz = Viast

Vi=0V, =0V, =
Vx=ovy =0V, = Vst

Nuk
he=— ! (25)
kf i D,0.4~.033
he=C fRe PriiGn” (26)

It has been well established in previous investigations that
the Prandtl number dependence approximately follows a Nu
o Pr%* relationship [72]. Choosing this as the appropriate
Prandtl number dependence, several functions were evalu-
ated, and the following expression provided an uncompli-
cated relationship that proved sufficiently accurate.

In transient boiling conditions, the transition boiling
regime plays a crucial role as an intermediate state between
film boiling and nucleate boiling. During this regime, as the
surface temperature decreases, the wetted area of the surface
covered by the cooling water increases, while the portion
covered by the vapor blanket decreases.

To overcome the lacking mathematical models for the
transition boiling stage, previous studies have made certain

Mold

Primary cooling zone
L

Water jet

Falling film

|

Impingement angle

Secondary cooling zone

Fig. 10 — Schematic illustration of primary cooling zone
and secondary cooling zone.
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Fig. 11 — Schematic illustration of calculating Hj, (a, b) and parameters (c, initial temperature of ingot), (d, casting speed),
(e, spraying water flow rate density) effect on Hj,.

assumptions [68—74]. One common assumption is that the
slope of the boiling curve (q-Ts) remains constant throughout
the transition regime, as illustrated in Fig. 5. The heat flux

during the transition boiling stage can be described using a
specific equation seen in Eq (27), which considers the contri-

butions from both films boiling and nucleate boiling:

_ Tleid - Ts
Tieia — Tens

Qv =

Ts — Tay

(a0 +ac) + T — Toy

s

(Terg < Ts < Tieia)

(27)
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root of secondary cooling water flow rate per unit of
perimeter.

3.3. Assumptions and simplification of mathematic
model

There are some assumptions need to be made in this model:

1) The meniscus surface is assumed to be flat, and the
calculation of the solute field is not included in this model;

2) The fluid is incompressible;

3) When the value of wall temperature is below 373 K, the
heat transfer coefficient considered to be constant;

4) The thermophysical properties of cooling water are con-
stant, as can be seen in Table 5 [75];

5) Due to the problem of lacking mathematical models in
transition boiling stage, the boiling curve of g-Ts in transi-
tion regime was assumed to be constant as mentioned in
section 3.2;

6) The largest displacement was assumed to occur at the
edges of the ingot during heat transfer of the bottom block
zone, and no displacement was assumed to occur at the
zone of Neontact, @s seen in Fig. 14. Moreover, the cooling
water was assumed to wet the butt curl, which means

= Data gained from in-situ measurement
Linear fit of the sactter data

=)
1

Ing,,(W-m’®)

(b) ¢

0 1 2 3 4 5 6
ln(Ts_Tsat) (K)

there are none interaction between water and ingot at
center part. The heat transfer at wetted part was simplified
to match the heat transfer at free-falling zone;

As depicted in Fig. 8, previous research on aluminum alloys
as well as the current study on AZ80 reveals that the Ty
remains largely unaffected by variations in Q and T; [38].
Based on this observation, it is reasonable to assume in this
paper that Ty, remains constant throughout the analysis.
To ensure a representative value, the average of T, from
numerous experimental results is applied.

N
~

3.4. Fluid field boundary condition

The fluid field boundary condition during the whole numerical
calculation should be classified into several parts refer to Fig. 9
and Table 6. The ki, and g4, represent the turbulent energy and
turbulent dissipation rate. The Siy: and Sy represent the
area of inlet and outlet.

3.5. Thermal condition

3.5.1. Inlet and outlet zone and symmetry surface
The temperature of inlet BO is constant value and equals to
pouring temperature. Air cooling dominate the outlet zone B1
with a constant heat transfer coefficient value is 200 W/m? - K.
Heat loss along the symmetry surface boundary B8 and B9 is
considered to be zero due to the axis of symmetry.

