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Solidification



Demineralization of a High Ash Coal
in Acidic Salt Solution

A. A. Adeleke, L. O. Jimoh and S. A. Ibitoye

Abstract The research investigated the reduction of the ash and sulphur contents of
the high ash and high sulphur Nigerian Akunsa coal. The coal as received contained
38 and 1.98% of ash and sulphur, respectively. The coal samples were leached using
sodium carbonate, nitric acid, and sodium carbonate acidified in nitric acid at varying
combinations of concentrations, contact time, and at a constant temperature of 90 °C.
The results obtained showed that sulphur and ash were effectively removed by nitric
acid and sodium carbonate, respectively. It was further observed that the 1.5 M
sodium carbonate acidified in 1M nitric acid gave the highest leaching efficiency for
the same solid-to-liquid ratio as the ash was reduced by 76.8–8.8% and the sulphur
reduced by 82.3–0.35%. The coal concentrate obtained contains permissible ash and
sulphur that render it suitable for blending in cokemaking.

Keywords Coal · High ash · High sulphur · Leaching · Concentrate

Introduction

Coal is a combustible fossil fuel and a sedimentary organic rock which is composed
mainly of carbon, hydrogen, and oxygen. Coals with high ash content requires higher
transport cost and also increases erosion in plant parts, which makes coal grinding
difficult, lowers flame temperature, and thus increases energy requirement. The use of
coals with lower ash has been found to reduce plant parts erosion rates by more than
50% and maintenance costs by 35%, an increase in thermal efficiency by 4–5% in
pulverized coal boilers, and reduction in carbon dioxide emissions by 15%. Fluidized
bed combustors have also been found to operate more efficiently with higher grade
coals [1].

The chemical leachingmethods to reduce ash and sulphur contents of coals include
molten caustic leaching and agitation caustic leaching, mineral acid leaching and
have been successfully employed to reduce the ash and sulphur contents of coals [2,
3]. Nigeria is endowed with coal deposits such as those of Lafia-Obi and Akunsa

A. A. Adeleke (B) · L. O. Jimoh · S. A. Ibitoye
Department of Materials Science and Engineering, Obafemi Awolowo University, Ile-Ife, Nigeria
e-mail: abrahamadeleke@gmail.com
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in Nassarawa state in the north central region of the country. The coal deposits are
found in the middle region of the Benue trough, a sedimentary basin stretching about
1000 km long from the Gulf of Guinea to the Lake Chad basin. While the Lafia-Obi
deposit had been extensively explored and found to hold about 22 million tons of
coal, the Akunsa deposit reserve estimate is not available [4].

In this research, the high ash and high sulphur Akunsa coal was effectively
demineralized in sodium carbonate acidified with nitric acid.

Materials and Methods

Materials

Sample Preparation

About 3.5 kg of Akunsa coal lumps was received for the laboratory-scale research.
The coal lumps were crushed, air dried, and properly ground manually and later
homogenized in a mortar by pounding with a pestle.

Methods

Particle Size Analysis Using Sieving Method

The sizing ground coal samplewas carried out by employing sieves and an automated
vibrating sieve shaker. The sieves were selected based on the square root of two rules.
The weights of the sieves—355, 250, 150, 125, and 90 µm were taken empty and
stacked in that decreasing order of mesh size with a collecting pan at the bottom.
200 g of the crushed and ground coal sample was poured into the uppermost coarsest
sieve, and the stack sieveswas shaken in a vertical plane for 60min.After the required
time, the stack of sieves was taken apart, and the mass of coal retained on each sieve
was weighed.

Proximate Analysis

Proximate analysis was carried out on both the representative sample and the leached
Akunsa coal to determine their weight per cent moisture content, ash, volatile, and
fixed carbon content using modified ASTM methods.
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Preparation of Leach Solutions

1.5 M solution of sodium carbonate was prepared. The 1 and 0.5 M solutions were
then produced from the 1.5M solution by serial dilution. 1.5M of nitric acid solution
was also produced, and 1 and 0.5Msolutionswere produced from it by serial dilution.

