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ABSTRACT 

Solidification and stress numerical models were developed in order to predict flow, shell thickness, 

and deformation of the shell within the mold. An investigation of temperature dependent material 

properties (TDMP) determined that temperature dependent (TD) viscosity has the most significant 

impact on flow and solidification (F&S).  A steady-state (SS) F&S model validated simulated 

results to be within 8% of breakout shell measurements (BSM) provided by an industrial 

collaborator (IC). A transient F&S case replicating the casting speed and superheat change that 

occurred before the breakout condition was validated to be within 10% of BSM. A carbon 

percentage F&S investigation of 4 steels showed that shell growth increased with lower carbon 

percentages primarily because of changes in mushy zone (MZ) range and TD viscosity. A 2D 

simplification presented by Koric and Thomas for shell thickness and stress was validated to be 

within 1%, and 13%, respectively. The newly validated perfectly-plastic (PP) and visco-plastic 

(VP) stress-strain relations were then applied to a 3D portion of the shell within the mold to analyze 

stress and deformation. The VP model in comparison to the PP model showed higher amounts of 

stress but lower amounts of displacement because of the incorporation of more realistic flow and 

creep strains. The shell at lower casting speeds contracts more inwards because of bending stresses 

therefore producing larger air gap formation. Lastly, deformation within the shell of the 4 carbon 

percentage solidification study were compared, and results showed a (Narrow-Face) NF taper 

ranging from 2mm to 5mm. 
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 INTRODUCTION 

1.1 Continuous Casting Overview 

Continuous casting (CC) is the most utilized steel making process today, making over 90% of the 

world’s steel [1]. The CC process can be broken down into two cooling processes, primary cooling 

(PC) and secondary cooling (SC). First, raw or scrap steel is heated within a furnace until it is 

liquid, and then it is transported with a ladle into the tundish. The tundish regulates flow through 

the Upper Tundish Nozzle (UTN) into the Submerged Entry Nozzle (SEN) using either a stopper 

rod or slide gate. The SEN can also regulate flow into the mold using a slide gate. Once the melt 

reaches the convection cooled copper mold, PC begins as the melt solidifies and forms a shell 

around the molten core. The solidifying steel is then pulled by rollers into the SC zone, where the 

steel is further cooled and solidified using spray nozzles that intermittently spritz the solidifying 

shell with water between the rollers. Once the steel is completely solidified it is cut using a flame 

torch, and later refined into billets, slabs, or blooms [2]. Figure 1.1 depicts the main processes and 

features within CC. 

 

 
Figure 1.1 Continuous caster overview [3]. 
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The PC zone of CC instigates solidification and is the most important cooling portion because a 

shell most be formed rapidly in order to contain the molten steel core. If cooling in the mold is 

inadequate, then defects and even breakouts are prone to occur. A breakout is when the molten 

core escapes through the thin shell which results in a loss of thousands of dollars due to equipment 

damage and downtime. Additionally, a breakout can potentially lead to extreme worker injuries 

and even death. The breakout shell can be carefully extracted from the mold and used for 

solidification model validation. Heat transfer (HT) from the mold is controlled by convection of 

the superheat from the jet to the shell front, conduction through the solidified shell, conduction 

from the mold wall through the flux lubricant to the solidifying steel, and convection from the 

cooling waterways in the mold. The biggest HT is from the mold wall to the molten steel [4]. 

 

Breakouts essentially occur from over cooling or under cooling from the mold to the shell. A hot 

and deep penetrating jet can lead to shell thinning at the impingement zone along the narrow face 

(NF). The mold cannot cool the shell quick enough and ultimately ferrostatic pressure will force 

the molten steel to burst through the thin shell. Lubrication is also vital in reducing breakouts and 

preserving high steel quality. Improper lubrication can lead to overcooling and the shell sticking 

to the mold wall. A “sticker” can lead to cracks, irregular depressions, and tearing of the shell. The 

tearing of the shell almost always leads to a breakout occurrence. 

 

Most quality defects originate from complex flow phenomena therefore it is required that casting 

operations are constantly regulated in order to maintain high steel quality. For example, a cool 

meniscus can lead to hook formation which increases the likelihood of particle and argon bubble 

entrapment which substantially decreases steel quality.  One could decrease the submergence depth 

of the SEN to negate the hook formation by melting it with the superheat coming from the jet, but 

this could also lead to an unstable meniscus. An unstable meniscus can cause level fluctuations 

which can entrap the slag layer that sits on top. This slag entrainment is also detrimental to the 

steel quality, so a healthy balance of heat and flow distribution is needed. The introduction of 

stabilizing argon gas and optimizing casting operations by thorough investigation from CFD 

modeling and experimentation can help reduce some of these flow related defects. It is important 

to optimize the casting operations in the PC zone because it is the last place in which the steel can 

be refined before it becomes completely solidified [5]. 
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Other works describe these complex phenomena in greater detail and can be found elsewhere [2], 

[5], [6]. Figure 1.2 clearly depicts a few of the many complex phenomena that occurs within the 

CC process. This work will mainly focus on the solidification and stress in the PC zone. 

 

 
Figure 1.2 Primary and secondary cooling physical phenomena [6]. 

1.2 Motivations and Objectives 

CC has advanced considerably with the help of 21st century technology. Many operations are well 

maintained and optimized with high temperature enduring equipment that will give a good 

indicator of irregular cooling and a warning system for a breakout.  Although CC has made 

significant strides, problems originating from PC and SC have substantial impact on internal and 

external defects that results in significant losses in quality.  A majority of these issues originate 

from the solidification front and the many complex phenomena that occurs close to it as shown in 

Figure 1.2.  CC is intrinsically dangerous because of the high temperatures associated with the 

casting of molten steel. Plant based experiments are often expensive, impractical, and limited 
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because of the dangerous temperatures. CFD and FEA offers an alternative solution to these risk 

by providing insights to these complex phenomena with the use of physics applied simulations.  

When simulating CFD and FEA models one often has to sacrifice accuracy and complexity for 

practicality and computational time. The primary focus of this paper is to develop accurate and 

computationally inexpensive solidification and stress models that are application driven to increase 

steel quality and reduce breakout occurrences for our IC. 

 

The primary goal for both of these models are to make them as accurate as possible in order to 

predict real life casting phenomena. The goals of the F&S model were to firstly, determine the 

necessary TDMP required for an accurate model by using an iterative method. The professional 

thermo-data software, JMAT-Pro, was used to obtain the TDMP. The final results from the TDMP 

investigation were used to validate with BSM. The next goal was to expand on this SS F&S model 

by replicating the transient casting conditions provided by an IC from the sticker alarm up until 

the moment of the breakout.  The purpose of simulating both was to gain a better understanding 

of time dependent BC and compare the results. After shell growth was validated with BSM, a 

parametric study on flow and shell growth for four different carbon percentages was conducted to 

understand its impact for IC. 

 

With the advancement of the solidification model and the ability to obtain thermal-mechanical 

properties from JMAT-Pro, an advanced thermal-mechanical stress model could be created.  

Validation for a thermal-mechanical stress model in the shell within the mold is more difficult 

because of the inherently high temperatures and constantly moving components. Therefore, PP 

and VP stress relations for a solidifying body were validated and then applied to the shell within 

the mold.  Thermal-mechanical research of a solidifying body for a 3D body within the mold is 

limited, therefore pseudo-validation comparing temperature and stress distribution within a 3D 

quarter portion of the shell was related with Koric and Thomas’s work in Abaqus. Three different 

3D quarter shell cases were created to compare the two different stress relations and two different 

casting speeds. Lastly, the 3D quarter shell was taken from the four carbon percentage 

investigation cases and deformation was analyzed in each. The ultimate goal of the stress model 

is to provide suggestions such as mold taper design or cooling suggestions to improve steel quality. 
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1.3 Simulation Software 

When simulating solidification, mesh sensitivity and control is essential in order to validate the 

results with BSM accurately. Developing an in-house code to determine F&S within a caster would 

be labor intensive because of the complex nature and physics of solidification. Therefore, a 

commercial CFD software such as ANSYS, Star-CCM+, and COMSOL would be more optimal. 

Ultimately, the finite volume method (FVM) commercial software, Star-CCM+, was the best 

option because of its advanced solidification modeler and superior mesh options. In order to remain 

consistent with software and simplify the methodology, Star-CCM+’s FEA model was used to 

simulate the thermal-mechanical behaviors in the shell as well.  
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 LITERATURE REVIEW 

The following literature review section presents former research related to F&S and thermal-

mechanical modeling. There are a few numerical methods for modeling solidification within the 

mold, and shell thickness can be validated by measuring the thickness at different locations of 

breakout shells. The enthalpy-porosity method for modeling solidification has been proven to be 

effective and accurate in other works [7], [8]. Thermal-mechanical stress research hasn’t been as 

extensive because validation is difficult because of the dangerously high  temperatures of 

solidifying steel, and difficult BCs the mold presents to the shell because of phenomena such as 

air gap [9], [10]. Brian Thomas is the most predominant researcher of CC and many of his works 

are used as the base of most modern day CFD and FEA casting models. Analyzing and 

incorporating the works of Thomas and other leading research groups are essential when creating 

a fully complex and comprehensive solidification and stress model.  

2.1 Flow and Solidification Model 

F&S coupled models have been successfully modeled in the past [8]. Others have opted to use 1D 

simplifications for solidification without the coupling of flow for the sake of computational 

expense [11].  Coupled F&S models may be more computationally expensive but offer greater 

detail to the shell growth that an uncoupled 1D model, such as the jet’s impact on shell growth.   

