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Abstract. There are some new water-cooled ingot caster were built in some steel plant in China for 
produce large flat ingot to meet the increasing requirement of the large ingot. While as the ingots 
become larger, there may cause many metallurgical imperfections, such as segregation, surface defects, 
etc. For predicting and investigating the quality of the large flat ingot casted by a new built 
water-cooled ingot caster, a numerical model is established to predict the solidification structure 
formation. Then the predictions are validated by comparing against metallographically measured 
results. The results show that the temperature decreases very quickly and keep the similar curves for 
different nodes on the surface of the cast. With the increase of pouring temperature, the columnar grain 
area is bigger. When pouring temperature is 1530 ˚C, ingot solidification organization mainly 
composed of fine crystal area and a wide range of internal equiaxed grains zone. The porosity is mainly 
formed in the top part of the ingot. The depth of the shrinkage porosity will deduce 31 mm when the 
casting temperature decreases to 1530˚C from 1550˚C. 

Introduction 
With the increasing of ingot size, the quality problem is increasingly highlighted. Such as the 

segregation, porosity, surface defects, etc [1]. Numerical simulation of solidification is useful in getting 
high quality castings and minimising product cost and scrap and it has been used in ingot casting for 
many years [2,3]. The microstructure control in large steel ingots is one of the most well-known and 
now classical problems in the field of solidification and casting[4]. J P GU got that the variation of the 
final solidification temperature due to macrosegregation is important for a large steel ingot [5, 6]. Z H 
Zhang built a three dimensional incompressible gas-liquid two-phase flow model to simulate the fluid 
flow of casting's mould filling process [7]. K Marx performed an systematic investigations concerning 
the filling process phenomena by application of advanced physical and numerical simulation methods 
[8]. Z H Duan investigated the formation of macrosegregation in a large steel ingot by analyzing the 
whole filling and solidification processes [9]. J Guo developed a dimensionless Niyama model  to 
predict local microporosity by accounting for local thermal conditions during casting as well as the 
properties and solidification characteristics of the cast alloy[10]. 

In this paper, a numerical model  is established to predict the solidification structure in a large flat 
ingot within a new built water-cooled mold caster. The predictions are validated by comparing against 
metallographically measured results. 

Experimental Principle 

Mathematical Model. The model is based on the numerical solutions of the Navier-Stokes and 
Fourier equations. 

Mathematical Modeling of Fluid Flow. Incompressible Newtonian viscous fluids are assumed. 
The mass conservation is shown as following. 

div V =0.                                                                                                                                        (1) 
And the N-S equations: 
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.                                                                                    (2) 

.                                                                                     (3) 

.                                                                                 (4) 
Where is the density of the fluid, μ the viscosity, g the gravitational acceleration, u, v, w is the 

velocity of X, Y, Z directions, and  is Laplace. 

.                                                                                                                            (5) 
Mathematical Modeling of Heat Transfer. Fourier equation was used to calculate the heat 

transport. 

.                                                     (6) 
Where u, v, w is the transport velocity of X, Y, Z direction, ρ the density, c the specific heat, k the 

conductance coefficient and T the temperature. S the inner heat source, here is the latent heat between 
liquid-phase and the solid-phase. 

.                                                                                                                                         (7) 
Geometry and FE model. The geometry dimensions of the model are as follows: 500 mm 

(Width)×2300mm(Height)×2000mm(Length). The mesh for the simulation is shown Fig. 1 (a). And 
for showing the different temperatures in the cast, some nodes locations are shown in Fig. 1 (b). They 
are named as 72282, 27271, 50584, 72102 and 2718 from the top to the bottom on the left narrow side 
wall. On the right side wall, they are 41720, 55481, 11631, 41638 and 61062. They are 50584, 22432, 
54332 and 24444 from left to right on the center line. 
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(a)                                                       (b) 

Fig. 1 Mold used for simulation 
Boundary Conditions and Loading. Some reasonable assumptions were made as following: Set 

zero displacement on the X, Y and Z directions for three corner nodes of the mold. The physical 
parameters of the steel are depend on the variation of the temperature, and some unknown variables are 
considered constant. The temperature and the velocity of molten steel are constant and stable during 
casting time. The air in the mold is ignored while calculating the filling and solidification process of the 
ingot. 

The following conditions are applied to the models. Conductance coefficient between Ingot and 
mold is 2000 W/m2•K. Conductance coefficient of air is 10 W/m2•K. Conductance coefficient of water 
is 10000 W/m2•K. Inlet velocity is 0.5 m/s. Initial temperature of the mold is 25 ˚C. 