Leaching Demineralization Tests

Atmospheric leaching in oven

The coal sample was subjected to leaching at atmospheric pressure in the oven and
on the magnetic stirrer hot plate using 32 factorial design as shown in Table 1, with
reagent concentration and contact time varied at three levels while the temperature
was held constant at 90 °C. The reagent concentrations of C1 = 1.5, C2 = 1, and C3

= 0.5 M and contact times of t1 = 30, t2 = 60, and t3 = 90 min were used.
One gram of coal sample was weighed on a clean watch glass and transferred

into a clean conical flask containing 25 ml of the prepared solution. The slurry in
the conical flask was then homogenized by stirring for 5 min, covered with Al foil
and transferred into the oven for leaching in combinations shown in Table 1. The
resulting concentrates were skimmed off, air dried for 48 h, oven dried at 105 °C for
60 min, and weighed. The leaching was further repeated in the oven with the t3C3

leaching combination that gave the highest weight loss but using 0.25, 0.5, 0.75, 1.0,
and 1.5 M sodium carbonate solutions acidified with 1 M nitric acid.

The leaching on magnetic stirrer hot plate was carried out by selecting the t3C3

combination and that of acidicmixture that gives the best reduction inmineral matter.
One gram of coal sample was weighed and transferred into a clean conical flask con-
taining 25 ml of prepared solution of t3C3 combination and 1.5 M sodium carbonate
acidified with 1 M nitric acid. The slurry in the conical flask was then homogenized

Table 1 Factorial
combination of time and
concentration for atmospheric
oven leaching

S/N Time (min) Concentration (M) Combinations

1 t1 C1 t1C1

2 t1 C2 t1C2

3 t1 C3 t1C3

4 t2 C1 t2C1

5 t2 C2 t2C2

6 t2 C3 t2C3

7 t3 C1 t3C1

8 t3 C2 t3C2

9 t3 C3 t3C3
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by stirring for 5 min, covered with Al foil and heated for leaching. Leaching exper-
iments were conducted on magnetic stirrer at constant temperature of 90 °C and
for 30 min contact time. The temperature was monitored with a thermometer. The
resulting concentrate was skimmed off, air dried, oven dried, and weighed.

Determination of Total Sulphur by Eschka Method

The determination was carried out as described by Francis and Peters [5].

Results and Discussion

The results obtained showed that 30.40% of the coal was retained on the sieve size
355µm after crushing and grinding. This suggests that the coal is relatively hard and
thus respond slowly to crushing and grinding as less than 70% pass the relatively
coarse 355 µm sieve size. The results obtained for moisture, volatile matter, ash, and
fixed carbon of the coal sample are presented in Table 2. The high ash content of
38% for the coal as received showed that Akunsa coal is a high ash coal whose ash
content far exceeds the maximum of 10% allowed in coals for use in metallurgical
cokemaking [6]. A low-quality, high ash coal creates problems in both ironmaking
and power generation. For instance, in India, it has been found that the supply of
high ash coals with 30–50% ash causes increased transport cost due to the carriage
of large amounts of ash forming minerals and creates shortages of rail cars and port
facilities.

A high ash coal aggravates erosion in plant parts, makes coal pulverization diffi-
cult, lowers flame temperature and radiative heat transfer, and leads to production of
excessive amount of fly ash containing large amounts of un-burned carbons. The use
of beneficiated coal has been found to cause a reduction in erosion rates by 50–60%
and maintenance costs by 35%, an increase in thermal efficiency by 4–5% in pulver-
ized coal boilers, and reduction in carbon dioxide emissions by 15%. Even fluidized
bed combustors have been found to operate more efficiently with higher grade coals
[1].

Table 2 Proximate analysis
of Akunsa coal

Parameter % Content

Moisture 4.4

Volatile matter 10.2

Ash 38

Sulphur 1.98

Fixed carbon 47.4
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Coal beneficiation has been found to be a low-cost solution for high ash Indian
coals and a means of reducing imports of high grade foreign coals. Raw coals for
power generation are cleaned to contain below 34% ash. The Indian Dadri power
plant uses 34–35% ash coal from Indian Central Coalfield Limited. Typical landing
cost of Run of Mine (ROM) high ash Indian coal is $38.80/ton and transport over
400 km cost $26.10/ton [1]. Considering the detrimental effects of high ash in coals
for coal transport, cokemaking, and combustion for power generation, it is necessary
to reduce the ash content of the Akunsa coal.

The sulphur content was determined to be 1.98% for the coal as received. The
results obtained showed that the sulphur content of the Akunsa coal is much higher
than the maximum of 0.9% required for coals for cokemaking [6]. High sulphur in
coke on combustion forms sulphur dioxide, a very strong oxidizing agent. Addi-
tionally, an appreciable amount of sulphur in coke passes into the molten iron. This
reduces the quality of the iron in terms of mechanical strength, and the oxidizing
nature of the sulphur dioxide complicates the operations of subsequent conversion
of iron to steel [5, 7].

