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Abstract: A 3D model applying temperature- and carbon concentration- dependent material properties was developed to describe the scrap
melting behavior and carbon diffusion under natural convection. Simulated results agreed reasonably well with experimental ones. Scrap melt-
ing was subdivided into four stages: formation of a solidified layer, rapid melting of the solidified layer, carburization, and carburization + nor-
mal melting. The carburization stage could not be ignored at low temperature because the carburization time for the sample investigated was
214 s at 1573 K compared to 12 s at 1723 K. The thickness of the boundary layer with significant concentration difference at 1573 K increased
from 130 pm at 5 s to 140 pum at 60 s. The maximum velocity caused by natural convection decreased from 0.029 m-s ™" at 5 s to 0.009 m's ' at

634 s because the differences in temperature and density between the molten metal and scrap decreased with time.

Keywords: scrap melting; natural convection; carbon diffusion; numerical simulation; electron probe micro-analyzer

1. Introduction

In China, the amount of scrap has rapidly increased with
the development of the iron and steel industry. Scrap recyc-
ling should be promoted, especially scrap melting in steel-
making. The scrap melting behavior under natural convec-
tion is the basis for understanding its melting mechanism in
practice [1-3].

Many numerical models involving heat and mass transfer
have been used to analyze the effect of various factors (scrap
size, preheating temperature, and bath temperature) on scrap
melting under natural convection [4—8]. Studies on the scrap
melting behavior and complex phase change problem under
natural convection indicated that scrap melting could be di-
vided into three stages: formation of a solidified layer, rapid
melting of the solidified layer, and normal melting. Mori and
Nomura [4] reported that the types and sizes of scrap affect
scrap melting and the transient heat conduction in the solid
scrap. Wu and Lacroix [8] established a 2D time-dependent
heat transfer model in a circular furnace and showed that the
melting is significantly accelerated at high heat transfer coef-
ficients. In addition, scrap melting is facilitated by carbon
diffusion from the hot metal to the scrap surface [9-13].
Kruskopf and other researchers [10—12] established a 2D
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melting model involving a chemical reaction and reported
that the scrap melting rate is affected by the heat transfer and
carbon diffusion. Deng et al. [13] analyzed the scrap melting
mechanism using a solidification/melting model and a Shear-
stress transport (SST) k—w model in the ANSYS FLUENT
software. However, detailed information on the scrap melt-
ing process under natural convection is greatly limited. Few
studies have directly observed the carburization using nu-
merical methods, although it tends to be the basis of scrap
melting. Sun et al. [14] analyzed the carbon distribution in
the radial direction and the melting process of a small sphere
in hot metal. Penz et al. [15] investigated the scrap melting at
the solid-liquid interface. They both reported an obvious in-
terface between the parent scrap and the frozen shell. The
carbon content in the frozen shell is much higher than that in
the parent scrap. In addition, the material properties, e.g.,
density, specific heat, diffusion coefficient, and thermal con-
ductivity, are defined as constants in most studies. However,
this condition greatly differs from actual ones. These materi-
al properties should be defined as functions of temperature
and composition.

This study performed a numerical simulation of scrap
melting, along with laboratory-scale experiments. A 3D
model coupling the heat and mass transfer was established to
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describe the scrap melting behavior under natural convection
and observe the carburization, wherein temperature- and car-
bon concentration-dependent material properties were con-
sidered. Furthermore, the scrap melting mechanism, melting
time, and natural convection formation were discussed.

2. Experimental and simulation model descrip-
tion

2.1. Laboratory-scale experiments

As shown in Fig. 1(a), a vertical tube furnace (BCMT-
1973 K, China) was used for experiments. Approximately 1
kg of pig iron used for steelmaking (C: 4.61wt%) was melted
in an alumina crucible (inner diameter: 65 mm; outer diamet-
er: 70 mm; and height: 100 mm) to ensure that the bath depth
reached 50 mm. Steel cylinders 100 mm in length and 10 mm

@ 1
2

1—Motor

2—Steel framc
3—Refractory lid

5—Specimen support
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- Ar
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Temperature

in diameter were prepared from Q235 low-carbon steel (C:
0.168wt%). The scrap cylinder was immersed into 30 mm
and held for different durations. The range of bath temperat-
ures was 1573-1723 K, as measured by a thermocouple in-
side the furnace. The experimental method is shown in Fig.
1(b). The material composition and experimental operation
were described in Ref. [16].