3.5.2.  Primary cooling zone
In primary cooling zone B2, B3 and B4, about 10 % of the total
heat during DC casting is extracted from the melting in crys-
tallizer [27]. The value of the heat transfer at primary cooling
zone dominate the initial temperature of solidified surface
and its quality, moreover, subsequently influencing the
boiling water heat transfer below the primary cooling zone.
Fundamental and systematic work has been done by
several researchers on heat transfer behavior of mold cooling
during casting process [29,36,38,40,44]. The general character
is found in the mold cooling which can be typically classified
into two stage shown in Fig. 10: (a) at first stage, the melting
directly contacts with the crystallizer inner wall cooled by the
flowing water, which exhibits extremely heat transfer

® InNu-InRe
= Fit of double logarithm of Nu and Re

o
1

Logarithm of Nusselt number,InNu
L
1

2 T T T T T T T T T T
8.0 82 84 86 88 9.0 9.2 94 9.6 98

Logarithm of Reynolds number,InRe

Fig. 13 — The quantitative analysis of q,, and q.: (a) Inq,, vs. In (Ts-Tsa); (b) INNu vs. InRe.


https://doi.org/10.1016/j.jmrt.2023.09.308
https://doi.org/10.1016/j.jmrt.2023.09.308

6630

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;27:6619-6644

Table 7 — Variations of primary cooling zone heat transfer

coefficient hy as a function of the billet surface
temperature Ts

Billet surface temperature, Heat transfer coefficient, hy.

Ts (K) (W/m?K)
Ts > 863 1500

833 < T5 <863 47.5T — 39492.5
803 < T5 <833 75

783 < Ts <803 2.5T—- 19325
Ts <783 25

coefficient and possesses less than 90 % of total heat in pri-
mary cooling zone; (b) at last stage, air gap formed between
the solidified metal and mold inner wall due to volumetric
shrinkage of the solidifying metal, which exhibits extremely
lower heat transfer coefficient compared to first stage due to
air cooling.

To describe these effects, the heat transfer coefficient hy, at
the billet/mold interface has been formulated to vary as a
function of the local surface temperature as shown in Table 7
[42,46,49].

3.5.3.  Secondary cooling zone

Secondary cooling refers to the area below the mold contact-
ing with water and can be divided into an impingement zone
and a free-falling zone as shown in Fig. 10. The impingement
zone can be further subdivided into the two regions below and
above the impingement point [47]: the zone below impinge-
ment point exhibits relatively higher heat transfer coefficient
compared to the upper zone, the upper impingement zone
corresponds to a region of back flow which is also called climb
height. According to Fig. 10, the location of climb height cor-
responds to the impingement angle, the climb height moving
upward with the increasing impingement angle. To avoid the
direct contact between the cooling water and melting, the
impingement angle of the water jets is typically in the range
15-30° [38].

The height of the impingement zone Hj, depends on a
number of factors such as the cooling Q, V, surface condition
and so on. The Hj, can be attributed to a wide range of values
between 5 mm and 300 mm [29]. It is therefore critical, when
modelling the direct-chill casting process, to know the height
of the impingement zone Hj,. This is particularly important
during the transient start-up phase of the process, because
high temperature phenomena such as stable film boiling can
only take place in the impingement zone, whereas water film
ejection can only occur in the free-falling zone.

Table 8 — The total heat flux density at free-falling zone.

Surface Boiling Total heat flux density
temperature = mechanism
Ts > Teia Film boiling  qrota = dp
Teng <Ts < Treia Transition  Grota = Guy =

b0111ng Tieig — Ts Ts — Tchf

Teia — Tenf (2 +Gory) Tipt — Tchqub

Tonset <Ts < Tenp Nucleate Qtotal = qnb + 9c

boiling
Ty € Mo Convective g = 200(W /m?)

cooling

The falling water film queching tests with a moving ingot
also called rewetting test, which serve as a valuable method
for quantifying the Hj. These tests involve conducting ex-
periments with a moving sample and initially high tempera-
ture. In the initial phase of the test, the rapid ejection of the
free-falling water film results in cooling primarily within the
impingement zone. An example of the temperature history
recorded during a rewetting test is shown in (Fig. 11(b)).

During the test, the first set of thermocouples captures a
noticeable temperature drop as the cooling water jets contact
the bottom surface of the instrumented sample. As the sam-
ple is gradually lowered, the impingement point moves up
along the surface, leading to the ejection of the water film into
the free-falling zone. At this stage, the surface undergoes
cooling predominantly through natural air convection, which
causes heat to flow back to the surface and results in
reheating.