The results obtained on the leaching of the Akunsa coal samples with solutions
of sodium carbonate, nitric acid, and their mixture are presented in Figs. 1, 2, and 3,
respectively. The results obtained showed that for the same leaching duration of 30,
60, or 90 min, the percentage weight loss in the samples was highest at the highest
sodium carbonate molar concentration of 1.5 M with about 15% decrease in weight.
Similarly, the results for 1.5Mnitric acid gave the highest weight loss of 6% at 90min
compared to the 15% for sodium carbonate, while the sodium carbonate acidified
with nitric gave amuch higher weight loss of 19% for the same leaching conditions at
1.5M sodium carbonate solution. Thus, the weight loss obtained generally increased
with increasing contact time and increasing concentration of the two leachants.
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The results further showed that nitric acid is a weaker leachant for Akunsa coal
than sodium carbonate as it gave a much lower 6%weight loss for the coal as against
15% for sodium carbonate at the same 1.5Mmolar concentration and 90min contact
time. However, sodium carbonate in acidified solution of nitric is much stronger than
nitric acid alone and gave 19% weight loss at 1.5 M sodium carbonate and 90 min
contact time. The reduction in weight of the sample showed that the leaching was
effective as part of the coal material was successfully converted to solution to remove
them from the coal.
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The higherweight loss in the acidified sodiumcarbonatemay due to the increase in
the reacting potency of sodiumcarbonate in the presence of nitric acid. The increasing
weight loss at highermolar concentrationsmaybe due to increasing collision between
coal particles and the sodium carbonate ionic species at higher concentration. It has
been established that leaching rate increases with increasing leachant concentration
[8].

The results obtained for leaching on themagnetic stirrer hot plate with its agitating
follower and a temperature of about 90 °C showed that weight losses of 26, 37, and
51%were obtained for the agitating leaching of Akunsa coal with nitric acid, sodium
carbonate, and themixture, respectively (Fig. 4). Theweight lossesweremuch higher
than for oven leaching for all the reagent options used on the hot plate. The results
showed that the effect of pulp agitation was very high on the leaching rate. Pulp
stirring has been established as an important parameter for effective leaching [8].

The ash contents determined for the coal as received, the coal as leached by sodium
carbonate solution, the coal as leached by nitric acid, and the coal as leached by
sodium carbonate acidified in nitric acid by atmospheric oven and onmagnetic stirrer
hot plate leaching are shown in Tables 3 and 4, respectively. The results obtained
gave 38% for the Akunsa coal as received and 19.7, 29.3, and 14.9%, respectively, for
the coal oven leached by sodium carbonate solution, nitric acid solution, and sodium
carbonate acidified in nitric acid. The agitation leaching on the magnetic stirrer
yielded coal concentrates with 11.2, 19.2, and 8.8% ash contents, respectively. The
results obtained translate to ash reduction per cents of 22.9, 48.2, and 60.8; and 49.5,
70.5, and 76.8% for oven and magnetic stirrer leaching, respectively.
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Table 3 Ash content in leached coal in atmospheric oven and magnetic stirrer leaching

Leachant % Ash after
oven leaching

% Ash reduction % Ash after
agitation
leaching

% Ash reduction

Nitric acid
(1.5 M, 90 min)

29.3 22.9 19.2 49.5

Sodium
carbonate
(1.5 M, 90 min)

19.7 48.2 11.2 70.5

Mixture (1 M
nitric acid,
1.5 M SC,
90 min)

14.9 60.8 8.8 76.8

Table 4 Effect of sodium carbonate, nitric acid, and acidic mixture on Akunsa coal sulphur in
atmospheric oven and agitation leaching

Leachant % S after oven
leaching

% S reduction % S after
agitation leaching

% S reduction

Nitric acid
(1.5 M, 90 min)

0.99 50 0.82 58.6

Sodium carbonate
(1.5 M, 90 min)

1.38 30.3 1.14 42.4

Mixture (1 M
nitric acid, 1.5 M
SC, 90 min)

