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 Objectives Of This Research

 Numerical Simulation and Equations for Ingot Casting

 Flow of Steps Involved  in the Large Ingot Solidification

 Factors Affecting Solidification Time

Material Properties, Geometrical & Computational Model

 Setup for Computing Time

 Empirical Model for Solidification Time

 Results and Discussion

 Experimental Validation

 Conclusions
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 Effects of Casting Parameters on Solidification Time of Large 
Size Ingot of High Strength Steels using Numerical Simulation

 Objective of the Research

1)www.wrexham.gov.uk
2) www.svpt.se
3) www.sorelforge.com
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 Concept of Numerical Simulation for Ingot Casting

Pre Processing
Definition of problem

Geometry, Material Properties, etc.

Processing
Solution of governing differential equations

Post Processing
Presentation of results:

Interpretation of primitive fields by criterion functions

Mould Filling
Momentum Equations
Continuity Equations

Energy Equation 

Solidification
Energy Equation 

Calculation of microstructure

Stress/Strain Analysis
Equilibrium Equations
Constitutive Relations
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 Basic Equations in Ingot Casting Simulation-Methodology for Numerical Tool
Selection

 Momentum Equations

𝑽: flow velocity
ρ : fluid Density
P: Pressure
T: deviatoric components (stress tensor)
f: body force

 Continuity Equations in Fluid Dynamic

𝑼: flow velocity

 Continuity Equations for Energy Flow

𝒖: energy density
q : energy flux

 Heat Equation

1) J.N. Reddy, An Introduction to Continuum Mechanics With Applications, Cambridge University Press, 2008.
2) P.M. Dixit, U.S. Dixit, Plasticity Fundamentals and Applications, CRC Press, Taylor & Francis Group, 2015.
3) U.S., Dixit, S. Joshi, S. N., and J.P. Davim, Incorporation of material behavior in modeling of metal forming and machining processes: A review, Materials & Design, Vol. 32, 2011, pp. 3655–3670.
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 Material Constitutive Model

Newtonian
Visco-
Plastic

Elasto-
Viscoplastic Elastoplastic

1) J.N. Reddy, An Introduction to Continuum Mechanics With Applications, Cambridge University Press, 2008.
2) P.M. Dixit, U.S. Dixit, Plasticity Fundamentals and Applications, CRC Press, Taylor & Francis Group, 2015.
3) U.S., Dixit, S. Joshi, S. N., and J.P. Davim, Incorporation of material behavior in modeling of metal forming and machining processes: A review, Materials & Design, Vol. 32, 2011, pp. 3655–3670.
4) O. Heeres, A. Suiker and R. Boster, A comparison between the Perzyna viscoplastic model and the Consistency viscoplastic model, Euro. J. Mech. A-Solid, Vol. 21, 2002, pp. 1-12

Perzyna Viscoplastic Law

 Basic Equations in Ingot Casting Simulation-Methodology for Numerical Tool
Selection
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 Friction Model

1) J.N. Reddy, An Introduction to Continuum Mechanics With Applications, Cambridge University Press, 2008.
2) P.M. Dixit, U.S. Dixit, Plasticity Fundamentals and Applications, CRC Press, Taylor & Francis Group, 2015.
3) U.S., Dixit, S. Joshi, S. N., and J.P. Davim, Incorporation of material behavior in modeling of metal forming and machining processes: A review, Materials & Design, Vol. 32, 2011, pp. 3655–3670.
4) O. Heeres, A. Suiker and R. Boster, A comparison between the Perzyna viscoplastic model and the Consistency viscoplastic model, Euro. J. Mech. A-Solid, Vol. 21, 2002, pp. 1-12

 Basic Equations in Ingot Casting Simulation-Methodology for Numerical Tool
Selection
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 Tresca 's Law

 Coulomb's Law
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 FEM : Algorithms of Continuum Mechanics

Initial FE Mesh ALE Mesh Lagrangian Mesh

 An ALE scheme is used to compute the
thermal convection in liquid pool and mushy
zone, taking into account the liquid
contraction and the solidification shrinkage.

 The Lagrangian scheme is used to compute
the deformation in solid regions, the
computational grid is allowed to move with
the material: this is essential to treat the air
gap between mould and casting.

1) O.C. Zienkiewicz, CBE, FRS, R.L. Taylor and J.Z. Zhu, The Finite Element Method: Its Basis and Fundamentals, Elsevier, 2005.