As depicted in (Fig. 11(a)) and (Fig. 11(b)), the entire process
can be categorized into three stages based on the progression
of time:(a) At t1 stage, the free-falling water film reaches the
measuring point, leading to a decrease in temperature at the
measuring point. This temperature decrease can be attributed
to the advanced cooling front effect and the influence of air
convection; (b) At t2 stage, the measuring point becomes fully
covered by the jetting water film. During this stage, there is a
sharp temperature decrease due to the unique and highly
intensified impinging and wetting effects within the
impingement zone; (c) At t3 stage, the free-falling water film
moves upward relative to the measuring point, and the
measuring point is now located in the ejecting zone. In this
stage, the heat transfer through stable film boiling is relatively
low, resulting in a phenomenon of reheating with an increase
in temperature at the measuring point.

The (Fig. 11(b)) exhibits a curve of the second derivative of
temperature with respect to time for a subsurface thermo-
couple. Despite the significant amount of signal noise, the
minimum and maximum of second derivative of T (K/s?) as
marked in (Fig. 11(b)) are easy to identify.

Falling water film

I Bottom block

Drains

Fig. 14 — Schematic illustration of heat transfer at bottom
block zone.
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The Hj, could be calculated by dividing the time interval
between the minimum and the maximum by the sample
moving speed in Eq (28):

At

Hp=7 (28)

The H;, was measured for various factors including water
flow rate density Q' (L/min - m), withdraw speed (casting
speed V, mm/min) and initial temperature T; (K) shown in
(Fig. 11(c)), (Fig. 11(d)), (Fig. 11(e)) and (Fig. 11(f)). The effect of
initial temperature on H; can be neglected according to
(Fig. 11(c)). Additionally, both V and Q exhibit a positive linear
relationship with Hj, as can be seen in (Fig. 11(d)) and
(Fig. 11(e)), which correlation coefficient of are 0.95 and 0.94
respectively. Based on the analysis above, establishing the
relationship among the H,, V and Q' is necessary. According to
(Fig. 11(f)), the expression is given as follows:

H;, =1.08865Q" + 0.06272V — 4.75597,R? = 0.95 (29)

Table 9 — Index of sump depth (dsmyp), the maximum and

minimum of temperature (Tg min, Tg,max) at mushy zone
designed on orthogonal test.

No. dsmup (MmMm) Ty, min (K/m) Tg,max (K/m)
1 58.4 1901.22 2725.35
2 66.98 1604.53 2441.34
3 79.7 1332.23 2318.85
4 98.2 831.81 1992.74
5 68.9 1511.93 2658.82
6 60.8 1858.47 2447.79
7 91.6 934.38 3195.49
8 76.4 1384.44 2459.66
9 72.5 1413.67 3303.65
10 88.84 1017.99 3512.83
11 62.8 1751.95 3872.04
12 72.55 1411.81 3792.74
13 83.17 1158.91 4925.51
14 73.16 1378.71 5516.09
15 67.6 1572.04 4217.48
16 65.11 1650.14 4000.56

As it is known to all, there are several factors influencing
the Ti.iq and Ty such as pressure, subcooling, surface condi-
tions, material properties, flow rate and the composition of
liquid. A series of tests conducted on aluminum AA5182
samples provided a relationship between the Tj;y and Q' in Eq
(30) [34,38]. The Leidenfrost temperature is sensitive to Q"

Teig.aas182 = 373 + 33.00/Q (30)

Consequently, in this paper, assumptions and simplifica-
tions are given as flow rate dominate the Ty and T during
secondary cooling process in numerical calculation on ther-
mal condition. The relationship between Tig, Tehy and Q based
on in-situ experiment are shown in Fig. 12. The average Tiiq,
average Tyys and /Q exhibit a positive quasi-linear relation-
ship as shown in Eq (31) and Eq (32) respectively:

Tieid.average = 29.061/Q" + 526.81,R? = 0.98 (32)

Terf average = 15.90/Q + 561.99,R* = 0.96 (32)

The transition from laminar to turbulent film flow occurs
when the Reynolds number exceeds 2000. The Reynolds
number Re is defined by Eq (33):

_puvudn _ puQ _16p,Q _ 16p,Q

Re
Hw mdnp, Lepy M

(33)

Where L. is the sum length of four straight, as seen in
(Fig. 1(0)).