2.2. Simulation model description

2.2.1. Geometry model and operating condition

As shown in Fig. 2, the model simulated is the part below
the hot metal. Similar to the experiments, the geometry mod-
el was 65 mm in diameter and 50 mm in height. The steel
cylinder was 10 mm in diameter and immersed in the hot
metal at a depth of 30 mm. The bath temperatures ranged
from 1573 to 1723 K.

+(b)
e Taking melt samples

Immersing into the hot
metal without preheating

1573 ﬂ
5 K/min/ Quenching in water —5 K/min
[Polishing an *

weighting Measuring

Time

Fig. 1. Schematic of scrap melting experimental apparatus (a) and experimental method (b).

The ANSYS FLUENTI16.0 software has been success-
fully used to simulate mass transfer and flow [17]. In the
present work, the mesh number of 191540 was selected. The

Specimen
holding device

Scrap

Hot metal

Alumina
curcible

Fig. 2.
process.

Schematic of geometrical model about scrap melting

setting of calculation parameters is shown in Table 1. The
X=Y plane (Z = 0) was selected as the surface to observe the
melting behavior. In addition, the liquid phase was assumed
to be Newtonian fluid. No heat loss on the walls or heat ex-
change between the melted surface and air above the molten
pool was assumed. Therefore, the boundary conditions of the
crucible wall and hot metal surface were considered to be a
wall with a fixed temperature.

Table 1. Setting of calculation parameters for scrap melting
model

Calculation parameter Method
Pressure-based solver;
Solver T .
ransient;

Pressure-velocity coupling schemes SIMPLE

Gradient Least squares cell bused
Spatial discretization schemes for PRESTO!
pressure

Momentum, energy, and species  Second-order upwind

Transient formulation First-order implicit
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As shown in Table 2, the material properties were calcu-
lated by JMatPro7.0 (Sente Software Ltd.). The data were fit-
ted to functions by using the least square method. Density,

Int. J. Miner. Metall. Mater., Vol. 28, No. 3, Mar. 2021

specific heat, thermal conductivity, viscosity, and diffusion
coefficient were defined as functions of temperature and car-
bon content.

Table 2. Material properties used in the scrap melting model

Calculation parameter Value

Density / (kg'm™)

7891.11-0.36287-4538.291w,, w <1wt%;
8060.8681-0.5597-2830.05 1w, w>1wt%.

Specific heat capacity / (J-kg K ™)

260+0.55T, 300 K<7<900 K; —2172.7+3.26T, 900 K<7<1040 K;
4735-3.428T, 1040 K<7<1184 K; 327+0.2317, 7>1184.

13.84+0.0127-51.94w,, w.<0.5Wt%, T>1193 K;
66.24-0.0327-1194.2w,, w.<0.5Wt%, T<1193 K;
13.8278+0.011687-46.1389w,, 0.5<w.<1wt%, T>1083 K;

Thermal conductivity / (W-m™"-K™")

58.27-0.02247-997.786w,, 0.5<w 1wt%, T<1083 K;
1.5546+0.02117-97.9443 w,, 1<w<3.675wt%, T>1038 K;

34.583+0.002257-506.5673 w,, 1<w<3.675wt%, T<1038 K;
—13.3537+0.03137-69.9609w,, w>3.675wt%, T>1054 K;
18.23347+0.01197-250.385w,, w>3.675wt%, 7<1054 K.

0, w=<Iwt%, T<1573 K;

0.0113-2.926x10°7-0.0313 1w,, 1<w<1.753wt%, T>1513 K;

Viscosity / (kg'm™'-s™")

0, 1<w<3.675wt%, T<1513 K;

0.01706-6.2738x10°7-0.0542 1w, w>1.753wt%, T>1421 K;
0, w>1.753wt%, T<1421 K.