0.93 53 0.35 82.3

Similarly, the sulphur contents determined for the Akunsa coal as received were
1.98% and 0.99, 1.38 and 0.94%, respectively, for the coal oven leached by nitric
acid solution, sodium carbonate solution, and sodium carbonate solution acidified
in nitric acid, respectively. The agitation leaching on the magnetic stirrer yielded
coal concentrates with 1.15, 0.82, and 0.36% sulphur contents, respectively. The
results translate to sulphur reduction per cents of 50.0, 30.3 and 58.60 and 42.40 and
82.30%, respectively. The results obtained thus showed that sodium carbonate was
more efficient than nitric acid in ash reduction, while nitric acid wasmore effective in
sulphur removal. The theory of the leaching is that sodium carbonate reacts with ash
components such as silica, iron oxide, and alumina to form water-soluble complex
silicates like sodium silicate, sodium aluminium silicate, and others. It also forms
soluble compounds of sulphur to reduce the sulphur content. Nitric acid also reacts
with ash components and sulphur to form water-soluble compounds thus reducing
the ash and sulphur contents.
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Conclusion

The high ash and high sulphur Akunsa coal was successfully demineralized of its
ash and sulphur contents using sodium carbonate, nitric acid, and sodium carbonate
acidified with nitric acid in the oven and on the magnetic stirrer hot plate. However,
the results obtained showed that sodium carbonate acidified with nitric acid gave the
best concentrate during agitation leaching and reduced the ash content by 76.80%
and sulphur by 82.30%.
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Simulation for Solidification Structure
of Continuous Casting Bloom Using
Cellular Automaton-Finite Element
Model

Yadong Wang, Dongbin Jiang, Sha Ji and Lifeng Zhang

Abstract A coupled cellular automaton-finite element (CAFE) model was used
to simulate the solidification structure of continuous casting bloom. The simulated
solidification structure and temperature field were validated by the industrial trial.
The influence of superheat, secondary cooling water flow, and mold electromag-
netic stirring (M-EMS) on the solidification structure was discussed. To simulate the
intense flow field and uniform temperature with M-EMS, the thermal conductivity
in liquid and the formation of crystals increased, separately. The ratio of equiaxed
crystal zone decreases from 28.47 to 16.45% with the superheat increasing from
15 to 35 °C. With the secondary cooling water flow increasing 20% and decreasing
20%, the ratio of equiaxed crystal zone is 20.64% and 23.16%, respectively. The
ratio of equiaxed crystal zone increases from 21.75 to 32.77% with the application
of M-EMS.

Keywords Solidification structure · CAFE method · Mold electromagnetic
stirring · Superheat · Secondary cooling water flow

Introduction

Solidification structure during continuous casting process has a significant effect
on the internal quality of the final steel products especially for the internal cracks,
macrosegregation, porosity, and so on. Homogenization heat treatment and rolling
process are impossible to eliminate internal defects of bloom [1, 2]. Therefore, solidi-
fication structure should be properly controlled by optimizing the continuous casting
parameters.

With the improvement of computational efficiency and solidification structure
models, the simulation of solidification structure can be achieved. There are two
main simulation methods including deterministic models and stochastic models [3,
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4]. The cellular automaton-finite element (CAFE)model is one of the stochasticmod-
els which was widely used in the last decades. Rappaz and Gandin [3] are the earliest
researcherswho simulated themicrostructure ofAl alloy usingCAFEmethod. There-
after, the CAFE method was gradually utilized in the continuous casting process [4–
6]. Based upon a two-dimensional cellular automaton (CA) technique, Rappaz et al.
[3] investigated the effect of the cooling rate upon the microstructure. The extent of
the columnar region is reduced with the increasing of cooling rate. Gandin et al. [7]
established a 3-DCAFEmodel for the prediction of dendritic grain structures formed
during solidification. It was demonstrated that the 3-D CAFE model was feasible for
the investment casting and continuous casting processes. Zhang et al. [8] studied the
effects of undercooling, casting temperature, mold initial temperature, and filling rate
on the solidification structure of the ingot based on a 3-D CA method. The under-
cooling is a critical parameter on the solidification; however, the initial temperature
of the mold has little effect on the final solidification structure. Fang et al. [6] utilized
the CAFE model to discuss the effect of secondary cooling conditions and superheat
on the solidification structure of continuous casting bloom. The results shown that
the secondary cooling conditions had little effect on the grain size and the percentage
of center-equiaxed grains decreased with the superheat increasing.

In the current work, the CAFE model validated by trial results was used to sim-
ulate the solidification structure of continuous casting bloom. The effect of super-
heat, secondary cooling water flow, and M-EMS on the solidification structure was
discussed.