Based on section 3.2 and double logarithmic graph gained
from the data of in-situ temperature measurement as seen in
(Fig. 13(b)), an intuitive understanding on InNu number
exhibiting a positive linear regression on InRe, Eq 34 and 35 is
shown as follows:

InNu = 0.84InRe + 0.4InPr + 0.33InGn — 2.53,R? = 0.97 (34)

Nu = 0.08Re"#* Pro4Gn®3 (35)

Combined with Eq 1517, Eq (19), Eq 24—26 and Eq 33—35.
As a result, the q. can be expressed as follows in Eq (36):
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) < ) (Ts—Tw) (36)
In consequence, the thermal condition of B5 and B7 can be
classified into two parts: the impingement zone and free-
falling zone. The value of Cpy, kw, p, and u, can be obtained
from Table 5. Similarly, the gnb is obtained from (Fig. 13 (a)), as
can be seen, the In(q,,) exhibits a linear relationship with
In(Ts — Tsar) With an expression seen in Eq (37) as follows:

qc = Cp,wkw <

1N G = 0.83 In(T — Tegr) + 8.11292, R = 0.92 37)

Based on Eq 22—26 and Eq (36), the total heat flux density
Grota 2t impingement zone can be expressed in Eq (38):

) 4 3327.58(T, — Teq) %

(38)

Qtotal = qnb +qc = 2261658(T5 — Tw) (Q

The total heat flux density at free-falling zone are shown in
Table 8, and the detailed information are seen in Eq 39 and 40.
As mentioned above, the q,,, and q. are obtained by (Fig. 13 (a))
and (Fig. 13 (b)) respectively. The detail of qg can be seen in Eq
(14) of section 3.2.

Qro = 3327.58(T — Teqt)*®

4. =22616.58(T, - T,,)(Q)"*

3.5.4. Bottom block zone

At the initial process of DC casting, the melting poured on the
bottom block, similar to the process of primary cooling, the
rate of heat transfer between the melting and bottom block
are higher due to the contact between the liquid metal and
bottom block surface than the one in subsequent process
because the small gap was generated by solidification. The gap
between solidifying metal and bottom block will grow up with
relatively low speed before the cooling water from the sec-
ondary cooling zone driven by gravity was spilled. Subse-
quently, the ingot base begins to deform upward with
different degree which is positively correlated to rate of heat
transfer, in response to the rapid thermal contraction of the
sides, the four corners of ingot base have the relatively large
displacements with a few tens of millimeters. This process
enhances the rate of interface heat transport known as butt
curl [73—78], refer to Fig. 14.
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of temperature gradient at mushy zone.

Fig. 18 — The as-cast microstructure on width direction with different casting speed: (a—c) microstructure from pouring
center to edge with 80 mm/min; (d—f) microstructure from pouring center to edge with 120 mm/min.
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Fig. 19 — The as-cast microstructure on thickness direction with different casting speed: (a—c) microstructure from pouring
center to edge with 80 mm/min; (d—f) microstructure from pouring center to edge with 120 mm/min.

Generally speaking, some assumptions and simplifications
should be provided in numerical simulation. The vertical
displacement of the base of the ingot was assumed to obey a
parabolic relationship with distance and to also vary with
time. The largest displacement was assumed to occur at the
edges of the ingot, and no displacement was assumed to occur
at the center part, as seen in Fig. 14. Moreover, the cooling
water was assumed to wet the butt curl, which means there
are none interaction between water and ingot at center part.
The heat transfer at wetted part quater Was simplified to match
the heat transfer at free-falling zone, as seen in Table 8.

Based on the assumptions and simplification above, ac-
cording to Fig. 14, the heat transfer associated with the base

cooling to the bottom block has been characterized for both
center parts as seen in Eq (41) and Eq (42):

Qcontact = hcontact (Ts,ingot - Ts,buttum block) (41)

1500, T, > 879

Neontact = § 17.05 (Ts — 791),791 < T <879 (42)
75, Ts <791
4. Comparison and validation

To further validate the accuracy of the secondary cooling
model proposed in this paper, a comprehensive comparison is

Fig. 20 — The as-cast microstructure on width direction with different secondary cooling water flow rate: (a—c)
microstructure from pouring center to edge with 40 L/min; (d—f) microstructure from pouring center to edge with 70 L/min.
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Fig. 21 — The as-cast microstructure on thickness direction with different secondary cooling water flow rate: (a—c)
microstructure from pouring center to edge with 40 L/min; (d—f) microstructure from pouring center to edge with 70 L/min.

performed between the in-situ temperature data obtained
from thermocouples in section 2.1 and the corresponding
temperature data calculated based on the thermal conditions
discussed earlier. This comparative analysis is presented in
Fig. 15.