0, w1Twt%s;

0, w>1.753wt%,T<1421 K;

Diffusion coefficient / (m*s™")

0, 1<w<1.753wt%,7<1513 K;

10 *xexp(-(12100/7+2.568)+(1320/T-0.554)xw,), we=1.753wt%, T=1421 K[18];
3.5%107, 1<w<1.753wt%, T>1513 K[4].

2.2.2. Basic equations

The solidification/melting model and species transfer
model were used in the simulation. The enthalpy porosity
method was used to solve continuous equations, energy
equations, momentum equations, and component equations.
Detailed introduction of the mathematical formulation can be
found in ANSYS FLUENT Theory Guide [19]. Meanwhile,
the liquid—solid mushy zone was treated as a porous zone
with porosity equal to the liquid fraction (8). As shown in Eq.
(1), the mushy zone is a region in which the liquid fraction
lies between zero and one. The liquid and solid zones are the
regions in which the liquid fraction is zero and one, respect-
ively [17].

Oa T < Tsolidus;
T- Tsolidus
B=1 77— Tsolidus < T < Thiguidus’ (D
Tliquidus — 4 solidus
1’ T> Tliquidus-

where Toiiaus and Tiiquiaus are the solidus and liquidus temper-
atures in K, respectively. The energy and liquid fraction
equations were solved iteratively to determine the temperat-
ure.

For the multi-component mixture, a mushy zone exists
between the solidus and the liquidus. If the temperature is
higher than 7'quiaus, the domain totally consists of melt. The
solidus and liquidus of the mixture can be expressed by Eq.

@) [19]:

Totidus = Tmere + § m;Y;/K;; Tliquidus =
solutes
Tmelt + E miYi (2)
solutes

where T, is the melting point of scrap in K, Y; represents the
mass fraction of solute i, K; represents the partition coeffi-
cient of solute 7, and m; is the slope of the liquidus surface
with respect to Y. It can be calculated by the eutectic temper-
ature (Toueic) and the eutectic mass fraction (Y;euecic) as
shown in Eq. (3) [19].

_ Teutectic — 4 melt (3)

m;
Yi,euteclic

For the species transfer involving melting, ANSYS FLU-
ENT16.0 offers two models for species segregation at the mi-
cro-scale, namely, the Lever rule and the Scheil rule. They
assume infinite diffusion and zero diffusion of the solute spe-
cies in the solid, respectively. Here the Lever rule is applied
and the species transport equation is shown in Eq. (4).

]
T (PY)+V- (.0,3;’ Yi,liCI) =

-V. { _p[BDi,m,liq V. Yi,liq + (l _ﬂ) Di,m,sol V. KiYi,sol]}

“)
where D, 5 and D, i are the diffusion coefficients of 7 in li-
quid and solid in m*'s™', respectively; vy, is the velocity of Ii-
quidinm-s™; Y.5iq and Y, are the mass fractions of solute 7 in
liquid and solid, respectively; and p is the density in kg-m; ¢
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is the time in s.

3. Results and discussion
3.1. Model validation

The results obtained from the experiments and simulation
are shown in Fig. 3. The cross-sectional area was obtained by
the product of the average diameter and length according to
the measured results. The ratios of the cross-sectional area at
different durations and its initial value (S/S,) were compared.
The simulated results agreed well with the experimental ones.
A solidified layer was formed and led to a dimensionless ra-
tio (S/S,) greater than one. The remelting of the solidified lay-
er caused the /S to be less than one until the melting ended.
Moreover, the results obtained from simulation showed that
the scrap melting was promoted at high temperatures and that
the carburization could not be ignored at low temperatures.
The S/S, tendency and the above results were consistent with
those obtained experimentally.

