






























































































































 

implies 

alloying 

 

The segr

bottom a

the top p

segregat

maximum

low in t

silicon, m

tendency

 

 

Fig. 5.23

-

-

S
e
g

re
g
a

ti
o

n
 i
n
d

e
x

-

-

S
e

g
re

g
a

ti
o

n
 i
n

d
e

x

that the V-

elements su

regation prof

are shown in

plate. The se

tion appears 

m segregatio

the top plate

manganese a

y of segregat

3: Segregatio

0,2

0,1

0,0

0,1

0,2

0,3

0,4

-63 -49

Seg

0,3

0,1

0,1

0,3

0,5

0,7

0,9

1,1

-63 -49

Se

segregation 

uch as sulfur, 

file of the all

n Fig. 5.23. F

egregation in

with an ind

on index of 0

e, with the m

and chromiu

tion with max

on profiles in

-35 -21 -7

x / m

gregation of

0
-x

-35 -21 -7

x / m

egregation o

LC

0
-x

H

still exist in

phosphorus 

loying eleme

For all the s

ndex for car

dex of -0.08

0.3. The segr

maximum v

um, the segre

ximum segre

n transverse d

7 21 35 4

mm

f manganese

Block

Block

LC

+x

7 21 35 49

mm

of sulfur

ingot to

ingot m

ingot b

LC

+x

Hot models    

n ingot cen

and silicon s

ents along the

six elements,

rbon at ingot

8. Silicon ha

regation ind

value of 0.2 

egation profi

egation inten

  
direction at 

49 63

e

k oben

k mitte

S
e

g
re

g
a

ti
o

n
 i
n

d
e

x

9 63

op

middle

bottom

-

-

S
e

g
re

g
a

ti
o
n

 i
n

d
e

x

 

nter. The ma

show the sim

e transverse

, considerabl

t top is up t

as the simil

ex for mang

and 0.1, re

files of sulfur

nsity of 1.1 fo

ingot top, mi

-0,2

-0,1

0,0

0,1

0,2

0,3

0,4

-63 -49

Se

-0,3

-0,1

0,1

0,3

0,5

0,7

0,9

1,1

-63 -49 -

Se

acrosegregati

milar tendenc

direction at i

le macrosegr

o 0.27, whil

ar tendency 

anese and ch

spectively. C

r and phosph

or sulfur and

iddle and bot

9 -35 -21 -7

x / 

egregation o

0
-x

-35 -21 -7 7

x / m

egregation of

LC

0
-x

ion profiles 

cy as in Fig. 5

ingot top, m

regation are 

le at bottom 

as carbon, 

hromium is r

Compared to

horus indica

d 0.9 for phos

ttom, A1 

7 21 35

mm

of chromium

ingot

ingot

ingot

LC

0
+x

7 21 35 49

mm

f phosphorou

ingot top

ingot mi

ingot bo

+x

53 

of other 

5.22. 

iddle and 

found in 

negative 

with the 

relatively 

o carbon, 

ate higher 

sphorus. 

 

 

 

49 63

t top

t middle

t bottom

63

us

p

iddle

ottom



























































































































=

•

=

=

=

•

=

=









<−
+



Mathematic models       119 

 

normalized residual of the enthalpy and velocity.  Depending on the iteration times, the time step used 

in the present study varies from 0.001 s to 0.005 s.  

 

For solving the algebraic equations (discretized differential equations), Gauss-Seidel point-by-point 

method has been chosen as the iterative method, which means that the variables are calculated by 

visiting each node in a certain order. In the present study, the nodes are swept in a line in x-direction 

from boundary to center, then scanned line by line in y-direction from bottom to top. By sweeping in 

this manner, the boundary conditions are transmitted at a rate of one grid interval per iteration. For the 

two-dimensional problem in the present study, at least two iteration loops are needed, for sweeping in 

x-direction and in y-direction, respectively. The iteration times mentioned previously, which is around 

20~40, refers to the outer iteration loop. 

 

For the resolution of the momentum equation (Equation 7.19), the continuity equation should also be 

obeyed. The continuity equation in a two-dimensional form is given as follows:  

        (7.41) 

Since the variables  and  appear in both the momentum and continuity equations, the two equations 

are coupled in a complex way. Furthermore, the pressure  is found in both equations, however, no 

direct way of solving the pressure can be found.  

 

Therefore, the SIMPLER algorithm has been used in the present study to link the pressure and the 

velocities.  This algorithm starts with a guessed velocity filed, and then it calculates the coefficients of 

the momentum equation and the pressure  from the guessed velocity field. After that the calculated 

pressure  is used to calculate the non-correted velocity field  and . Based on the non-corrected 

velocity field  and , a pressure-correction  is calculated. Finally the velocity field  and  are 

corrected by the pressure-correction term . After solving the momentum equations, the other 

discretized equations for temperature and speicies are solved. If convergenvy has not been achieved, 

the guessed velocity field will be substituted by the calculated velocity field from last iteration and the 

calculation will be repeated until convergency. 