 

In order to imitate the cooling effects from the copper mold a cooling BC must be applied to each 

of the mold walls. The Savage-Pritchard (SP) heat flux (HF) approximation offers a simplified 

method for accurately imitating this cooling effect and has been successfully implemented in 

previously validated models [12]-[16]. It lacks in complexity and treats cooling as constant through 

the width of the surface. Other models have included the more accurate but computationally 

expensive HT modelling of the copper mold [17]. In this work the SP method is used to replicate 

the mold cooling effects. An interesting phenomena that needs to be accounted for within the heat 

flux profile (HFP) simplification is the air gap formation in the corners of the mold due to thermal 

shrinkage of the shell [9], [10]. The air gap decreases the cooling rate because the shell fails to 
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make complete contact with the cooling mold wall.  Brian Thomas offers a scaling factor solution 

to decrease the magnitude of the HF in these corner regions where the air gap forms [12]. 

 

The most dominant physical phenomena on flow and HT is the MZ region which is the zone 

between the liquidus and solidus temperatures. Columnar solidified dendrites forming along the 

shell front brake off from cross flow and slow the flow in the MZ region. The slower and thicker 

moving molten steel consequently impacts the conductive and convective HT and therefore the 

shell growth. Carman and Kozeny introduced a MZ model which relates the microstructure of the 

dendrites with its larger impacts on flow and HT [18], [19]. 

 

Proper mesh refinement is needed to accurately simulate a coupled F&S model. Special attention 

is needed where the jet impinges on the NF because of high temperature gradients from the rapidly 

cooling steel. Also the refinement within the potential shell front must be small enough to 

accurately simulate the shell thickness for validation with BSM [8]. The sensitivity of these 

measurements needs to be within the millimeter in order to get proper validation so the cell count 

can be substantial for these coupled models.  

2.2 Thermal-Mechanical Stress Model 

There are many mechanical moving components within the CC process such as the oscillating 

mold, solidifying shell, and rollers that pull the shell. With all these processes each item must 

endure the effects of thermal-mechanical fatigue. This work will focus particularly on the complex 

thermal-mechanical behaviors of the solidifying shell. It is disposed to a variety of distortion, 

cracking, and segregation because of high temperature gradients through the shell thickness, 

unique plastic deformation because of the inherently high temperatures, and intricate physical 

interaction with the mold and rollers. The high temperature gradient produces thermal distortion 

and shrinkage because of bending stresses. The high temperatures create unique plastic creep strain. 

The constitutive relation must be a function of temperature as the stress-strain characteristics 

change as temperature changes accordingly to the mechanical-properties of the material.  
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Weiner and Boley provide a baseline semi-analytical solution for a PP constitutive relation for 

stress in a solidifying body [20]. They treat the constitutive relation for stress-strain as a function 

of temperature. However, this work oversimplifies the plastic deformation region by treating stress 

as constant past the yield point.  A more complex constitutive stress relation is needed in order to 

represent the distinguishing plastic creep and flow strains found in solidifying bodies.  S. Koric 

and B.G Thomas validate and expand on this semi-analytical approach with CON2D; treating the 

solidifying body with a VP constitutive relation [21]. There are several other works that utilize a 

variation and expansion of Weiner and Boley’s semi-analytical approach for solid stress numerical 

models [21]-[29]. 

 

The applications of these stress relations are often simplified to a 1D or 2D slice with assumed 

plane stress because of the 3D model’s computational inefficiency and sophisticated BC. Brian 

Thomas’s undergrad group has used this 1D simplification with CON1D to develop NF mold taper 

design suggestions for a Nucor Steel thin slab caster [24]. B.G. Thomas and others have also used 

a 2D simplification with CON2D to investigate mold corner radii and air gap formation in billet 

casters [10], [25]. There are also several other areas of focus including hook formation [27], [28], 

and mold distortion [12]. Zapulla recently simulated the full solidifying shell length within a 

continuous caster, however it was with a course mesh because of the large geometry [26]. S. Koric 

and B.G. Thomas apply the VP stress relation to a 3D quarter section of the shell within the mold 

using Abaqus, and incorporate the effects of fluid flow and TDMP [29]. A similar quarter shell 

geometry is used within this work to investigate the effects of stress and deformation in the shell 

within the mold at different casting speeds and with different steel compositions.  
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 METHODS 

The work presented in this research is a part of a larger ongoing project focused on developing a 

comprehensive numerical model for a CC. All the models that are created are application driven 

to improve steel quality and limit breakouts for IC. This particular section will explain the 

methodology used to develop the models, and the physics that went into each of the models. 

3.1 Model Development Methodology 

Due to the complexity of CC modeling, the comprehensive model for PC was broken down into 

several subcomponents in order to properly manage each of the physical phenomena. The TD SS 

F&S model was built on a former constant material property (CMP) SS F&S model. The CMP SS 

F&S model was built on former isothermal single phase and multiphase (molten steel and argon 

gas) models. The transient F&S model added complexity to the SS model with transient BCs. 

Advancements with thermo-data software JMAT-Pro and shell growth results from the validated 

TD F&S model led to the thermal-mechanical stress model. Figure 3.1 shows this macro scale 

methodology. 

 

 
Figure 3.1 Methodology used for the development of the CC model. 
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The methodology for this particular study starts with distinguishing which TD properties are 

needed and which can be discarded in the validation of the SS F&S model. Once the SS F&S 

model was complete, the transient F&S model was created with variable BC replicating the effects 

of a breakout condition. The flow and shell growth were analyzed through time and the results 

were validated at the time of the breakout. With a well validated solidification model the next step 

was developing the thermal-mechanical stress model.  

 

First, the model was validated using the simplified PP stress-strain relation. It was applied to a 

quarter of the shell and compared to a similar case presented by Koric and Thomas to ensure the 

model was going in the right direction. The PP relation was then applied to half the shell to analyze 

the deformation of the shell within the mold. Next, the more advanced VP stress relation with the 

more realistic creep and flow strains was validated. The VP stress relation with TDMP was applied 

to a quarter of the shell for two different casting speeds from the transient solidification case, 

40ipm and 20ipm. An additional case with a PP relation and TDMP was compared to the VP case 

at 40IPM. Lastly, a parametric study on 4 carbon percentages took place to investigate the effects 

on F&S, and deformation. Figure 3.2 shows an overview of the methodology explained above. 

 

 
Figure 3.2 Methodology used in this work. 



 
 

27 

3.2 Flow and Solidification  

The flow model evaluates turbulence using the Reynold Average Navier Stokes (RANS) k-ω shear 

stress transport (k-ω SST) model. This model incorporates good features from both the standard 

k-ω model and k-ε model. The k-ω SST allows for better treatment of boundaries such as walls or 

baffles compared to the standard k-ω model with the use of blending functions, and also predicts 

flows with separation and adverse pressure gradients better in comparison to the k-ε model [30]. 

The turbulent kinetic energy, k, and the specific dissipation rate, ω, are obtained from the following 

transport equations.  

𝜕𝜕
𝜕𝜕𝑡𝑡

(𝜌𝜌𝑘𝑘) + ∇ ∙ (𝜌𝜌𝑘𝑘u�⃗ ) = ∇ ∙ [(𝜇𝜇 + 𝜎𝜎𝑘𝑘𝜇𝜇𝑖𝑖)∇𝑘𝑘] + 𝑃𝑃𝑘𝑘 − 𝜌𝜌𝛽𝛽∗𝑓𝑓𝛽𝛽∗(𝜔𝜔𝑘𝑘 − 𝜔𝜔0𝑘𝑘0) (3.1) 

𝜕𝜕
𝜕𝜕𝑡𝑡

(𝜌𝜌𝜔𝜔) + ∇ ∙ (𝜌𝜌𝜔𝜔u�⃗ ) = ∇ ∙ [(𝜇𝜇 + 𝜎𝜎𝜔𝜔𝜇𝜇𝑖𝑖)∇ω] + 𝑃𝑃𝜔𝜔 − 𝜌𝜌𝛽𝛽𝑓𝑓𝛽𝛽(𝜔𝜔2 − 𝜔𝜔0
2) (3.2) 

Where the turbulent viscosity, 𝜇𝜇𝑖𝑖, is calculated as follows: 

𝜇𝜇𝑖𝑖 = 𝜌𝜌𝑘𝑘𝛼𝛼∗/ω (3.3) 

Flow resistance due to solidification is calculated using the enthalpy-porosity method which 

utilizes a momentum source term dependent on a switching function to replicate the effects of the 

MZ and solidified shell. The first zone governed by the Metzner Slurry Viscosity Model represents 

low solid fraction areas, and assumes the primary phase of the solid-liquid mixture to be molten 

steel, where the presence of small solidified crystals within the melt are responsible for an 

increasing viscosity [18]. The second zone governed by the Carman-Kozeny Mushy Zone (CKMZ) 

permeability model treats the viscosity in a sudden manner as it assumes dendritic crystal growth 

advancing towards the melt to be the root of increased flow resistance [19]. This work only utilizes 

the CKMZ model. 

Momentum equation with resistance source term: 
𝜕𝜕
𝜕𝜕𝑡𝑡

(𝜌𝜌u�⃗ ) + ∇ ∙ (𝜌𝜌u�⃗ × u�⃗ ) = 𝜌𝜌�⃗�𝑔 + ∇𝑝𝑝 + ∇(𝜇𝜇∇ ∙ u�⃗ ) + 𝑆𝑆 (3.4) 

Where the Metzner Slurry effective viscosity, 𝜇𝜇, is calculated as follows: 

𝜇𝜇 = 𝜇𝜇𝑖𝑖[1 − �
𝑭𝑭𝑓𝑓𝑠𝑠
𝐴𝐴
�]−2 (3.5) 

And the Carman-Kozeny momentum resistance source term, 𝑆𝑆, is solved as follows: 

𝑆𝑆 = −𝜇𝜇�u�⃗ − u�⃗ 𝑐𝑐𝑜𝑜𝑖𝑖𝑖𝑖�𝐹𝐹(
𝑓𝑓𝑠𝑠
2

(1− 𝑓𝑓𝑠𝑠)3)(
𝑐𝑐
𝜆𝜆2

) (3.6) 
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Where the switching function, 𝐹𝐹, is represented by: 

𝐹𝐹 = �
0.5 −

arctan[𝑓𝑓𝑠𝑠 − 𝑓𝑓𝑓𝑓𝑓𝑓]
𝜋𝜋

  𝑓𝑓𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑢𝑢𝑓𝑓𝑓𝑓𝑦𝑦 𝑓𝑓𝑟𝑟𝑔𝑔𝑟𝑟𝑓𝑓𝑟𝑟

0.5 +
arctan[𝑓𝑓𝑠𝑠 − 𝑓𝑓𝑓𝑓𝑓𝑓]

𝜋𝜋
  𝑓𝑓𝑓𝑓𝑓𝑓 𝑝𝑝𝑓𝑓𝑓𝑓𝑓𝑓𝑢𝑢𝑠𝑠 𝑓𝑓𝑟𝑟𝑔𝑔𝑟𝑟𝑓𝑓𝑟𝑟

 (3.7) 

The variable 𝑐𝑐 is the Carmen-Kozeny shape constant which is taken as 1645 based on Pfeiler’s 

work [8]. The variable 𝜆𝜆  represents primary dendrite arm spacing (PDAS) and was taken as 

1.24∗10−4 m based on B.G Thomas and D. Stone’s research [31].  The volume fraction approach 

for solidification is represented in Figure 3.3; one can see the 3 defined regions within the model 

for liquid, MZ, and solid.  