Experimental Validation. In order to provide initial validation of the above developed model, 
several casting results from a steel plant were investment cast. Some of the test samples were cut into 
halves for more detailed metallography and to confirm the porosity levels. 
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Results and Discussions 

Temperature Versus the Time. The variations of the temperature on the node are shown in Fig. 2. 
The temperature decrease very quickly and keep the similar curves for different nodes on the surface of 
the cast. But for that of the node 72282, for its location is on the corner of the mold, the curve of the 
temperature has a short time increasing between 1000 s and 2000 s. After casting more than 3000 s, the 
temperature of the center line nodes decrease gradually. 
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Fig. 2 The node temperature varied versus time 

Solidification Structure. Fig. 3 shows the graphics of the primary dendrite arm spacing at different 
casting temperature. It can be seen that, with the increase of pouring temperature, the columnar grain 
area is bigger. when pouring temperature is 1530 ˚C, ingot solidification organization mainly 
composed of fine crystal surface area and a wide range of internal equiaxed grains zone. When pouring 
temperature is 1550 ˚C, the columnar crystal has been quite developed and some of left or right 
columnar crystal cross the center line. Thus, in order to obtain good microstructure of the ingot, it is 
better to cast at low over temperature. Fig. 4 shows the microstructure of a water-cooled ingot. Its’ 
solidification structure is very similar as the simulation results. 

                                                                         
                 (a) Casting at 1530˚C  (b) Casting at 1540˚C  (c) Casting at 1550˚C 

Fig. 3 Primary dendrite arm spacing (x=250 mm crosssection) 

 
The middler part of the ingot 

 
The bottom part of the ingot 

Fig. 4 The microstructure of the water-cooled ingot 
Porosity in the water-cooled ingot. One of the most important types of defects that can form in 

cast products is porosity. There are many types of porosity, but the most severe is microporosity. It has 
a strong negative effect on mechanical properties, especially on ductility and fatigue, because internal 
pores act as local stress concentrators and crack initiation sites [11]. The porosity in castings calculated 
by this simulation is show in Fig. 5. It can be seen that, though they are casting with different casting 
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temperatures, but they have similar solidification microstructures. The different porosity types and 
positions are formed in the top part of the casting ingot. Their location is from top side 600 mm to 1600 
mm and from side 500 mm to 1500 mm. There are two main causes of microporosity: shrinkage 
porosity and gas porosity. The first one is on the top of the casting, as shown in Fig. 5 and Fig. 6. It is 
due to the volume change upon solidification combined with restricted feeding of liquid to the final 
solidification region. Fig. 6 shows two shrinkage porosities appear in the water-cooled ingot. The 
second one is formed for the condensation of dissolved gases in the melt upon freezing, as a result of 
the different in solubility of such gases in the liquid and solid phases.  

    
  (a) Casting at 1530˚C                   (b) Casting at 1540˚C                   (c) Casting at 1550˚C 

Fig. 5 X-ray perspective view of porosity 
Table 1 shows the sodidification time and the deepth of the shrinkage porosity at different casting 

temperatures. The sodidification time is similiar, but with the increasing of the casting temperature, the 
deepth of the shrinkage porosity become bigger. Decrease the casting temperature from 1550˚C to 
1530˚C, the deepth of the shrinkage porosity will deduce 31 mm. 

Table 1 Shrinkage porosity depth at different casting temperature 
Casting temperature /˚C Finish solidification time /s Deepth of the shrinkage porosity  /mm 

1530 4725 333 
1540 4745 348 
1550 4770 364 

Summary 
(1) The temperature decrease very quickly and keep the similar curves for different nodes on the 
surface of the cast. But for the node 72282 on the corner of the mold, the temperature curve has a short 
time increasing between 1000 s and 2000 s.  
(2) With the increase of pouring temperature, the columnar grain area is bigger. when pouring 
temperature is 1530 ˚C, ingot solidification organization mainly composed of fine crystal area and a 
wide range of internal equiaxed grains zone.  
(3) The different porosity types and positions are formed in the top part of the casting ingot. Their 
location is from top side 600 mm to 1600 mm and from side 500 mm to 1500 mm.  
(4) Decrease the casting temperature from 1550˚C to 1530˚C, the depth of the shrinkage porosity 
deduces 31 mm. 
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