The scrap cylinder immersed in the high-carbon molten
pool was under the condition of carburization. The stage in
which the melting rate was so small that changes in the scrap
cylinder shape were negligible was defined as
“carburization.” A “hump” was found in the simulation and
experiments because of carburization, and it was more obvi-
ous at low temperatures. However, the hump was more obvi-

ous in the simulation than in the experiment, especially at low
temperatures, because of the following reasons. First, the
bath temperature decreased when the scrap cylinders were
immersed. The molten pool was continuously heated using a
vertical tube furnace to maintain the set temperature for the
experiments. Thus, the bath temperature in the experiments
was higher than that in the simulation model for the same
scrap cylinder immersed in the hot metal. The carburization
that was promoted in the experiments decreased the hump.
Second, a mushy zone formed between the solid and liquid
phases during scrap melting. In the simulation model, the
scrap was defined as mushy when the liquid fraction was
0-1. It was still considered solid phase in the contour of the
liquid fraction. The solid scrap melted and was considered li-
quid only when the liquid fraction was one [19]. However,
the mushy parts of the scrap cylinder were so soft that they
could not be considered solid phase in the practical experi-
ments. Therefore, the hump in the experiments was lower
than that in the simulation.

Furthermore, the results were similar to those reported by
Chen [20]. He indicated that the pig iron solidifies on the
scrap surface and melts rapidly. Then, the carbon diffuses
from the hot metal to the scrap surface, which is under the
condition of carburization. The solid scrap melts quickly
once the bath temperature reaches the melting point of
scrap [20].

@

: 1573 K-simulation
! ® 1573 K-experiment
! 1623 K-simulation
! ® 1623 K-experiment
! - 1673 K-simulation
! 4 1673 K-experiment
I 1723 K-simulation
¥ 1723 K-experiment

0 L L L L L L
0 40 80120160200240

Time /s

0 100 200 300 400 500 600 700

0 " " " " " "
0 10 20 30 40 50 60
Time /s

Fig. 3. Changes in the dimensionless ratio (8/S) at different bath temperatures: (a) total results at different temperature; (b) par-
tial enlarged view at 1573 and 1623 K; (c) partial enlarged view at 1673 and 1723 K.

3.2. Scrap melting process and mechanism

Figs. 4 and 5 describe the melting of the scrap cylinder
with 1573 K as an example. As shown in Fig. 4, the hot met-
al froze on the surface of the scrap cylinder and melted com-
pletely within 12 s until the parent scrap was exposed.
However, the scrap cylinder did not melt immediately. The
liquid fraction of the solid phase gradually increased within
214 s. The solid phase melted quickly when the bath temper-
ature reached the melting point of the scrap. Then, the scrap

cylinder melted along with the carburization until the melt-
ing ended (634 s). Therefore, the scrap melting was divided
into four stages: formation of a solidified layer, rapid melting
of the solidified layer, carburization, and carburization + nor-
mal melting. The phenomenon was also found in the experi-
mental results. As shown in Fig. 5, the solidified layer formed
and remelted within about 10 s. Then, the scrap cylinder
melted slowly until 180 s. The scrap cylinders then melted
rapidly along with the carburization. The four stages of scrap
melting are also shown in Fig. 3. Consistent with previous
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studies, the process was composed of three stages: formation
of a solidified layer, rapid melting of the solidified layer, and
normal melting [10—12]. The carburization was included in
the third stage of normal melting. However, the carburiza-
tion in this study was placed in a single stage and could not be
ignored at low temperatures.

The formation and remelting of the solidified layer can be
explained by the heat balance in the thermal boundary layer
[5,8-9,12,21-24]. The heat flux density on the inside and
outside of the phase interface should be equal [1]. A partial
melt must release the latent heat to compensate for the loss of
heat flux density on the outside due to the immersion of the
scrap. Thus, a solidified layer formed at the surface of the
scrap cylinder and was heated by the heat from the interior of
the scrap cylinder. It melted when the heat flux density due to
heat conduction was less than that generated by the convect-

Mass fraction
1.000

0.941
0.882
0.824
10.765
-0.706

-0.588
0.529
0.471
0.412
0.353
0.294
0.235
0.176
0.118
0.059

5 10 30 60 75 90

Length / cm
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ive heat transfer.