 

 
Figure 3.3 Volume fraction solidification approach. 

 

Energy or enthalpy is evaluated with a piecewise function based on the relative solid volume 

fraction. The enthalpy will change the HT properties depending on the region being simulated (the 

solidified shell, MZ, or molten steel).   
𝜕𝜕
𝜕𝜕𝑡𝑡

(𝜌𝜌ℎ) + ∇ ∙ (𝜌𝜌ℎu�⃗ ) = ∇ ∙ (𝛼𝛼∇𝑇𝑇) + 𝐿𝐿
𝜕𝜕
𝜕𝜕𝑡𝑡

(𝜌𝜌𝑓𝑓𝑠𝑠) + 𝜌𝜌𝐿𝐿u�⃗ 𝑐𝑐𝑜𝑜𝑖𝑖𝑖𝑖 ∙ ∇𝑓𝑓𝑠𝑠 (3.8) 

Where the enthalpy of the liquid-solid phase, ℎ, is calculated as follows: 

ℎ = ℎ𝑠𝑠 + 𝐿𝐿(1 − 𝑓𝑓𝑠𝑠) (3.9) 
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The relative solid volume fraction is TD, and a piecewise function is utilized to correct the enthalpy 

of the liquid-solid phase. Further details on the Enthalpy-Porosity model can be found elsewhere 

[32]. 

𝑓𝑓𝑠𝑠 = �
1             if 𝑇𝑇∗ < 0

1 − 𝑇𝑇∗       if      0 < 𝑇𝑇∗ < 1
0             if 1 < 𝑇𝑇∗

 (3.10) 

Where the normalized temperature, 𝑇𝑇∗, is defined as follows: 

𝑇𝑇∗ =
𝑇𝑇 − 𝑇𝑇𝑠𝑠
𝑇𝑇𝑖𝑖 − 𝑇𝑇𝑠𝑠

 (3.11) 

3.2.1 Coupling Fluid Flow and Solidification 

When conducting former CMP solidifcation simulation it was noted that flow was significantly 

dampened because of the MZ and default critical solid fraction (CSF) of 0.27.  In order to adjust 

for this excessive dampening of the flow, a new method for flow dampening and solidification is 

created by allowing TD total viscosity to govern most of the flow. When utilizing the CKMZ 

model it is traditional to use a constant or TD dynamic viscosity.  To clarify dynamic visocity is 

the visocity for moving fluid which does not include the added effects of flow resistance when 

steel solidifies, while total visocity includes this added resistance. 

 

The  advantage of governing the flow with total visocity rather than a combination of dynamic 

viscoisty and added dampening from porous visocous resistance is that total viscosity represents 

the dampening of the flow more accurately.  Many added assumptions and variables such as PDAS, 

and shape constant are needed in order to use a method like the CKMZ model which can drastically 

add to the discrepancies in flow.   

 

The method used in this work is an adaptation of the CKMZ  model, which moves the CSF from 

0.525 for traditional 0.2% carbon steel to 0.95 and silumtaneously using a TD table for total 

viscosity. This allows the total viscosity to govern a majority of the flow while allowing the 

dampening and stopage of the flow to be governed by the MZ model. This model is an 

improvement over using the traditional CKMZ method with CSF = 0.525 in regards to flow, 

however it is not perfect because excessive flow dampening is still added.  
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3.2.2 Shell Growth Validation 

The shell thickness measurements were taken from a segment of the shell located at the quarter 

width of the mold (half distance from the SEN to the NF). The segment was approximately 100 

mm wide, and about 1 m in height. The segment was measured at 5 mm intervals along both sides, 

extending from the thin portion located near the meniscus towards roughly 0.1 m below the mold 

outlet. The IC noted that approximately the top 3 inches (76.2 mm) of the recovered shell segment 

had broken off during the recovery process. Also, it was suggested that only the top portion of the 

shell should be used for validation because it took more time for the molten core to drain 

downstream. The results were validated by comparing the BSM from this recovered shell segment 

with simulated results within the F&S model. For visual purposes one can view the location and 

measurements of the shell in Figure 3.4. 

 

 
Figure 3.4 Recovered shell thickness locations and measurements. 

3.2.3 Variable Casting Conditions Effects 

SS simulations are computationally inexpensive, but do not always represent the actual casting 

operations. Therefore, a transient simulation with variable BCs for casting speed and superheat 

was created to represent breakout conditions more accurately. The numerical procedure involves 

a two-stage process, first a SS simulation is conducted to obtain the shell thickness at normal 

casting operations, and then a transient simulation is used to replicate the breakout condition 

recorded by an IC. An illustration of this process can be visualized in Figure 3.5. The potential of 
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this transient BC simulation is not only accurate and real time shell thickness but also real time 

stress and deformation as described in Figure 3.6.  

 

 

Figure 3.5 Transient solidification model methodology. 
 

 
Figure 3.6 Transient solidification model benefits. 

3.3 Thermal-Mechanical Stress 

A finite element method (FEM) approach is utilized to solve for stress, strain, and displacement. 

Thermal-mechanical behaviors in the shell are calculated by two constitutive stress-stress relations. 

These models must assume relatively small strains in order to avoid divergence due to drastic 

changes within the material which would lead to cracking. In general, stress at any point within 

the model can be defined by a second-order tensor of the following form [33]: 
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𝜎𝜎 = �
𝜎𝜎𝑥𝑥𝑥𝑥 𝜎𝜎𝑥𝑥𝑥𝑥 𝜎𝜎𝑥𝑥𝑥𝑥
𝜎𝜎𝑥𝑥𝑥𝑥 𝜎𝜎𝑥𝑥𝑥𝑥 𝜎𝜎𝑥𝑥𝑥𝑥
𝜎𝜎𝑥𝑥𝑥𝑥 𝜎𝜎𝑥𝑥𝑥𝑥 𝜎𝜎𝑥𝑥𝑥𝑥

� (3.12) 

Where stress and strain have the following constitutive relation: 

𝜎𝜎 = 𝐷𝐷(𝜀𝜀𝑖𝑖𝑜𝑜𝑖𝑖𝐴𝐴𝑖𝑖 − 𝜀𝜀𝑖𝑖ℎ − 𝜀𝜀𝑐𝑐𝑖𝑖 − 𝜀𝜀𝑓𝑓𝑖𝑖𝑜𝑜𝑓𝑓 − 𝜀𝜀𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑐𝑐) (3.13) 

Where 𝜀𝜀𝑐𝑐𝑖𝑖 is plastic strain,  𝜀𝜀𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑐𝑐  is creep strain, 𝜀𝜀𝑖𝑖ℎ is thermal strain, and  𝜀𝜀𝑓𝑓𝑖𝑖𝑜𝑜𝑓𝑓 is flow strain. 𝐷𝐷 

is the slope of the stress-strain curve at any specific stress or strain or the material tangent modulus. 

All mechanical properties are assumed to be uniform or isotropic throughout the shell for 

simplicity. For an isotropic material, the thermal strain is described as: 

𝜀𝜀𝑖𝑖ℎ = 𝛼𝛼(𝑇𝑇 − 𝑇𝑇𝑓𝑓𝑖𝑖𝑓𝑓) (3.14) 

Where 𝛼𝛼  is the thermal linear expansion coefficient, and 𝑇𝑇𝑓𝑓𝑖𝑖𝑓𝑓 is the reference temperature, where 

strain is assumed to be 0. 

 

Each of the strains add a layer of both complexity and accuracy to the model. The first validated 

constitutive relation is the thermo-elastic-perfectly-plastic or constitutive stress-strain relation or 

PP for short. This model simplifies the inelastic region by assuming constant stress past the yield 

point. It is better than a simple elastic or thermo-elastic model but lacks the unique plastic behavior 

a solidifying body exhibit. Therefore, the thermo-elastic-visco-plastic constitutive stress-strain 

relation or VP was developed and validated. All these constitutive relations are described in eqns. 

(3.15)-(3.18). 

Elastic model 𝜎𝜎 = 𝐸𝐸𝜀𝜀𝑖𝑖𝑖𝑖 (3.15) 

Thermo-elastic model 𝜎𝜎 = 𝐷𝐷(𝜀𝜀𝑖𝑖𝑜𝑜𝑖𝑖𝐴𝐴𝑖𝑖 − 𝜀𝜀𝑖𝑖ℎ) (3.16) 

Thermo-elastic-perfect-plastic model 𝜎𝜎 = 𝐷𝐷(𝜀𝜀𝑖𝑖𝑜𝑜𝑖𝑖𝐴𝐴𝑖𝑖 − 𝜀𝜀𝑐𝑐𝑖𝑖𝐴𝐴𝑠𝑠 − 𝜀𝜀𝑖𝑖ℎ) (3.17) 

Thermo-elastic-visco-plastic model 𝜎𝜎 = 𝐷𝐷(𝜀𝜀𝑖𝑖𝑜𝑜𝑖𝑖𝐴𝐴𝑖𝑖 − 𝜀𝜀𝑖𝑖ℎ − 𝜀𝜀𝑐𝑐𝑖𝑖 − 𝜀𝜀𝑓𝑓𝑖𝑖𝑜𝑜𝑓𝑓 − 𝜀𝜀𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖𝑐𝑐) (3.18) 
Where 𝐸𝐸 is the elastic modulus and 𝜀𝜀𝑖𝑖𝑖𝑖 is the elastic strain.. 