Mathematical Formulation

The content of the 20CrMnTi bloom is listed in Table 1. The main parameters used
in the current study are listed in Table 2.

In the current model, the nucleation and grain growth were calculated by the CA
method in which the Gaussian distribution of nucleation was used. The continuous
heterogeneous nucleation model was used in the CA method and was expressed by
Eq. (1).

dn

d(�T )
= nmax√

2π�Tσ

exp

[
− (�T − �Tave)

2

2�T 2
σ

]
(1)

where �T is undercooling in K; nmax is the maximum nucleation density in m−3;
�Tσ is the standard deviation in K;�T ave is themean undercooling in K. The growth

Table 1 Chemical compositions of 20CrMnTi bloom

Elements C Si Mn P S Cr Ti Al

Content (%) 0.20 0.24 0.89 0.02 0.01 1.09 0.06 0.02
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Table 2 Parameters of
continuous casting process

Parameters Values

Bloom dimension (mm2) 510 × 390

Effective mold length (mm) 680

Submerged depth of SEN (mm) 90

Casting speed (m/min) 0.42

Pouring temperature (K) 1811

Liquidus temperature of molten steel (K) 1786

Solidus temperature of molten steel (K) 1723

velocity of dendrite tip was calculated according to the simplified Kurz–Giovanola–
Trivedi (KGT) model [8, 9].

V (�T ) = a2�T 2 + a3�T 3 (2)

where a2, a3 are the fitting polynomial coefficients of the dendrite tip growth kinetic
parameters. In current calculation, a2, a3 are 0.0 and 8.031 × 10−6, respectively;
V (�T ) is the growth velocity of the dendrite tip.

The heat transfer during continuous casting was calculated by finite element (FE)
model, and the governing equation was expressed by Eq. (3).

∂T

∂t
= λ

ρCp

(
∂2T

∂x2
+ ∂2T

∂y2

)
(3)

where λ is the thermal conductivity in W/(m K), ρ is the density in kg/m−3, and
Cp is specific heat in J/(kg K). The procedure of CAFE model was as follows: The
temperature field was calculated using coarse mesh, and then to combine the FE
and CA calculation in the same model, the FE elements were subdivided into much
smaller grids to ensure the calculating precision of the nucleation and growth. The
latent heat released in the nucleation and growth progress was fed back to the thermal
calculation, updating the temperature of the nodes in FE model. Finally, the CA and
FE model were fully coupled [3, 10].

To improve the computational efficiency, a moving slice model was established
[4]. From the meniscus to the cutting point, different cooling boundary conditions
were applied to the model, shown in Table 3 [11, 12]. The parameters used in the
CAFE model are shown in Table 4, where �T v,ave is the mean undercooling of
internal nucleation,�T v,σ is the standard deviation of internal nucleation, nv,max is the
maximumnucleation density of internal nucleation,�T s,ave is themean undercooling
of surface nucleation,�T s,σ is the standard deviation of surface nucleation, and ns,max

is the maximum nucleation density of surface nucleation.
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Table 3 Governing equations of cooling conditions

Cooling zone Boundary conditions Governing equations

Mold q q = 2680000 − 315000
√
t

Foot roller section qs = hs(T − Tw) h =
5849.9 × W 0.451 × (1 − 0.0075θ)Section 2 in secondary

cooling zone

Section 3 in secondary
cooling zone

Section 4 in secondary
cooling zone

Section 5 in secondary
cooling zone

Air cooling zone qa = εσ(T 4 − T 4
a ) ε = 0.8

Table 4 Parameters in the CAFE model

Parameters �Tv,ave
(K)

�Tv,σ (K) nv,max
(m−3)

�T s,ave
(K)

�T s,σ (K) ns,max
(m−2)

Value 2.0 0.6 6.5 × 108 1.0 0.1 1.0 × 108

Model Validation

In the current study, the temperature field was calculated by the FE model. Obvi-
ously, the simulated temperature in the loose side center was agreement with the
measured ones shown in Fig. 1. The comparison of the numerical and trial solid-
ification structures without mold electromagnetic stirring (M-EMS) was shown in
Fig. 2. The ratio of equiaxed crystal zone in calculation and industrial experiment

Fig. 1 Simulated and
measured temperature in
loose side center
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Fig. 2 Simulated and measured solidification structure without M-EMS

was 21.3% and 21.75%, respectively. Both the measured temperature field and the
solidification structure agreed well with the numerical results, so the CAFE model
was validated for further prediction.