The shape of the scrap cylinder in a stationary melt is a
frustum of a cone because the buoyancy effects induced by
the temperature and concentration gradients promotes the
flow of liquid in the stationary molten pool. The phenomen-
on is defined as natural convection [25]. In Figs. 6 and 7, the
formation of natural convection can be explained by the
changes in density and velocity. Taking 1573 K as an ex-
ample, the molten pool was stationary and the density was
uniform at 0 s. As shown in Fig. 6, the density in the molten
pool was not uniform at 5 s, indicating the formation of a
density difference. Then, a high-density liquid flowed along
the vertical solid-liquid interface. In Fig. 7, the correspond-
ing region produced a flow from the top to the bottom. The
maximum velocity caused by natural convection reached
0.029 m-s ™. The natural convection gradually weakened with

120 135 150 180 240 300

P R

W

Immersed time / s

Fig. 5. Changes in the shape of the scrap cylinder with immersed time (1573 K).
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7079.04
7051.09
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7053.74

7061.58

Density / (kg'm™)

7403.42
7381.40

73%9.38 7053.74

-7055.74

7072.15

Fig. 6. Changes in the density of liquid and solid phases with immersed time (1573 K).
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Velocity / (m-s™)
0.031
0.029

0 000]

L) U0U)

Fig. 7. Changes in the velocity of liquid phase with immersed time (1573 K).

the decrease in density difference until the melting ended.
The hot metal flow also slowed down. At 634 s, a temperat-
ure difference appeared in a small area (Fig. 8), thereby gen-
erating a density difference (Fig. 6). Correspondingly, a weak
flow occurred from top to bottom, as shown in Fig. 7. The
maximum velocity caused by natural convection was only
0.009 m's ™.

Therefore, the flow of hot metal in a stationary bath con-
forms to natural convection. The temperature and density dif-
ference is large in the early stage of melting, which leads to a
violent natural convection. Then, the temperature and dens-
ity difference gradually decreases and weakens the natural
convection until the bath is uniform. Wright also reported
that a high-density liquid flows along the vertical solid—li-
quid interface to form natural convection because of the
density difference [26].

The temperature changes are described taking 1573 K as
an example in Fig. 8. In the early stage of melting (12 s), the
temperature of the scrap cylinder rapidly increased, along
with a decrease in bath temperature. At 214 s, the scrap tem-
perature was similar to the bath temperature, except for a
small part of the scrap. Chen [20] also reported a similar tem-
perature between the molten pool and the solid scrap after the
solidified layer remelted. In addition, the bath temperature
was not uniform at the end of the melting (634 s). The min-
imum temperature was 1563.55 K.

3.3. Carburization during scrap melting

The liquid fraction at the carburization stage is discussed
taking 1573 K as an example. As shown in Fig. 9, the liquid
fraction gradually increased from 150 to 214 s (dotted box).
The top of the scrap cylinder melted at 214 s. Correspond-
ingly, the carbon content increased as shown in Fig. 10.

Therefore, the liquid fraction increased with the increase in
carbon concentration. The solid scrap melted when the car-
bon content was high enough to cause its melting point to be
lower than the bath temperature. This stage was controlled by
the mass transfer of carbon. Chen [20] also indicated that the
melting rate of the scrap is determined by the carbon mass
transfer when the bath temperature is less than the melting
point of scrap. In addition, the phenomenon could be ob-
served in the changes of /S, (Fig. 3). A hump formed, and
the melting was not obvious. However, the scrap cylinders
melted quickly until the melting ended. As shown in Fig. 11,
the time required at the carburization stage decreased from
214 s to 12 s when the bath temperature increased from 1573
K to 1723 K. Therefore, the carburization took obviously
longer time at low temperatures than at high temperatures
that the effect of carburization on scrap melting could not be
ignored at low temperatures.

In addition, the carbon distribution was measured by an
electron probe micro-analyzer (EPMA) (SHIMADZU) to
prove the existence of carburization. The test samples were a
cross-section of the scrap cylinder immersed in hot metal for
Ssand 60 s at 1573 K. A 300 pm %220 um area was selected
as the measurement domain. In Fig. 12, the sample surface on
the right side of the figure is defined as the outer edge of the
scrap. The position near the center of the sample is defined as
the interior. The carbon content at the surface of scrap was
higher than that in the interior, and it gradually decreased
from the outer edge to the interior. A sharp interface was
found during the changes in carbon content. An explanation
could be that the carbon diffused from the high-carbon mol-
ten pool to the surface of the low-carbon scrap because of the
large concentration gradient. In addition, the carburization
depth gradually increased with immersion time. For the
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Fig. 9. Changes in the liquid fraction of solid scrap at the carburization stage (1573 K).