 

The motion and displacement of the solid is governed by Cauchy's equilibrium equation, which 

describes the conservation of linear momentum or movement for a given continuum: 

∇𝜎𝜎 + 𝑏𝑏𝑓𝑓𝑜𝑜𝑓𝑓𝑓𝑓𝑖𝑖 = 0 (3.19) 

Where ∇𝜎𝜎 is the Cauchy stress tensor and 𝑏𝑏𝑓𝑓𝑜𝑜𝑓𝑓𝑓𝑓𝑖𝑖 is the total body force per unit volume. 
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3.4 Obtaining Temperature Dependent Properties from JMAT-Pro 

The material properties (MP) for the F&S model and thermal-mechanical model are obtained 

through the professional thermo-data software, JMAT-Pro. The software allows one to enter three 

inputs, alloy composition, cooling rate, and grain size, to obtain the constant and TDMP needed 

for the models. The default grain size value of 500µm was used, and a 0.005°C/s cooling rate was 

used as suggested by an IC. The procedure for obtaining these MP is depicted in Figure 3.7. JMAT-

Pro was utilized to obtain the MP for all the cases in this study besides the stress validation cases 

which were obtained through literature, and the quarter shell pseudo-stress-validation and half 

shell stress simulation cases which were obtained partially through online MP databases. 

 

 
Figure 3.7 JMAT-Pro MP methodology. 
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 GEOMETRY, MESH, AND BOUNDARY CONDITIONS 

In this section the computational domains, mesh methods, and BCs will be presented for the F&S, 

and thermal-mechanical stress models. The stress validation geometry, mesh, and BCs are all 

mentioned in the results section. The domain used to validate the stress relations are small and can 

be briefly explained along with the BCs and results.  

4.1 Computational Domain and Mesh 

4.1.1 Flow and Solidification 

A 3D simulation geometry was constructed based on a thin slab caster from an IC. The caster 

utilizes a stopper-rod for flow control, however, as the simulations conducted for this caster were 

primarily focused towards the development of the solidification model, the inlet geometry was 

simplified by neglecting the influences of the stopper-rod and UTN on the flow field and assuming 

a uniform velocity field across the inlet of the SEN. The domain was further simplified by the 

assumption that the influences of cross-flow and energy transfer between the two ends of the mold 

could be neglected, and that the flow field to either side of the SEN would be symmetric; thereby, 

allowing for the simulation to be performed using a half-mold domain. The general mold 

dimensions are provided in Table 4.1, and in Figure 4.1. The preliminary solidification domain 

began with the 3m domain length, but a parametric study showed that a 2.1m domain was sufficient. 

All simulations used in this study used the 2.1m domain, the 3m domain was shown as a reference. 

 

Table 4.1 F&S casting parameters. 

Dimension Value 

Mold width (half) 60.75 in (1.5431 m) 

Mold thickness 6 in (0.1524 m) 

Working mold height 31.5 in (0.8 m) 
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Figure 4.1 F&S caster computational domain. 

 

The mesh for the solidification model uses a standard base size of 5mm in the mold and 10mm 

below the mold exit. A fine mesh refinement is needed to accurately obtain the shell thickness due 

to the high temperature gradient. The refinement zones for this shell growth were based on the 

obtained shell thickness measurements. The shell thickness measurements only extended to 

roughly 1 m below the meniscus and therefore an interpolated function for this shell growth was 

used to define are refinement zones. The shell growth followed a general trend of power regression 

of the following form with an R^2 value of 0.97: 

𝛿𝛿 = 0.3035𝑦𝑦0.6841 (4.1) 

5 mm of thickness was added to this general equation to allow for overgrowth and to not contain 

the shell growth in order to influence the validation results. Therefore, the final form for this 

relation of local refinement is defined as: 

𝛿𝛿 = 5 + 0.3035𝑦𝑦0.6841 (4.2) 

A section view of the mesh for the 3m domain is depicted in Figure 4.2. The mesh demonstrates 

similar characteristics for the 2.1m domain. One can see the described shell refinement zones and 

transition of core mesh size from PC to SC. The total cell count for the 2.1m domain was ~13 

million. 
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Figure 4.2 Dynamic shell front mesh: (a) midplane cross-section, and (b) A-A cross-section. 

4.1.2 Thermal-Mechanical Stress  

The 3D shell was extracted from the solidification model by creating an iso-surface for a solid 

fraction of 0.9 and extruding that outwards and intersecting it with the extents of the mold walls. 

The quarter shell came from the bottom quarter portion of the shell retrieved from F&S’s breakout 

shell validation.  The half shell and quarter shell are roughly 0.8m and 0.2m in height respectively. 

The total width is 1.54 m which matches the dimension constraints of the solidification domain, 

as represented in Figure 4.3. The base size for the mesh is 5mm which is based on BG Thomas’s 

work [29]. A small 20mm refinement zone of 2mm base size is located in each of the NF corners 

because of the high temperature gradient that occur in each of the corners as shown in Figure 4.4. 

The total cell count for the quarter shell was ~400k for the 40IPM case and ~700k for the 20IPM 

case. The quarter shells alloy composition analysis simulations had ~500k cell count on average.  

The half shell simulations utilized a similar mesh shown in Figure 4.4 for two different simulation, 

one with a 10mm base size, and one with a 5mm base size. The half shell simulations for the 10mm 

base size and the 5mm base size had a total cell count of ~3 million and ~6 million, respectively. 
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Figure 4.3 Stress 3D shell computational domain. 

 

 
Figure 4.4 Mesh for 3D shell stress simulations. 
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4.2 Boundary Conditions and Material Properties 

4.2.1 Flow and Solidification 

Steady-state Boundary Conditions and Casting Parameters 

Two primary SS F&S cases are presented in this work, one for shell thickness validation, and 

another for the carbon percentage parametric investigation. For the SS validation case casting 

operation data recorded by the IC up until the point of the breakout was used to determine the BCs 

for the inlet velocity, inlet temperature, casting speed, and cooling HFP within the mold. The SC 

data was considered proprietary at the time so an interpolated heat transfer coefficient (HTC) from 

literature was used in the SC region. A sticker alarm was noted ~143s before the breakout 

occurrence. 40s after the sticker alarm, the cast speed was reduced from 40ipm to 20ipm to 

encourage shell growth. The casting process continued for another ~60s before a new superheat 

was introduced, and a breakout occurred ~40s afterwards. The SS validation case replicated the 

casting operations provided by the IC ~40s before the breakout occurrence. The transient process 

is described in greater detail later in this section.  

 

All of the SS carbon percentage investigation cases use the same standard casting operations. Table 

4.2 presents the different casting parameter for all the SS simulations conducted in this study. The 

BCs used for the solidification model are found in Figure 4.5. As mentioned in section 4.1.1, half 

the geometry is used in order to save computational time and symmetry was applied across the 

center plane. There was many simplifications in order to reduce complexity such as: treating the 

meniscus as a slip wall, uniform flow through the SEN inlet, and interpolated boundary HFs. 

 

Table 4.2 Casting parameters for solidification cases.  

Case Shell Thickness Validation Standard Casting Operations 

Submergence Depth 7.7 in (0.1956 m) 5.5 in (0.1397 m) 

Casting Speed 20 IPM (0.5 mpm) 40 IPM (1 mpm) 

Superheat 26 F (14.44 °C) 36 F (20 °C) 
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Figure 4.5 BCs for F&S model. 

 

Conservation of mass and adjusting for change in density allowed for the inlet velocity to be 

approximated from the relation:  

𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =
𝜌𝜌𝑖𝑖𝑓𝑓
𝜌𝜌𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

∙ 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ∙ �̇�𝑉𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 (4.3) 

Where 𝜌𝜌𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the density taken at the temperature of the inlet, and 𝜌𝜌𝑖𝑖𝑓𝑓 is the density taken at the 

approximated torch cut off temperature of 1273K. The casting speed is represented as 𝑢𝑢𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, and 

the inlet and mold outlet cross sectional area are represented by 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 and 𝐴𝐴𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, respectively. 

�̇�𝑉𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 represents the volumetric flow rate of steel through the domain, and is assumed as:  

�̇�𝑉𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ≈ 𝐴𝐴𝑜𝑜𝑜𝑜𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ∙ 𝑢𝑢𝑓𝑓𝑠𝑠 (4.4) 

There are two sections in which the heat extraction must be interpolated on to the geometry, the 

PC zone and the SC zone. For the PC zone thermocouple and cooling water data was provided by 
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an IC, and an average HF could be determined for the two broad faces (BF) and NF walls. However, 

it was determined that this would be insufficient because cooling from the mold tends to decrease 

from the meniscus downwards towards the mold outlet. As mentioned in section 2.1, the SP HF 

correlation can be used to approximate a fairly accurate HFP, and is represented as: 

𝑞𝑞′′(𝑦𝑦) ≈ 𝑎𝑎 − 𝑏𝑏�
|𝑦𝑦|
𝑢𝑢𝑓𝑓𝑠𝑠

 (4.5) 

where 𝑎𝑎 represents the peak HF value at the meniscus, 𝑏𝑏 is the HF depreciation coefficient, 𝑦𝑦 

denotes the vertical distance below the meniscus, and the casting speed is evaluated in units of 

meters-per-minute. The HFP is only a function of the vertical direction and therefore cannot 

account for change in the width directions and therefore is treated as constant for different values 

of 𝑦𝑦. 