In the figure, the solidus line and liquidus line, which are
determined through numerical simulations using the sec-
ondary cooling models, are depicted as black lines repre-
senting the width and thickness directions, respectively.
Remarkably, these lines fall within the gray dotted line zone
and purple dotted line zone, indicating a close agreement
between the secondary cooling thermal conditions predicted
by the semi-empirical models proposed in this study and the
actual temperature measurements.

By comparing the calculated temperature data with the in-
situ measurements, it becomes evident that the proposed
secondary cooling model reliably captures the temperature
distribution throughout the cooling process. This validation
not only substantiates the accuracy of the thermal conditions
derived from the semi-empirical models but also reinforces
the overall credibility and effectiveness of the secondary
cooling model put forth in this paper.

5. Result and discussion

Here are the results of sump depth (dsmup), minimum of tem-
perature gradient at mushy zone (Ty min), maximum of tem-
perature gradient at mushy zone (Tymax) designed by
orthogonal test, calculated by numerical simulation, shown in
Table 9. Combined with Fig. 21 and Fig. 22, the majority of
Tq,max located at L, ., which near the center of below inlet of
pouring and edge as can be seen marked in gray zone in
Fig. 24. Similarly, the majority of Ty min located at Ly, which is
below the inlet of pouring as can be seen marked in green zone
in Fig. 24.

The analysis of range R, sum of squared deviations S and
significance F can be seen in Fig. 16. The dsmyy is dominated by

V among the factors due to the high performance of R and S.
Generally speaking, the factor is significant among others
under the condition the value of F is greater than Fg o5 [54—57].
The Fo 05 of multi-factors L6(4%) orthogonal is 9.38. In conse-
quence, the relationship between the V and dsyy, could be
established based on (Fig. 17(a)) with the value of linear cor-
relation coefficient R? is 0.98, as follows:

dsump =0.033 + 27.74V,R? = 0.98 (43)

Similarly, the V also dominate the minimum of tempera-
ture Ty min at mushy zone among other factors, the relation-
ship between V and T, min is provided according to (Fig. 17(b)),
based on the R, S and F seen in (Fig. 16(b)), as follows:

Tymin=2569.15 — 766342.20V,R? = 0.97 (44)

A lot of typical as-cast dendrite structure with fully
developed primary dendrite and secondary dendrite are seen
in Fig. 18. The average secondary dendrite arm spacing (SDAS)
of the L, part with the V at 80 mm/min and 120 mm/min are
11.1 pm and 13 pm respectively. The primary dendrite length
increased with the increasing V as seen in (Fig. 18(c)) and
(Fig. 18(e)), the average of SDAS are 12 pm and 13.6 pm corre-
sponding to the V at 80 mm/min and 120 mm/min. The
degeneration occurs at the edge part and the primary and
secondary dendrite became shorter and thicker at relative low
speed. Further, a lot of rosette crystals are seen in (Fig. 18(a))
and (Fig. 18(d)), the average of SDAS is 22.7 um at relative high
V. In general, the SDAS increased from the L, to edge and the
value with the 80 mm/min is smaller than the V at 120 mm/
min especially at L, part, according to Eq (44), which means
the cooling speed V. (or temperature gradient) of L, part is
higher at relative lower V according to Eq (45) [79—81]:

1
3

DAS =8V, (45)

Where the DAS is dendrite arm spacing, B is a coefficient
which relate to alloy composition and cooling condition, V.
represents the cooling speed.
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Likewise, the temperature gradient Ty mi, (or cooling speed)
increased from L, to edge and the similar changing law are
seen in Fig. 19. In consequence, the qualitative analysis above
matched the quantitative analysis as seen in Eq (44)

According to the (Fig. 16(d)) and (Fig. 17(c)), the significance
of maximum of temperature gradient (Tg max) at mushy zone
revealing the influencing factor Q and T,, play an important
role on affecting the Ty max, the expression is shown as follows:

Tymax =9195.12 + 2344770Q — 27.83T,,,R? = 0.87 (46a)

The microstructure of sample with the value of cooling
water flow rate 40 L/min and 70 L/min respectively are shown
in Fig. 20. From the microstructure, the dendrites gradually
degrade from the L, to the edge. Under two different Q, the
structure is refined to a certain extent after increasing the Q.
The L, part presents a typical multi-dendrite structure. After
increasing the Q, the structure is refined and the secondary

Table 10 — B and K of solidus line based on orthogonal test
by numerical simulation.