 

7.4 Results 

In this section, the simulation results of the 2-D macrosegregation model which is applied for the 100 

kg ingot and the 500 kg ingots are presented and compared to the experimental measurement in terms 

of carbon concentration in longitudinal and transverse direction of the ingots. Section 7.4.1 presents 

the calculated fields of temperature, fraction of solid, velocity of liquid and solid phases as well as the 

mixed concentration for the 100 kg ingot, and the calculated results for the 500 kg ingot are presented 

in section 7.4.2.  
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7.4.1 Solidification of the 100 kg ingot 

It needs to be noticed that the boundary conditions and the simplification of the solidification model 

are not real for the small and fast solidification of the 100 kg ingot, but for the comparison between the 

solidification model with and without consideration of the sedimentation of the equiaxed grains, the 

simulation of the 100 kg ingot solidification has been conducted. Fig. 7.7-10 show the simulation 

results of the 100 kg ingot with regard to the temperature field, fraction of solid and liquid velocity 

field as well as the liquid concentration field at the solidification time of 20 s, 120 s, 280 s and 460 s. 

 

                  

     Tl (1320~1490 °C)           fs (0~0.90),  ul (~7 mm/s)           Cl (0.6~1.9 wt.%) 

Fig. 7.7: Results of a simulation, 20s after cooling started  

 

                        

      Tl (987~1490 °C)           fs (0~0.99),  ul (~10.8 mm/s)         Cl (0.6~4.0 wt.%) 

Fig. 7.8: Results of a simulation, 120s after cooling started  
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      Tl (822~1486 °C)           fs (0~0.99),  ul (~14 mm/s)         Cl (0.62~4.3 wt.%) 

Fig. 7.9: Results of a simulation, 280s after cooling started  

 

 

                      

      Tl (730~1486 °C)       fs (0.56~0.99),  ul (~7.1 mm/s)         Cl (1.1~4.4 wt.%) 

Fig. 7.10: Results of a simulation, 460s after cooling started  

 

The isotherms from the temperature fields appears to be a “U”-shape which moves inwards as time 

increases. The field of fraction of solid and liquid concentration show the similar “U”-contour. As 

solidification proceeds, the solid/liquid front approaches to ingot center from side and from bottom. At 

460 s, the rest liquid remains a slim strip along the ingot center line, which is very similar to the case 

in continuous casting.  
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The liquid velocity field appears a classic natural convection pattern that the cold melt near the mould 

surface moves downwards and the melt in the center moves upwards. The maximum liquid velocity 

appears at the solidification front and in ingot center, and the absolute value is up to 14 mm/s in the 

middle stage of solidification. Due to the interfacial drag, the liquid velocity is zero if the fraction of 

solid is over 0.6. The solid phase in the 100 kg ingot is set to be stationary, as referred in section 7.2.   

After solidification completes, the calculated carbon concentration field is illustrated in Fig. 7.11.  The 

carbon concentration field shows a positive segregated long strip along the ingot center line with the 

carbon concentration of ca. 0.66% and a negative segregated area near the ingot surface at the bottom 

and at both sides with the carbon concentration of around 0.5 %. From ingot outside to inside the 

carbon concentration increases quite smoothly, and no sudden change of concentration is found. The 

reason might be due to the fact that the flow fluid in the 100 kg ingot obeys a smooth natural 

convection pattern. No solid phase is allowed to move and to disturb the liquid convection in the 100 

kg ingot model.  

 

           

Fig. 7.11: Calculated carbon concentration field of the 100 kg ingot  

 

As dendritic growth plays an important role in the solidification of the 100 kg ingot, and during 

solidification columnar dendritic structure interacts with the segregated melt in in micro- and 

macroscopic level, the present two-phase model is somehow limited for such cases. However, the 

simulation of the 100 kg ingot solidification was conducted with attempt to compare the solidification 

model with (500 kg ingot) and without (100 kg ingot) consideration of the sedimentation of the 

equiaxed crystals. This will be presented in Section 7.4.2 and the influence sedimentation of equiaxed 

crystals on the simulation results will also be discussed.  

 

Fig. 7.12 shows the comparison of carbon concentration along the transverse direction at top and 
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bottom of the ingot between simulation and experiments results. Both results show higher carbon 

segregation index in the middle with the value above 0.2 and lower segregation index near ingot 

surface of around -0.1, whereas at ingot bottom slight negative segregation happens with the 

segregation index of carbon of nearly -0.1.  

 

 

  a)         b)  

Fig. 7.12: Comparison of carbon concentration in the 100 kg ingot in transverse direction between 

experimental and simulation results, a) ingot  top, at the height of 480 mm, b) ingot bottom, at the 

height of 15 mm 

 

It seems that at ingot top and bottom the prediction fits the reality quite well, and from this point of 

view, the present two-phase solidification model for the 100 kg ingot works for the start-up and final 

state of ingot solidification, and for the progress of ingot solidification, future work still needs to be 

done to extend the two-phase solidification model to a three-phase model which includes both 

columnar and equiaxed dendritic structure, so that the prediction of ingot solidification will be more 

close to the reality. 

7.4.2 Solidification of the 500 kg ingot 

Fig. 7.13-16 give the simulation result for the 500 kg ingot with regard to temperature, fraction of 

solid, mixed concentration of the liquid and solid phases at solidification time of 12 min, 37.5 min, 75 

min and 111 min. The calculated total solidification time is around 120 min. Different from the 

solidification model for the 100 kg ingot, the solidification model for the 500 kg ingot takes into 

account the movement of the equiaxed grains, i.e. the sedimentation of equiaxed dendrites. Owing to 

that, the solidification front at ingot bottom increases faster than at ingot side; the solidification front at 

ingot side is also not parallel to the mould surface, instead, the lower part of the solidified shell is 

thicker than the upper part, which is quite similar to the experimental observation in the water 

modelling experiments using NH4Cl-solution presented in Chapter 6 (Fig. 6.6)  
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