 

Thermal shrinkage, known to occur in solidifying bodies, reduces HT from the cool mold to the 

shell. The SP correlation was recognized by Gonzales et al. and others to create unrealistic 

temperatures in the corner regions of the shell if the SP was left unchanged [12]-[16]. In order to 

account for the HT reduction in the corners, Thomas et al. utilized a scaling factor that would 

decrease the cooling effects by 67% the standard value within 31mm from the mold corners [12]. 

The same approximation is used in this study for all F&S cases. This approximation is unlikely to 

be consistent for all cases because MP, shell thickness, and bending stresses will vary the air gap 

size. However, an iteration procedure is proposed for future simulation in section 5.3.2 to increase 

the accuracy of the cooling in these corner regions. 

 

In order to simplify and assess the scaled down corner regions from the standard SP sections a 

relation was created for the working width of the mold and is defined as:  

∆𝑊𝑊 = ∆𝑊𝑊𝑠𝑠𝑖𝑖𝑀𝑀 + 2∆𝑊𝑊𝑓𝑓𝑜𝑜𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓 (4.6) 

where Δ𝑊𝑊 is the width of the working area for the considered surface, ∆𝑊𝑊𝑓𝑓𝑜𝑜𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓 represents the 

31mm corner offset proposed by Thomas, and ∆𝑊𝑊𝑠𝑠𝑖𝑖𝑀𝑀 represents the width of the remaining surface 

where the standard SP HFP is applied. 

 

After incorporating the scaling factor, the SP HFP could then be defined as: 
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𝑞𝑞′′(𝑦𝑦) ≈ 𝜂𝜂 �𝑎𝑎 − 𝑏𝑏�
|𝑦𝑦|
𝑢𝑢𝑓𝑓𝑠𝑠

� (4.7) 

where 𝜂𝜂 is the HFP scaling-factor and defined as:  

𝜂𝜂(𝑤𝑤) = �
1 , |𝑤𝑤| < �

∆𝑊𝑊
2

− ∆𝑊𝑊𝑓𝑓𝑜𝑜𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓�

  
2
3

, |𝑤𝑤| ≥ �
∆𝑊𝑊

2
− ∆𝑊𝑊𝑓𝑓𝑜𝑜𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓�

 (4.8) 

where 𝑤𝑤 represents the horizontal displacement from the surface center. 

 

Two known conditions are needed to solve for the 𝑎𝑎 and b coefficients in the SP HF relation. The 

average HF for each of the surfaces obtained through cooling data could be used but not 

directly. A comparison could be made between the measured and calculated values for the total 

heat transfer rate (HTR) for each surface. The actual HTR was assumed to be the product of the 

working surface area and the calculated average HF for that surface, and it is expressed as:  

�̇�𝑞𝐴𝐴𝑓𝑓𝑖𝑖𝑜𝑜𝐴𝐴𝑖𝑖 = 𝐴𝐴 ∙ 𝑞𝑞�𝑀𝑀𝑠𝑠𝑓𝑓𝑀𝑀′′ = (∆𝑌𝑌 ∆𝑊𝑊) ∙ 𝑞𝑞�𝑀𝑀𝑠𝑠𝑓𝑓𝑀𝑀′′  (4.9) 

Where, �̇�𝑞𝐴𝐴𝑓𝑓𝑖𝑖𝑜𝑜𝐴𝐴𝑖𝑖 is the actual HTR, 𝑞𝑞 ̅𝑀𝑀𝑠𝑠𝑓𝑓𝑀𝑀′′ is the average calculated HF from IC data for the given 

surface, Δ𝑌𝑌 is the height of the working surface area, 𝐴𝐴, of the considered BF or NF. The HFP was 

integrated over the working area of each BF and NF, to produce the following relation:  

�̇�𝑞𝑇𝑇𝑜𝑜𝑖𝑖 ≈ �𝑎𝑎 ∙ ∆𝑌𝑌 −
2
3
𝑏𝑏�

|∆𝑌𝑌|3

𝑢𝑢𝑓𝑓𝑠𝑠
� ∙ ∆𝑊𝑊 (4.10) 

Thomas noted in previous work that the HF value 25mm below the mold is approximately 70% 

greater than the average HF on that corresponding mold surface [34]. This allowed for the HF to 

be approximated at that single elevation of 25mm: 

𝑞𝑞′′(0.025 𝑚𝑚) ≈ 1.7𝑞𝑞�𝑀𝑀𝑠𝑠𝑓𝑓𝑀𝑀′′ ≈ 𝑎𝑎 − 𝑏𝑏�
(0.025 [m])

𝑢𝑢𝑓𝑓𝑠𝑠
 (4.11) 

Where �̇�𝑞𝑇𝑇𝑜𝑜𝑖𝑖 is the total HTR of the surface and is defined as: 

�̇�𝑞𝑇𝑇𝑜𝑜𝑖𝑖 = �̇�𝑞𝑠𝑠𝑖𝑖𝑀𝑀 + 2�̇�𝑞𝑓𝑓𝑜𝑜𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓 (4.12) 

Where �̇�𝑞𝑠𝑠𝑖𝑖𝑀𝑀  and �̇�𝑞𝑓𝑓𝑜𝑜𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓  represent the HTR for the standard surface and HTR for the corners, 

respectively.  

Eqn. (4.10) can also be represented by each of these HTR components separately: 
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�̇�𝑞𝑠𝑠𝑖𝑖𝑀𝑀 = �∆𝑌𝑌 𝑎𝑎 −
2
3
𝑏𝑏�

|∆𝑌𝑌|3

𝑢𝑢𝑓𝑓𝑠𝑠
� ∙ ∆𝑊𝑊𝑠𝑠𝑖𝑖𝑀𝑀 (4.13) 

�̇�𝑞𝑓𝑓𝑜𝑜𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓 =
2
3
�∆𝑌𝑌 𝑎𝑎 −

2
3
𝑏𝑏�

|∆𝑌𝑌|3

𝑢𝑢𝑓𝑓𝑠𝑠
� ∙ ∆𝑊𝑊𝑓𝑓𝑜𝑜𝑓𝑓𝑖𝑖𝑖𝑖𝑓𝑓 (4.14) 

With eqns. (4.10) and (4.11) the SP coefficients, 𝑎𝑎 and 𝑏𝑏 , can be obtained by setting both 

equations equal to each other. The simplified relations are represented below: 

𝑎𝑎 =
�̇�𝑞𝑠𝑠𝑖𝑖𝑀𝑀

|∆𝑌𝑌| ∆𝑊𝑊𝑠𝑠𝑖𝑖𝑀𝑀
+

2
3
𝑏𝑏�

|∆𝑌𝑌|
𝑢𝑢𝑓𝑓𝑠𝑠

 (4.15) 

𝑏𝑏 =
0.7�̇�𝑞𝑠𝑠𝑖𝑖𝑀𝑀�𝑢𝑢𝑓𝑓𝑠𝑠

|∆𝑌𝑌| ∆𝑊𝑊𝑠𝑠𝑖𝑖𝑀𝑀 �
2
3�|∆𝑌𝑌| −�(0.025 [m])�

 (4.16) 

 

After substituting known values into 𝑏𝑏, coefficient 𝑎𝑎 can be solved and both can be plugged into 

eqn. (4.5) to get SP HFP relations for the BF and NF at a casting speed of 20ipm or 0.51mpm of 

the following form: 

𝑞𝑞𝐵𝐵𝐵𝐵′′ (𝑦𝑦) = 2.1 − 1.2�
|𝑦𝑦|

0.51
 (4.17) 

And 

𝑞𝑞𝑁𝑁𝐵𝐵′′ (𝑦𝑦) = 2.6 − 1.5�
|𝑦𝑦|

0.51
 (4.18) 

Where the results from eqns. (4.17) and (4.18) are in megawatts per meter squared. For visual 

purposes the calculated mold HF profiles for the BF and NF at the 20ipm casting speed are plotted 

in Figure 4.6.  
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Figure 4.6 Derived HF profiles for the mold in the 20ipm solidification model simulation. 

 

As mentioned previously, the SC zone was considered proprietary and therefore a simple vertical 

correlation was defined by using a HTC BC. This correlation was made rather than a constant 

value because of preliminary simulations and as per suggestion of IC. Meng and Thomas 

implemented this correlation which sums HT from convection, conduction, and radiation, over the 

SC surface area [11]. Using the literature, a profile for the HTC was derived from the SC 

parameters and the simulated surface temperature data. The separate cooling zones, the shell 

surface temperature, and locations of each nozzle and roll used in the evaluation of the HTC values, 

are plotted with the derived HTC profile in Figure 4.7. 

 

 
Figure 4.7 HTC values derived from the simulated surface temperature profile and nozzle-roll 

parameters from literature [11]. 
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The HFP for the mold and the HTC correlation for the SC zone were applied using user-defined-

functions (UDF) in Star-CCM+, they are depicted in Figure 4.8 (a). The resulting surface HF is 

shown in Figure 4.8 (b). All results shown in the derivation process for the solidification BCs are 

taken for the 20ipm cast speed. The same derivation process for the PC HFP and SC HTC was 

conducted for the 40ipm cast speed and applied to the corresponding cases. 

 

 
Figure 4.8 BF and NF surface contours depicting (a) the applied BC, and (b) the resulting surface 

HF at the 20ipm cast speed. 

Breakout TD Material Properties  

The TDMP used in the MP parametric investigation are displayed in Figure 4.9 to Figure 4.13. 

The CMP are plotted next to the TDMP in order to show the impact TDMP will have in comparison 

to their respective averaged out constant values. One can see that MP like thermal conductivity 

and density experience smaller changes from their constants in comparison to specific heat and 

viscosity. 
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Figure 4.9 Breakout steel – TD total viscosity. 

 

 
Figure 4.10 Breakout steel – TD solid fraction curve. 

 

(a) (b)  
Figure 4.11 Breakout steel – TD density: (a) fluid region, and (b) solid & fluid region. 
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(a) (b)  
Figure 4.12 Breakout steel – TD specific heat: (a) fluid region, and (b) solid & fluid region. 