No. By Ky B; K¢

1 1.918916203 4.510979 3.482163 4.222839
2 1.193176902 3.90201 5.57421 4.816813
3 0.836495713 3.318115 1.512306 2.718298
4 0.470050227 3.856547 2.207978 1.543761
5 1.368195753 3.814734 7.819952 8.51332

6 1.549900101 4.89534 3.968617 4.922839
7 0.632555282 5.892715 0.588677 6.297792
8 0.881118791 5.876754 2.742883 4.768002
9 1.181526442 4.968948 4.692622 7.094964
10 0.599219527 5.683885 1.021431 9.245919
11 1.400272892 5.862107 4.875037 5.976139
12 1.19588329 6.813461 4.692622 8.148292
13 0.65143325 6.305566 3.202937 6.192557
14 1.163946685 6.614496 3.461919 11.96997
15 1.168738545 5.923671 2.841718 7.586942
16 1.427174814 6.531236 2.705636 9.34623

dendrite arm spacing is small, about 11.7 um (Fig. 20(c)). At the
Lp. position, it is composed of rose crystals and a small
number of degraded dendrites. After increasing the water
volume, the degree of dendrite degradation is more obvious,
and the degree of fragmentation increases. The average sec-
ondary dendrite arm spacing is about 12.6 pm (Fig. 20(d)). The
dendrites at the edge are more degraded, and the primary and
secondary dendrites are obviously short and thick. The
roundness of the dendrites increases, and petal-shaped crys-
tals appear in the structure of (Fig. 20(e)). In a semi-continuous
casting process, greater Q leads to greater cooling intensity.
When the ingot solidifies at its edge position, it is mainly
affected by primary cooling so that there is little difference in
structure. As casting progresses, temperature at the edge
gradually decreases. When L, . position and L, begin to enter
liquid phase line, under large water conditions, there is a de-
gree of expansion of temperature difference with already so-
lidified parts and temperature gradient is larger with faster
cooling rate resulting the smaller SDAS.

In a semi-continuous casting process, greater secondary
cooling water volume leads to greater cooling intensity. When
the ingot solidifies at its edge position, there is little difference
in structure. As casting progresses, temperature at the edge
gradually decreases. When L, . position and L, begin to enter
liquid phase line, under large water conditions, there is a
small degree of expansion of temperature difference with
already solidified parts and temperature gradient is large with
fast cooling rate. Secondary dendrite arm spacing is small.

Similarly, Fig. 21 shows the longitudinal section of the
microstructure of AZ80 magnesium alloy semi-continuous
casting ingot from the L, to the edge in the thickness direc-
tion under different Q. The dendrites degrade from the L, to
the edge. The structure is refined and the SDAS is smaller after
increasing the Q. At the L, position, it is composed of rose
crystals and degraded dendrites. The dendrites at the edge are
more degraded and shorter. Petal-shaped crystals appear in
the structure. Compared with the width direction, the size in
the thickness direction is smaller and Q can act on the L,.
position, obviously. Therefore, the qualitative analysis above
matched the quantitative analysis as seen in Eq (46).

The analysis of the temperature field of the symmetry
plane is of great significance. By analyzing the temperature
field of the symmetry plane, the overall condition of the liquid
cavity and paste zone can be clearly understood. The tem-
perature distribution on both sides of the symmetry plane is
symmetrical, which can reflect the overall temperature dis-
tribution of the casting process. Therefore, by analyzing the
temperature field of the symmetry plane, more comprehen-
sive information about the casting process could be gained.
Here are the temperature field results at symmetrical surface
designed by orthogonal test shown in Figs. 22 and 23, the
temperature of mushy zone is marked with black line at the
value of 791 K, 800 K, 810 K, 820 K, 830 K, 840 K, 850 K, 860 K,
870 K, 879 K respectively. As mentioned above, the T, i, and
Tgmax ON the horizontal and vertical symmetry planes are
located at the L, and L, .. The temperature data corresponding
to space can be obtained from the above temperature field
diagram.