 Basic Equations in Ingot Casting Simulation-Methodology for Numerical Tool
Selection
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 Flow of Steps Involved in the Numerical Modelling and Experimental Verification
for of the Large Ingot Solidification

FEG-SEMDSC-DTA

Material Testing Physical Simulator

Gleeble®3800
Literature 

Review

3D Modelling Numerical
Simulation

Model
Determination

Thermophysical 
Properties

Experiment Temperature Validation+Field Emission Gun Scanning Electron Microscopy
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 Factors Affecting Solidification

 Solidification time in cylindrical case (1D)

𝑡 =
𝜌𝑐 (∆𝐻𝑓+𝐶𝑝∆𝑇)

2(𝑇𝑆𝑜𝑙𝑖𝑑𝑢𝑠−𝑇0)
[

𝑟0
2

𝐾𝑚𝑜𝑙𝑑
+

𝑟0

ℎ𝑚𝑜𝑙𝑑
]

Mould 
Temperature (ºC) 

Pouring 
Time (min) 

Pouring  
Temperature (ºC)

TM tP TP

Type of Steel TM(ºC) tP(min) TP(ºC)

25CrMo4&25-20 150, 350, 550 20, 25, 30 1520, 1545, 1570

 tS = f(TM , tP , TP)
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ΔHf [KJ/Kg] : Latent Heat



Material Properties
Elements C Mn Ni Cr Mo Cu Si S P

25CrMo4
Comp.(wt.%)

0.25 0.9 0.3 1.2 0.3 0.3 0.4 0.02 0.035

25-20
Comp.(wt.%)

0.08 0.79 20 25 5 1.8 0.075 0.015 0.04

25CrMo4 25-20

Emissivity 0.8 0.8

Poisson Coefficient 0.3 0.3

Solidification 
Shrinkage Factor

-0.0385 -0.03

Latent Heat (KJ/Kg) 265 309

 25CrMo4
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Material Properties-Material Testing & Physical Simulator

The characteristic terms of a dendrite: primary and secondary dendrite arm spacing

12

λSDAS = 14  ± 4 μm 
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 Geometrical Modelling and Computational Mesh Generation

3D Geometrical Models in Catia 3D Computational Mesh in Thercast

 40 MT Ingot
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 Setup Numerical Simulation on CLUMEQ

 The CLUMEQ High Performance Computing Center at ÉTS

 Top 35 worldwide

 5,000 square-feet of IT space and 5 PB of attached parallel storage at ÉTS with 1570 nodes
(20400 cores) IBM cluster

 Compute Partitions: High Bandwidth(400nodes), Large Memory (346 nodes) and
Serial Workload(824 nodes) .
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 Empirical Model for Solidification Time

 A first-order response surface model is:

 A second-order model is usually obtained by adding quadratic 
terms:

𝒚 = 𝜷𝟎 + 𝜷𝟏𝒙𝟏 + 𝜷𝟐𝒙𝟐 + 𝜷𝟑𝒙𝟑 + 𝝐

𝒚 = 𝜷𝟎 + 𝜷𝟏𝒙𝟏 + 𝜷𝟐𝒙𝟐 + 𝜷𝟑𝒙𝟑 + 𝜷𝟏𝟏𝒙
𝟐
𝟏 + 𝜷𝟐𝟐𝒙

𝟐
𝟐 + 𝜷𝟑𝟑𝒙

𝟐
𝟑 +

𝜷𝟏𝟐𝒙𝟏𝒙𝟐 + 𝜷𝟏𝟑𝒙𝟏𝒙𝟑 + 𝜷𝟐𝟑𝒙𝟐𝒙𝟑 + 𝝐

 The actual response model,  𝒚 ,based on the observations of 𝒚𝒊 ,from 27 simulation results for each
material, may be expressed as:

 𝒚 = 𝜷𝟎 + 𝜷𝟏𝒙𝟏 + 𝜷𝟐𝒙𝟐 + 𝜷𝟑𝒙𝟑 + 𝜷𝟏𝟏𝒙
𝟐
𝟏 + 𝜷𝟐𝟐𝒙

𝟐
𝟐 + 𝜷𝟑𝟑𝒙

𝟐
𝟑 +

𝜷𝟏𝟐𝒙𝟏𝒙𝟐 + 𝜷𝟏𝟑𝒙𝟏𝒙𝟑 + 𝜷𝟐𝟑𝒙𝟐𝒙𝟑
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∴  𝒚 = 𝒚 − 𝝐
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 Results and Discussion

 25CrMo4  25-20

tS-25CrMo4 = f(TM , tP , 1545) tS-25-20 = f(TM , tP , 1545)
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 25CrMo4

 25-20

tS-25CrMo4 = f(TM , 20 , TP)

tS-25-20 = f(TM , 25 , TP)

tS-25CrMo4 = f(TM , 25 , TP) tS-25CrMo4 = f(TM , 30 , TP)

tS-25-20 = f(TM , 20 , TP) tS-25-20 = f(TM , 30 , TP)
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 Results and Discussion

~13 hr.

~16 hr.
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TM(◦C) tP (min) TP (◦C)
350 30 1570

Fluid Flow Pattern at the end of Pouring

TM = 350 ◦CTM = 150 ◦C TM = 550 ◦C

 25CrMo4

Velocity, Air Gap and Temperature Patterns at the end of Pouring

 Results and Discussion
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 25CrMo4

Ingot & Mould Temperature Patterns after 100% Solidification

 Results and Discussion

after 50% Solidification
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 Experimental Validation

Thermocouples data 
Recording

Infrared Radiation Thermography Camera
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 Conclusions

 The effect of critical process parameters on the solidification behaviour of two
different steels were studied.

 The predictive models for the solidification time of the two steels were obtained.

 The obtained results were validated against actual experimental data and showed
very good agreement.

 Mathematical models are used for proper selection of ingot casting parameters.
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 Any Question?

Thanks for Your Attention
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