 

(a) (b)  
Figure 4.13 Breakout steel – TD thermal conductivity: (a) fluid region, and (b) solid & fluid 

region. 

Variable Boundary Condition Effects 

A sticker alarm happened 143s prior to the breakout occurrence. The first 40s after the sticker 

alarm the casting conditions stayed relatively the same as normal operating conditions so for the 

sake of computational time the first 40s was disregarded and a SS simulation was used to obtain 

the flow and shell thickness. The transient simulation begins 40s after the sticker alarm and the 

total simulation time is 103s. Two important changes are the casting speed transition from 41ipm 

to 20ipm (1mpm to 0.5mpm) from simulation time 40s to 45s, and the transition in superheat from 

18 Δ°F to 26 Δ°F (10 Δ°C to 14.44 Δ°C) from 105s to 107s. A depiction of these variable casting 

conditions and events throughout time can be found in Figure 4.14. 
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Figure 4.14 Transient solidification validation BCs. 

Carbon Percentage Effects 

The carbon percentage analysis has the same BC as the standard F&S model in the 40IPM case. 

The four steels that are being analyzed are ultra-low carbon steel (ULCS), low carbon steel (LCS), 

mid carbon steel (MCS), and high carbon steel (HCS). It is important to note that carbon percentage 

is not the only element percentage that is being changed, and therefore this is not a pure study on 

carbon percentage. A simplified breakdown of the compositions used is shown in Table 4.3. The 

MZ change (temperature difference between Liquidus and Solidus) in each of these steels vary as 

well as the TD-viscosity as displayed in Figure 4.15. Some of these alloys are proprietary so 

detailed information of the composition is not included.  

 

Table 4.3 Compositions of steels used in alloy composition investigation. 

Class wt%Fe wt%C Other alloys 

High carbon steel 80.73 0.87 18.4 

Middle carbon steel 96.41 0.41 3.18 

Low carbon steel 94.31 0.11 5.58 

Ultra low carbon steel 97.89 0.05 2.06 
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Figure 4.15 TD viscosity comparison plot. 

4.2.2 Thermal-Mechanical Stress 

3D Shell Boundary Conditions 

A detailed diagram of the geometry and BC which were made to replicate that of BG Thomas’s 

work is shown in Figure 4.16. Symmetry is applied to the top XZ plane surface, along the NF 

center XY plane surface, and at the YZ plane surface where the middle portion of the mold is 

located. Roller supports or zero vertical Y-displacement is applied at the bottom XZ plane surface 

where the mold exit is located. The temperature distribution is applied from the solidification cases 

using a xyz internal table to extract the temperature values within the solidified shell. A pressure 

BC is applied to the shell front to account for the ferrostatic pressure of the molten steel. Figure 

4.17 shows both the applied temperature field and ferrostatic pressure. The BC for the half shell 

are similar to that of the quarter shell treating the mold outlet with a roller support and symmetry 

along the center YZ plane. 
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The most difficult BC to represent inside the simulation is the interaction between the mold and 

the shell because of complex physical phenomena that occurs when two bodies meet. In order to 

represent these interacting bodies a penalty enforcement BC was applied to the planes representing 

the BF and the NF. As the shell crosses past the BF or NF plane threshold, the method uses a 

penalty pressure of 1e11 Pa to force the shell back within the constraints of the mold. The 1e11 Pa 

value was based on the modulus of elasticity of steel. The penalty enforcement method is unstable 

in nature especially when using high values so a load stepping solver for external loads was used 

to increase the convergence of the simulations. The results using this method showed deflection to 

be less than 1mm outside the mold perimeters which is acceptable deformation at this depth within 

the mold.  

Figure 4.16 BCs for 3D quarter shell simulations. 
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Figure 4.17 Temperature and ferrostatic contour plots on 3D quarter shell. 

TD Thermal-mechanical Material Properties 

A comparison of the PP stress-strain relation to the VP stress-strain relation can be found in Figure 

4.18. One can see the underestimation of the stress in the plastic region when using the PP stress 

relation. The mechanical TDMP for the breakout steel are plotted against constant room 

temperature values, as shown in Figure 4.19 - Figure 4.21. The differences are drastic, and this 

emphasizes the importance of considering temperature’s effect on not only solidification properties 

but also thermal-mechanical properties.  
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Figure 4.18 Breakout steel – TD stress-strain PP and VP comparison. 

 

 
Figure 4.19 Breakout steel – TD Young’s modulus. 
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Figure 4.20 Breakout steel – TD thermal expansion coefficient. 

 

 
Figure 4.21 Breakout steel – TD Poisson’s ratio. 
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 RESULTS & DISCUSSION 

In this section the results from this research will be presented in chronological order in which they 

were completed. The F&S results contain both a validation and applications. The applications of 

the F&S model are a transient boundary condition study and a carbon percentage investigation. 

The thermal-mechanical model starts with the validation and application of the PP model. Next, 

the more realistic VP relation is validated and applied to the shell. Lastly, the VP model is applied 

in a carbon percentage investigation for deformation. 

5.1 Flow and Solidification 

5.1.1 Solidification Validation 

Temperature dependent material property investigation 

In Star-CCM+ there are six MP inputs: solid fraction curve, density, enthalpy, viscosity, thermal 

conductivity and an option to use either specific heat or enthalpy. An analysis of these MP was 

performed in order to determine their impact and accuracy on shell growth as well as flow. An 

implementation procedure was developed to determine whether the TDMP should be incorporated 

into the model or discarded, it takes into account both significance and accuracy and is shown in 

Figure 5.1. Two iterations of this procedure were conducted and the results of each can be found 

in Table 5.1 and Table 5.2.  

 

The parametric study shows that thermal conductivity, and density have little impact on the flow 

and shell growth. TD enthalpy/specific heat created irregular flow patterns and a severe 

undergrowth of the shell, so it was concluded that the solidification model within star added 

additional enthalpy. TD solid fraction did increase shell growth in comparison to the linear solid 

fraction relation but was not significant enough to add and was discarded to save computational 

time. TD viscosity at a CSF of 0.95 had the largest impact on the flow and shell growth as it 

exhibited the most ideal flow roll patterns and penetration, and the shell growth was closest to the 

BSM. Flow and shell thickness contours, and shell thickness measurement comparison plots for 

the first iteration are shown in Figure 5.2 to Figure 5.16. 
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Figure 5.1 TDMP implementation procedure. 

 

Table 5.1 Iteration 1 of TD implementation procedure. 

Shell Thick. 
% Diff. from 
Baseline Case 

% Diff. from 
Measurements 

TDP Line A 
% Diff 

Line B 
% Diff 

Line A 
% Diff 

Line B 
% Diff 

Constant MP Baseline 31.1 49.9 

T. Cond. 36.8 35.4 57.8 32.7 

Density 45.5 12.8 64.0 43.7 

S.F. Curve 16.8 53.2 42.8 24.1 

Specific Heat 89.8 91.5 94.2 95.8 
Viscosity 
(CSF=0.525) 43.3 97.2 9.0 6.8 

Viscosity 
(CSF=0.725) 43.3 97.2 9.0 6.8 

Viscosity 
(CSF=0.95) 43.8 97.8 8.8 6.8 
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Table 5.2 Iteration 2 of TD implementation procedure. 

Shell Thick. 
% Diff. from 
Baseline Case 

% Diff. from 
Measurements 

TDP Line A 
% Diff 

Line B 
% Diff 

Line A 
% Diff 

Line B 
% Diff 

T. Cond. < 5 < 5 < 15 < 15 

Density < 5 < 5 < 15 < 15 

S.F. Curve < 5 < 5 < 15 < 15 

Specific Heat > 5 > 5 > 15 > 15 
Viscosity 
(CSF=0.95) Baseline 8.8 6.8 

 

 
Figure 5.2 Constant MP – shell thickness (left) and flow (right) contours. 

 

 
Figure 5.3 TD density - shell thickness (left) and flow (right) contours. 
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(a) (b)  
Figure 5.4 TD density - shell thickness comparison plots for: (a) line A, and (b) line B. 

 

 
Figure 5.5 TD thermal conductivity – shell thickness (left) and flow (right) contours. 

 

(a) (b)  
Figure 5.6 TD thermal conductivity - shell thickness comparison plots for: (a) line A, and (b) line 

B. 
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Figure 5.7 TD solid fraction curve – shell thickness (left) and flow (right) contours. 

 

(a) (b)  
Figure 5.8 TD solid fraction - shell thickness comparison plots for: (a) line A, and (b) line B. 

 

 
Figure 5.9 TD specific heat - shell thickness (left) and flow (right) contours. 
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(a) (b)  
Figure 5.10 TD specific heat - shell thickness comparison plots for: (a) line A, and (b) line B. 

 

 
Figure 5.11 TD viscosity at 0.525 CSF - shell thickness (left) and flow (right) contours. 

 

(a) (b)  
Figure 5.12 TD viscosity at 0.525 CSF - shell thickness comparison plots for: (a) line A, and (b) 

line B. 
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Figure 5.13 TD viscosity at 0.725 CSF - shell thickness (left) and flow (right) contours. 

 

(a) (b)  
Figure 5.14 TD viscosity at 0.725 CSF - shell thickness comparison plots for: (a) line A, and (b) 

line B. 
 

 
Figure 5.15 TD viscosity at 0.95 CSF - shell thickness (left) and flow (right) contours. 
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(a) (b)  
Figure 5.16 TD viscosity at 0.95 CSF - shell thickness comparison plots for: (a) line A, and (b) 

line B. 

Steady-State Validation with TD-Viscosity 

The shell thickness was validated with the TD Viscosity case with a CSF of 0.95. The simulation 

results have an average percentage difference of 7.8% in comparison to the measured segment 

from the breakout shell as shown in Figure 5.17. Results remain very accurate until about 0.6 m 

below the meniscus (Line C) where the jet penetrates and distributes the superheat causing slight 

undergrowth. It is important to note that the casting and cooling conditions at this time were 

irregular, and also SC spray information was not provided by our IC but interpolated from research. 