In order to study the influence of various casting parame-
ters on the shape of liquidus cave, flat parameters (B) and


https://doi.org/10.1016/j.jmrt.2023.09.308
https://doi.org/10.1016/j.jmrt.2023.09.308

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;27:6619—-6644

6639

(a)

(b)

13.494
i 5] 0.99 2.04 |:|1; b - ‘:IIS{ 414
q12
0.8+ 2.0
1.5 410
= z 7
o o o
% 0.6 % %9 L5 15 =
~ 10 201 %]
o . OJ Q 1.121 (5]
= =]
ﬁ 0.4+ a ﬁ 1.0 s
: : 0.869
3.333
0.29 ],
0.5
0.2 02 0.5 s 462
021 oy 084 o346 0.4417 >
0.014 001 - 0.014
0.0 204001 | I i 0.0 0.0 T 0
Q PC v Tw Void Q PC v Tw Void
The factors of B, The factors of K,
(c) (d)
4.0 6 80
25.053 [ IR - 5.45 [ IR
35 2 s o652 s
5 Po-o%
3.0 50 4 60
4 4
- 254 - =
o 235 o M
kS 200 {15% 3 =
o 204 w3 +40 n
o 11.79 0 o ©
= = <= 2.37 =
= s 410 = F 2.094 o
8.71 2
Lo 1.043 1.45 194 151 420
0.77
5 14
054 10.24
’ 1.87 2 4.84 5.63
0.0 T : 0 0 : : 0
Q PC v Tw Void Q PC v Tw Void
The factors of B, The factors of K,
(e) ®
160 35
146 . 11.82 .
i 30.6 [ B, 0 288 [ I8 12
LIk, 30 Ik,
120 4 s 2.5+ 410
F1=29.5 Fo0:=29.5
o 100 Fo05=9.28 of H 2.0 - F5=9.28 18 o
= 20 =
s Fy,=5.39 s B F,,=5.39 s
w507 B 1S 6 5
= 52 25 135 ®
= 604 = B =
1
10 104 3.45 14
404 7.56
5 0.5 4 1.82 = 2
204 3.48
15 0.22 0.8 28 1
079 65 1
0.01 ) L
0 t T { 0 0.0 : 0
Q PG \% Tw Void Q PC \% Tw Void
The factors of B, and K, The factors of B, and K

Fig. 25 — The R, S and F of factors corresponding to index: (a) range and variance of B,; (b) range and variance of K,; (c) range
and variance of B; (d) range and variance of K;; (e) significance of B,, and K,,; (f) significance of B, and K.

steep parameters (K) are introduced to quantitatively analyze
the shape of solidus lines using analytical geometry knowl-
edge shown in Fig. 24 and Eq (46) and Eq (47) under the
assumption that each solidus line is continuous function. As

the value of B increases, the K value approaches 1, resulting in
a flatter shape of the solidus line. In contrast, the solidus line
becomes steeper in shape. The B and K on width direction (B,
K,,) and on thickness direction (B, K;) at the solidus line below
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L, and the K at L, of the solidus line is provided by the
following Table 10. In addition, the W should be instead by T
(the thickness of ingot) on thickness direction.

(1 +f (%>2>
@)

u (%) +5(%)
Kee 2 N/ 47)
i(2)

The analysis of R, S and F shown reveals the B, is
dominated by V among the factors due to the high perfor-
mance of R and S as seen in Fig. 25. Generally speaking, the
factor is significant among others under the condition the
value of F is greater than Fyos. The Foos of multi-factors
L16(4°) orthogonal is 9.38. In consequence, the relationship
between the V and B,, could be established based on Fig with
the value of linear correlation coefficient R? is 0.98, as fol-
lows Eq (48):

B (46b)

By, =2.53 —951.59V,R? = 0.98 (48)

Similarly, the Q dominate the K,, and K; at solidus line
among other factors, the relationship between Q and K,,, Q
and K, are provided according to Fig. 26, based on theR,Sand F
seen in Fig. 25, as follows Eq (49) and Eq (50):

K, =2.88 + 2415.81Q,R? = 0.97 (49)

K:=1.11+5350.90Q, R? = 0.97 (50)

According to the R, S and F analysis, the F value of B is 7.56,
which is less than the Fy o5 (9.38). Therefore, B has no strong
relationship with other influencing factors.