Results and Discussion

To investigate the effect of superheat on the solidification structure, the microstruc-
tures of superheat from 15 to 35 °C were calculated, as shown in Fig. 3. The ratio
of equiaxed crystal zone and the mean radius of grains under different superheats
are shown in Fig. 4. With the superheats increasing from 15 to 35 °C, the ratio of
equiaxed crystal zone decreases from28.47 to 16.45%, and themean radius of colum-
nar crystal grains becomes larger. However, the mean radius of grains in equiaxed
crystal zone is 1.06mm approximately. So the mean radius of grains in whole section
increases from 1.02 to 1.21 mm.

Fig. 3 Effect of superheats on the solidification structure
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Fig. 4 Ratio of equiaxed crystal zone and mean radius of grains under different superheats

The simulated solidification structure, the ratio of equiaxed crystal zone, andmean
radius of grains under different secondary coolingwater flow are shown in Figs. 5 and
6. There are three cases including decreasing 20%, normal, and increasing 20% of
the secondary cooling water flow.With the secondary cooling water flow increasing,
the ratio of equiaxed crystal zone decreases from 23.16 to 20.64%, since enhanced
cooling condition contributed to delaying columnar to equiaxed transition (CET).
The mean radius of grains in equiaxed crystal zone decreases from 1.09 to 1.06 mm
with the secondary coolingwater flow increasing. Themean radius of grains in whole
section is 1.13 mm approximately.

It has been reported that the mold electromagnetic stirring (M-EMS) plays an
important role in improving the surface and inner quality of strand especially improv-
ing the ratio of equiaxed crystal zone [13, 14]. Electromagnetic stirring technology
employs Lorentz force generated by multi-phase induction coils to stir the molten
steel in the mold. The effects of rotating flow induced by electromagnetic force are
as follows: increasing heat transfer between the solidification front and molten steel,
breaking the dendrites by intense flow field, and increasing the formation of crys-
tals [5, 15]. In current simulation, to simulate the intense flow field and increasing

(a) Decreasing 20% (b) Normal (c) Increasing 20%

Fig. 5 Effect of secondary cooling water flow on the solidification structure
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Fig. 6 Ratio of equiaxed crystal zone and mean radius of grains under different secondary cooling
water flow

the formation of crystals, the maximum nucleation density of volume was changed
from 6.5 × 108 to 7.0 × 108 m−3. As for the increasing heat transfer between the
solidification front and molten steel, a 1.2 times thermal conductivity was used with
liquid fraction (f l) larger than 0.7. In the solid zone (f l ≤ 0.3), the thermal conduc-
tivity remained original value. In the mushy zone with 0.3 ≤ f l ≤ 0.7, the thermal
conductivity changed linearly.

The simulated and measured solidification structure with M-EMS is shown in
Fig. 7.With theM-EMS considered, the ratio of equiaxed crystal zone increases from
21.75 to 32.77%, and the ratio of equiaxed crystal zone in calculation and industrial
experiment was 31.7% and 32.77%, respectively. The results demonstrate that the
present model simulating solidification structure formation during the continuous
casting process of steel is reliable.

Fig. 7 Simulated solidification structure without M-EMS (a) and with M-EMS (b), measured
solidification structure with M-EMS (c)
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Conclusions

In the current paper, a coupled cellular automaton-finite element (CAFE) model was
used to simulate the solidification structure of continuous casting bloom. The influ-
ence of superheat, secondary cooling water flow, and M-EMS on the solidification
structure was discussed. The following conclusions can be obtained:

(1) The CAFEmodel was validated by the measured temperature and solidification
structure, and then the CAFE model was reliable for further prediction.

(2) With the superheats increasing from 15 to 35 °C, the ratio of equiaxed crystal
zone decreases from 28.47 to 16.45%, and the mean radius of grains increases
from 1.02 to 1.21 mm. The mean radius of grains in equiaxed crystal zone is
1.06 mm approximately.

(3) With the secondary cooling water flow increasing, the ratio of equiaxed crystal
zone decreases from 23.16 to 20.64%, and the mean radius of grains in equiaxed
crystal zone decreases from1.09 to 1.06mm.Themean radius of grains inwhole
section is 1.13 mm approximately.

(4) With the M-EMS considered, the ratio of equiaxed crystal zone increases from
21.75 to 32.77%. The superheat and M-EMS are critical parameters on the
solidification.
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