Considering the irregular conditions and SC interpolation the shell growth results may be skewed 

to not match those from a SS simulation. The shell validation results improved by 7% in 

comparison to the results with preliminary CMP cases. Not only did the shell growth results 

improve but the flow field shows better jet penetration and roll patterns. 
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Figure 5.17 SS shell thickness validation with BSM. 

Transient Solidification Effects and Validation 

The transient solidification project replicated the breakout condition provided to us by IC. The 

results of the shell thickness and flow field throughout time can be found in Figure 5.18. One can 

see the shell growth from 40IPM at time 0s to the breakout occurrence at 20IPM at time 103s. The 

flow field adjust rapidly from 0s to 5s and the jet penetrates at a slightly steeper angle because of 

the lower casting speed. A comparison of the shell growth throughout time with the BSM at 20IPM 

can be seen in Figure 5.19. The average difference between the simulated shell at 103s with the 

BSM was 10%. The percentage difference is slightly off in comparison to the 20IPM SS case at 

8% showing that in this particular case the SS simulation is sufficient in validating shell growth. 

However, the transient case more accurately models the shell growth and flow throughout time 

because of its variable casting BCs. A comparison of the two validations is displayed in Table 5.3 
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Figure 5.18 Shell thickness contour evolution. 

 

(a) (b)  
Figure 5.19 Shell growth evolution through time: (a) line A, and (b) line B. 
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Table 5.3 SS and transient solidification validation comparison. 

Location Model Meas. (mm) CFD (mm) % diff. 

Line A 
Steady-state model 

19.9 
18.0 8.8 

Transient model 17.6 10.9 

Line B 
Steady-state model 

20.1 
18.7 6.8 

Transient model 18.4 9.0 

5.1.2 Solidification Carbon Percentage Parametric Investigation 

Four different alloy compositions were investigated with varying carbon percentages in order to 

analyze the effect on flow and shell growth. A plot showing the comparison of both the flow field 

and shell thickness contour can be seen in Figure 5.20. The jet penetration increases as the carbon 

percentage decreases, this is likely due to the decreasing viscosity trend mentioned in the BC 

section. Less resistance is added to the flow and therefore there is deeper penetration. The shell 

thickens as carbon percentage decreases and this is likely due to the decreasing MZ range trend 

explained in the BC section. Smaller MZ ranges associated with lower carbon percentages require 

less energy to convert molten steel to solidified steel, additionally deeper penetrating jets 

associated with lower carbon percentages allows for a better distribution of heat. A shell thickness 

comparison plot can be seen in Figure 5.21 where the shell thickness trend becomes clearer.
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Figure 5.20 Shell thickness (left) and flow (right) contours of carbon percentage study: (a) HCS, 

(b) MCS, (c) LCS, and (d) ULCS.
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Figure 5.21 Shell thickness comparison for carbon percentage analysis. 

5.2 Thermal-Mechanical Stress 

This section presents the results from all the thermal-mechanical stress cases. As mentioned in 

section 2.2, the validation for stress inside the shell during the casting process is nearly impossible 

because of the inherently high temperatures and constantly moving components. Therefore, a 1D 

analytical solution and CON2D simulations were used for validating stress-strain constitutive 

relations [20], [21].After validating the PP stress relation, more assurance was needed for the 3D 

model so the validated relations were applied to a quarter section of the shell and compared to 

Koric and Thomas’s work for a pseudo-validation [29].  The PP relation was then applied to the 

larger half portion of the 3D shell to analyze the effects of mesh on overall deformation. In order 

to add to the complexity and accuracy of the model the more realistic VP stress-strain relation was 

validated. This stress relation and mechanical TDMP were applied to the 3D quarter shell at 

different cast speeds and using different compositions to analyze the effect on stress and 

displacement. 

 

5.2.1 Stress Relation Validation 

The problem proposed by Weiner and Boley considers a 1D idealization of the early stages of 

solidification casting in a mold, as shown in Figure 5.22. The problem is simple, the molten steel 

is introduced to the cold mold wall set at a low temperature below the solidus temperature of the 
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steel. As time passes the cold mold wall will cool the molten core and the shell will thicken. The 

cooling process creates a temperature gradient within the solidified portion which creates stress 

within the shell. They assume that this small slice can represent a uniform section of the shell by 

applying symmetry BCs. Therefore, the thickness of the shell will remain constant along the width 

direction. The 1D assumption takes advantage of the long width of the shell along the mold wall 

and utilizes generalized plane stress. 

 

 

Figure 5.22 Location and simplification of the solidifying slice. 

 

The first constitutive relation used in this work was the PP model. Weiner and Boley treat yield 

stress as a linear function of temperature starting from 20MPa at 1000°C to 0MPa at the solidus 

temperature of 1494.4°C. They also assume a small MZ region to avoid the difficulties of modeling 

creep strain. The normal displacement of the bottom surface is treated as zero. Tangential stress is 

assumed to be zero along all surfaces because of the assumption of generalized plane stress. Lastly, 

the top surface of the domain is fixed to remain vertical to avoid bending along the x-y plane. The 

BC for the solidification and stress simulation are shown in Figure 5.23. All the MP constants used 

in this PP solidification and stress validation are listed in Table 5.4. 
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(a)  

(b)  

Figure 5.23 BCs: (a) solidification simulation, and (b) stress simulation. 

 

Table 5.4 MP constants used in PP validation. 

Parameter Value 
Conductivity (W/m-K) 33 
Specific heat (kJ/kg-K) 661 
Elastic modulus in solid (GPa) 40 
Elastic modulus in liquid (GPa) 14 
Thermal linear expansion coefficient (1/K) 0.00002 
Density (kg/m3) 7500 
Poisson’s ratio 0.3 
Solidus temperature (°C) 1494.4 
Initial temperature (°C) 1495 
Latent heat (J/kg-K) 272000 
Viscosity (Pa-s) 6.667×10-9 

 

Figure 5.27 shows the shell thickness growth and temperature distribution in comparison with 

Weiner and Boley’s analytical solution and Thomas’s CON2D simulation for two different times. 

One can see the shell growth from the mold wall on the left to the shell front at the solidus 

temperature when the curves flatten. The results align well with both the analytical solution and 

CON2D simulations with a percentage difference of less than 1%. The zz-stress results for these 

two times are compared in Figure 5.25. One can see the mold wall, shell front locations, and 

plastic-elastic-plastic relation which is iconic of a solidifying body. Most of the results remain 

within a 10% margin of error with a few outliers in the transition from the compression to the 

tension region and close to the shell front. 
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Figure 5.24 Temperature distribution comparison for PP stress relation case. 

 

 
Figure 5.25 Stress distribution comparison for PP stress relation case. 
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Koric and Thomas expand on this relation including a MZ and incorporation of time dependent 

creep and flow strains [21]. They also incorporate TDMP for both solidification and stress 

simulation. The MZ range is about 90°C with Tsol=1411.79°C and Tliq=1500.72°C. The addition 

of the flow and creep strains could dramatically change the constitutive stress-strain relationship 

as seen in Figure 5.26. The PP relation will often not capture a large amount of the stress which 

the VP case can capture because of the lack of these two additional strains. The shell growth for 

this proposed case through time is visually represented in Figure 5.27. A comparison of the 

temperature distribution results with CON2D solutions are in good agreement and have a less than 

1% difference, as seen in Figure 5.28.  

  

 

Figure 5.26 VP stress-strain relation presented by Koric and Thomas compared to PP relation. 
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Figure 5.27 Simulated temperature distribution in the solidifying body for VP relation. 
 

 

Figure 5.28 Temperature distribution in the solidifying body at different time. 
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Initially the PP relation was used to try and capture the VP relation in order to validate the MZ 

case presented by Koric and Thomas. The PP relation could imitate most of the VP relation but 

the simplistic nature was not completely sufficient and results showed an average difference of 

27%, as shown in Figure 5.29.  The results were improved by using UDFs in Star-CCM+ to 

replicate the distinctive plastic behavior the VP relation exhibits. The average difference after 

implementing these UDFs was 12% which shows good agreement with Koric and Thomas’s 

simulations with the improved creep and flow strains. 

 

 

Figure 5.29 Stress distribution in the solidifying body at different time for PP relation. 
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Figure 5.30 Stress distribution in the solidifying body at different time for VP relation. 

 

5.2.2 3D Shell Simulations 

Half Shell Pseudo-Validation 

The 3D quarter shell pseudo-validation with Koric and Thomas work is shown in Figure 5.31 [29]. 

Note that the caster geometries, casting conditions, and steel compositions are all different and this 

case was made to compare trends. A similar temperature distribution is shown with intense cooling 

in the corner and a transition to high temperatures towards the shell front.   Y-stress distribution 

shows a similar trend and distribution as well with compression along the BF and tension near the 

corner and NF. Only TD yield stress was used in this simulation. Standard 1020 steel MP at room 

temperature were utilized for simulating the stress, which were similar to the solidification MP 

[35]. 
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Figure 5.31 3D quarter shell pseudo-validation comparison. 

3D Half Shell Simulations 

The half shell simulations utilize the PP stress relation and CMP.  One can see the deformation of 

the half shell utilizing a 10mm mesh base size and 5mm mesh base size in Figure 5.32 and Figure 

5.33, respectively. The 10mm base size mesh increases max deformation by more than 20mm in 

comparison to the 5mm base size mesh. The excessive inward deflection of the shell near the 

meniscus in the 10mm base size simulation is likely due to its inability to correctly model bending 

because of the limited amount of cells in the thinning part of the shell. Therefore, it is 

recommended to use a finer mesh size towards the meniscus so the amount of bending is modeled 

more accurately. A corner mesh refinement of 2mm was placed in the corners for both simulations 

that is why they exhibit similar deformation along the corners where the shell experiences 

shrinkage due to increased cooling. Overall, the results show the stereotypical phenomena of a 

shell within the mold such as air gap formation, corner shrinkage, and inward deflection of the 

thinning portion of the shell because of low ferrostatic pressure and bending stresses. 
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Figure 5.32 10mm mesh base size - half shell deformation. 