Furthermore, through the R, S and F analysis in Fig. 25, it
can be seen that the change of primary cooling process con-
ditions has an insignificant effect on the various indexes. The
proportion of heat exchange during the whole semi-
continuous casting process is much lower than the second-
ary cooling zone. Therefore, the influence of primary cooling
on various casting indexes is not significant.

6. Conclusion

In this paper, a systematic study on heat transfer of secondary
cooling has been conducted including analyzing flow boiling
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mechanism of impingement zone and free-falling zone,
developing the semi-empirical model of secondary cooling
based on in-situ temperature measurement method and fall-
ing water film quenching test.

The main boiling mechanism at impingement zone is
nucleate boiling with flow, which is not influenced by tem-
perature variations, observed by the falling quenching test. At
free-falling zone, the boiling mechanism varies with temper-
ature. When the T; is lower than T, none boiling phenom-
enon occurred on metal surface, and convection takes
precedence. When the T, ranges between T, and Tey,
nucleate boiling with flow at the solid-liquid interface be-
comes the dominant mechanism. Once the surface tempera-
ture reaches Tepy, a film boiling phenomenon begins to develop
on the metal surface. With increasing temperature, the pro-
portion of film boiling progressively increases, while the
contribution of nucleate boiling with flow diminishes. When
the surface temperature surpasses Tig, nucleate boiling
ceases, and film boiling takes over as the predominant
mechanism.

The secondary cooling thermal conditions based on the
semi-empirical models in this paper exhibits high accuracy by
comparing the calculated data with the data gained from in-
situ measurement of DC casting process.

Further, the effect and dominance of multi-parameters
such as water flow rate of secondary cooling (Q), casting
speed (V), the status of primary cooling zone (PC), temperature
of water (Ty)at secondary cooling zone on the index of DC
casting has been conducted by orthogonal method based on
the verified thermo models.

The casting speed V dominate the casting indexes
including minimum of temperature gradient T i, the sump
depth dsump and flat parameter of liquidus cave on width di-
rection By. Similarly, the water flow rate Q dominate the
casting indexes including maximum of temperature gradient
Tymax, Steep parameters of liquidus cave on width K, and
thickness direction K;.

The detailed conclusions are presented based on the re-
sults as follows:

1) The Hj, exhibits linear positive correlation with Q and V.
The T; has limited impact on the Hy,. The expression of Hj,
is presented as follows:

H;, =1.08865Q" + 0.06272V — 4.75597,R? = 0.95

2) The influence of the T; and Q on T,y is minimal. The Tiq
demonstrates a direct and proportional relationship with

the \/Q. These findings provide compelling evidence for a
linear positive correlation between T4 and the 1/Q" and

similar to Tepy

T]eiduvemge =29.06/Q +526.81

Tchf,auemge =15.90/Q +561.99

3) Based on the opinion that flow boiling, nucleate boiling
and convective heat transfer occur simultaneously. An
expression for the nucleate boiling and convective heat
flux density can be derived through in-situ temperature
measurements during DC casting process:

)% 1 3327.58(T, — Toat)°®

Grotal = Qv + qc = 22616.58(T, — Tf) (Q

4) Through the comparison of microstructures under
different V (80 mm/min and 120 mm/min), the lower re-
gions of the pouring position are more sensitive to V. This
observation aligns with the fact that numerical simula-
tions often show the Ty mi, located beneath the pouring
region. Combining the R, S and F analysis of the orthogonal
experimental table, the V plays a dominant role in deter-
mining the Ty mix and By,. In the numerical simulation re-
sults, V exhibit linear negative correlation with the Ty min,
dsump and By, as expressed below:

Ty min = 2569.15 — 766342.20V, R? = 0.97
dsump = 0.033 4 27.74V,R? = 0.98

B, =2.53 - 951.59V,R? = 0.98

5) By comparing the microstructures under different Q, it is
evident that larger Q result in smaller average SDAS.
Remarkably, this observation matches the majority result
of numerical simulations. Moreover, considering the R, S
and F analysis of the orthogonal experimental table, the Q
plays an important role in determining Ty max. Similarly,
the relationship of K,, and K; with Q also can be expressed
as follows:

Tymax =9195.12 + 2344770Q — 27.83T,,,R* = 0.87
K, =2.88 + 2415.81Q,R? = 0.97

K:=1.11 + 5350.90Q,R? = 0.97
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