sample immersed for 5 s, the thickness of the boundary layer
with significant concentration difference was 130 um.
However, it was 140 um for the sample immersed for 60 s.
The increasing rate of the carburization depth was 0.182
um-s ', These results proved the existence of carburization
during the scrap melting. Penz et al. [15] reported an obvious
interface between the parent scrap and the frozen shell by the
EPMA-measured carbon distribution. Chen [20] also repor-

ted that the melting point of scrap decreases because of the
carbon diffusion from the molten pool to its surface. The mi-
crostructure of the low-carbon scrap cylinder is affected by
the temperature and the carbon content [27-29].

As shown in Fig. 13(a), the phenomenon can be explained
by the development of a concentration boundary layer
between the hot metal and the surface of the scrap cylinder.
In Fig. 13(b), the changes in carbon content are shown in the
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Fig. 10. Changes in carbon concentration of liquid and solid phases at the carburization stage (1573 K).
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Fig. 11. Time of carburization at different bath temperatures.

Fe-C phase diagram generated by the FactSage (Mn:
0.391wt%, Si: 0.11wt%). In the early stage of melting, the
carbon content of the scrap cylinder (C;) is almost constant
until the temperature increases from 7 to Tjigyaus. Where, Ci is
the initial carbon content of the scrap in wt%, 7 is the initial
temperature of scrap in °C, and Tjqiqs 1S the liquidus temper-
ature in °C. Meanwhile, the carbon content increases to Cyjiqus
and Ciguigsss Where, Cyigs and Cigiaus are the values of the
solid and liquid at the interface in wt%, respectively
[7,21-24]. The scrap melts when its melting point is less than
the bath temperature (7). Where, T, and C, are the bath tem-
perature in °C and carbon content of hot metal in wt%, re-
spectively. In specific, the carbon concentration gradient pro-
motes the carbon diffusion from the hot metal to the scrap
cylinder to decrease the melting point of the scrap cylinder.

4. Conclusions

A numerical simulation was conducted and compared
with experimental data to analyze scrap melting under natur-
al convection. The following conclusions were obtained.

(1) A 3D numerical model applying temperature- and car-
bon concentration-dependent material properties was estab-
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Fig.12. EPMA-measured carbon distribution at 1573 K: (a) 5 s;
(b) 60 s.

300 250 200 150

lished to visualize the melting of the scrap cylinders in hot
metal, including natural convection and carbon diffusion.
The simulated results agreed reasonably well with the experi-
mental ones.

(2) Unlike previous studies, the scrap melting was divided
into four stages: formation of a solidified layer, rapid melting
of the solidified layer, carburization, and carburization + nor-
mal melting. In addition, the bath temperature initially de-
creased and then increased until the bath temperature was
uniform.
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Fig. 13. Scrap melting mechanism: (a) temperature/concentration curve; (b) Fe—Fe;C phase diagram.

(3) A high-density liquid flowed along the wvertical
solid-liquid interface to form natural convection from the top
to the bottom. The natural convection weakened with the de-
crease in temperature and density difference. The maximum
velocity caused by natural convection reached 0.029 m-s " at
5 s for the bath temperature of 1573 K. It was only 0.009
m-s" at the end of melting (634 s).

(4) The phenomenon of carburization was visualized by
changes in carbon concentration. The EPMA-measured car-
bon distribution verified that the carbon content gradually de-
creased from the outer edge of the parent scrap to the interior.
The boundary with significant concentration difference
moved from 130 pm to 140 um when the duration changed
from 5 s to 60 s for the bath temperature of 1573 K. In addi-
tion, the time required at the carburization stage decreased
from 214 s to 12 s when the bath temperature increased from
1573 to 1723 K. The carburization took obviously longer at
low temperatures than at high temperatures that the effect of
carburization on scrap melting could not be ignored at low
temperatures.
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