 

 
Figure 5.33 5mm mesh base size - half shell deformation. 

Breakout Steel 3D Quarter Shell Simulations with TDMP  

The following cases incorporate TDMP for young’s modulus, thermal expansion coefficient, 

density, Poisson’s ratio, and plastic strain. Three quarter shell cases are used to show the 

deformation comparison of stress relation and casting speed as displayed in Figure 5.34. The PP 

deformation shows a similar displacement trend in comparison to the VP case along the BF but 

predicts 3x larger displacement at the NF. The PP relation likely over predicts deformation because 
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of its simplification of stress being constant once the yield point is surpassed. Comparing the 

40IPM VP case with the 20IPM VP case one can see that displacement increases along the width 

of the BF and by roughly 2mm at the NF. It would be recommended to use a larger mold taper at 

lower casting speed and this is supported by BG Thomas mold taper literature for a thin slab caster 

[24].  

 

(a) (b) (c)  
Figure 5.34 Displacement and temperature distribution comparison of stress relations and casting 

speed: (a) PP at 40ipm, (b) VP at 40ipm, (c) VP at 20IPM. 
 
An analysis of the stress accumulation in these three cases is shown in Figure 5.35. Stress is higher 

in the VP case in comparison to the PP case because the PP stress relation does not account for the 

more complex creep and flow strain that would increase the stress rather than treat it as constant 

past the yield point. The VP case at 40ipm has higher stress than the 20ipm VP case because of 

the lower temperatures and higher temperature gradients found in the 40ipm case. The stress is 

highest at the NF and decreases as the probe approaches the shell front which is consistent with 

the thermal-mechanical behaviors of a solidifying body. Higher temperatures are closer to the shell 

front and are associated with lower stress yield points, as one gets closer to the NF the temperature 

decreases and the solidified body allows for more stress accumulation. 
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Figure 5.35 Von Mises stress distribution comparison of stress relation and casting speed at the 
center of the NF. 

Carbon Percentage 3D Quarter Shell Simulations with TDMP 

Displacement distributions for the four different alloys in our carbon percentage analysis are 

shown in Figure 5.36.  The deformation doesn’t follow any grand trends with carbon percentage 

as it did with solidification but is shown to be more complex in nature because of the many intricate 

thermal-mechanical factors. Thermal-mechanical MP, temperature gradient, and BCs all play a 

role in the deformation of the shell. The NF displacement ranges from 2 to 5mm which is consistent 

with BG Thomas’s work for a thin slab caster [24]. That same work predicts that ULCS will need 

an increased NF mold taper and our results show that to be true. The HCS and MCS have similar 

BF and NF displacement trends likely due to their stiff nature. The LCS and ULCS have similar 

displacement trends with less displacement along the BF and more at the NF. The ferrostatic 

pressure likely plays a greater role in lower carbon steels because of their ductility and this will 

push the shell closer to the BF which will intuitively decrease the displacement inwards.  
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Figure 5.36 Displacement and temperature distribution comparison for carbon percentage study: 

(a) HCS, (b) MCS, (c) LCS, and (d) ULCS. 

5.3 Model Applications and Future Work  

5.3.1 Flow and Solidification Model - Now & Future 

The current F&S model uses an adaptation of the CKMZ model by using TD-total viscosity to 

govern most of the flow.  The results were validated well with the BSM with an average percentage 

difference of 8%. However, the flow within the simulation was not completely ideal and the jet 
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would often split before reaching the NF. The CKMZ model is likely adding excessive dampening 

to the fluid which is already being adjusted by the TD-viscosity. A future F&S model would 

discard the CKMZ model and rely on the total viscosity completely. It was not done in this model 

because the CKMZ increased the convergence and allowed for a pull velocity to be easily applied 

to the solidified shell within Star-CCM+.  

 

Within Star-CCM+ a user-defined (UD) MZ can be implemented within the solidification model. 

A future model would use this UDMZ to stop the flow and apply a pull velocity rather than the 

current method with the adapted CKMZ. This model would require a parametric study to determine 

the correct amount of MZ needed to simulate the solidification accurately. The correct amount of 

MZ would be fine-tuned to match the BSM and adjusted overtime to match other breakout shells 

until a correlation is made. However, obtaining BSM is a difficult task because they are often 

proprietary. At the very least the model could be fine-tuned for a particular caster and could be 

used to get flow and shell growth estimations.  

5.3.2 Thermal-Mechanical Stress Model - Now & Future 

The future of the stress model would include further expansion of the shell from the current quarter 

shell simulations. The model was facing divergence issues when trying to implement the VP stress 

relation and TDMP into the half shell. The divergence was likely due to the excessive amount of 

deformation that was occurring because of bending, and as noted in section 5.2.1, the model 

assumes small strain. More time is needed to investigate a numerical and mesh method that would 

allow for a converged solution. If the shell cannot be expanded towards the very thin portion of 

the shell close to the meniscus, a few symmetry BC could be exchanged for an extended portion 

of the shell to examine the impact each symmetry condition has on stress and deformation. There 

are many routes in which the current model can go from here, but some of the many options 

include: a hook formation study, crack detection, or a more expansive corner shell shrinkage study. 

All these models would be application driven and could be used to provide information to ICs such 

as cooling suggestions or potential mold taper designs. Ideally the solidification and stress models 

should be integrated more closely in order to further the accuracy of each, the next section proposes 

a methodology to connect the two more closely. 
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Corner Offset Solidification and Stress Iterative Procedure  

After simulating the thermal-mechanical behaviors for all the different cases which include casting 

speed and alloy composition changes it was clear that air gap formation would vary between each 

case. The current assumption used within all of the solidification models is a reduced corner HFP 

of 31mm based on literature as described in section 4.2.2. This assumption of 31mm could over 

predict or under predict the actual cooling that occurs in the corners. Incorrect cooling can result 

in unrealistic shell thickness, temperature gradient, and consequently the stress and deformation. 

Therefore, a model that connects the two simulations strongly would be optimal for obtaining 

accurate results.  

 

This iteration procedure would first start with the 31mm corner offset assumption for the reduced 

cooling in the solidification simulation. After obtaining the shell and simulating the displacement 

one could obtain the air gap length along both the BF and NF for each corner. A threshold could 

be used for the air gap to determine if the reduction in the HFP is needed. For example, if the air 

gap is greater than 1mm from the mold wall it is assumed that the reduction in the HFP is needed. 

Once the length of the air gap on both the BF and NF is determined, the SP HFP corner offset 

lengths can be updated within the solidification model.  The same procedure can be done again 

until the air gap lengths experience little change in comparison to the previous iteration.  An 

example of this iterative procedure can be found in Figure 5.37 where CO stands for corner offset. 

In this example the iteration procedure stops at 3 iteration because the corner offset converged to 

45mm x 85 mm for both iteration 2 and iteration 3. 

 

 
Figure 5.37 Corner offset solidification and stress iteration example. 
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5.3.3 Integrated Casting Model 

As mentioned in section 3.1 the current work is a part of a larger project for a comprehensive 

casting model. In order to have this fully comprehensive model we must be able to connect the 

many intricately connected portions from the microscale to the macroscale. The comprehensive 

model has completed microscale simulation for dendrite arm spacing which provides flow 

characteristics in the solidification model. Extensive research has been completed on spray cooling 

and stress in the SC region. Data from the SC model could be fed upstream to the PC model and 

vice versa to further the accuracy of both the solidification and stress. For example, the temperature 

and flow data produced in the PC region at the mold exit could be passed to the SC region in order 

to predict accurate shell growth downstream. The SC spray modeling can be used to create more 

realistic BC in the PC solidification model in order to predict shell growth shortly below the mold 

more accurately which could further improve the validation results. A diagram showing the 

integration methodology can be seen in Figure 5.38. 

 

 

Figure 5.38 Comprehensive model integration methodology. 
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 CONCLUSION 

A comprehensive model for PC is a necessity when determining complex phenomena such as 

solidification, and thermal-mechanical stress. The incorporation of TD-Viscosity increased 

breakout shell thickness validation by 7% in comparison to the use of CMP and default values, 

and it also substantially improved jet penetration depth and roll formation. Utilizing transient BCs, 

the shell was validated to be within 10% of BSM. In this particular instance the SS simulation was 

sufficient in validating shell growth, however it is recommended that the variable BCs be utilized 

in cases of transient change for better accuracy. A carbon percentage study on F&S shows that the 

MZ temperature range and TD-Viscosity directly effects flow and therefore shell growth within 

the mold. Lower carbon steels tend to penetrate deeper and have smaller MZ temperature ranges 

which increases shell growth because less energy is needed to solidify the shell and the superheat 

is more evenly distributed in the mold with the deeper penetrating jet.  

 

The VP stress relation more accurately models deformation within the shell in comparison to the 

PP stress relation because of the addition of the more realistic creep and flow strains. Special 

attention to the mesh is needed for stress simulations especially near the corners where there is 

large temperature gradients and also close to the meniscus where the shell is very thin and 

undergoes excessive bending due to low ferrostatic pressure. Shrinkage of the shell due to thermal 

contraction requires roughly a 2 to 5mm narrow-face taper for the IC’s` thin slab caster depending 

on the alloy and casting speed. Stress increases in the 40IPM case in comparison to the 20IPM 

case due to higher temperature gradients near the NF.  Results showed that ULCS and lower 

casting speed require larger mold tapers which was consistent with B.G. Thomas’s work. 3D stress 

analysis shows that mold taper angle, deformation, and stress accumulation is highly dependent 

on not only the thermal-mechanical MP, but also HT and solidification properties which creates 

the temperature profile used within the stress simulations. Therefore, higher amounts of localized 

stress do not necessarily relate to higher amounts of deformation. Deformation or displacement is 

complex and dependent on multiple contributing factors such as the aforementioned thermal-

mechanical MP and temperature gradient, as well as prescribed BCs.   
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