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Abstract
The project "VMAP analytics – Smart analytics for multi-scale material and manufacturing modeling" deals with digitalization, encapsulating the concept's essence. Various digital twins for various manufacturing processes are developed in this project. This report deals with the development of a 3D Finite Element model for a walking beam furnace at Outokumpu, Tornio.  The 3D FEM model is developed in MatLab to predict the evolution of skid marks. The heat exchange in the furnace is considered via a view factor that takes care of the obstructions in the  furnace. The FEM results are validated with STEELTEMP and found to be in good agreement. The 3D FEM model is found to be more accurate than FOCS.
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Introduction


[bookmark: _Ref144134225]Prevas provides advanced solutions and consultancy services within product development and production development. Prevas supply an unique solution: FOCS – Furnace Optimization Control System, to optimize furnace parameters. Today majority of all steel produced in Scandinavia is heated in a furnace controlled by FOCS. The primary goal of the FOCS is to minimize fuel consumption while simultaneously enhancing productivity and the quality of products in a range of furnace applications[footnoteRef:2]. These applications encompass pit furnaces, normalizing furnaces, annealing furnaces, and reheating furnaces. The temperature computation is executed through a 2D model known as STEELTEMP, which has been co-developed by MEFOS Swerim. The typical energy savings is in the range 5-20%. On top of reduced energy consumption, the system increases production capacity by intelligent pacing control of the furnace and surrounding processes. Productivity increases with up to 28% have been realized.	Comment by Krister Ekström: developed?	Comment by Sivaprasad Palla: its co-developed [2:   M Evestedt and P-O Norberg, Precise temperature control in high quality steel reheating and annealing furnaces, 13th Sumposium on automation in mining, mineral and metal processing, Cape Town, South Africa, August 2-4, 2010.] 


Business Objective

A reheat furnace is generally employed to bring slabs or metal workpieces to the proper temperature for hot rolling. Such furnaces normally include multiple zones and the heat is usually supplied, from burners located above and below the slab, which is pushed through the furnace. Figure 1 shows the schematic picture of the furnace. The slabs are supported on skids which are cooled with water to prevent too rapid deterioration and to maintain the strength of the skids. This results in thermal gradients in the slab and continues to exist at the time of rolling, resulting in differences in the deformation resistance of the material and increasing the difficulty of rolling consistent gage metal. Figure 2 shows the skid marks developed in the slabs.	Comment by Krister Ekström: traverse?	Comment by Krister Ekström: traverse?	Comment by Krister Ekström: Or use WBF as example, for later referral to moving vs stationary skids?
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Figure 1. The schematic picture of the furnace with different heating zones


0.                                                                                  (b) 
[bookmark: _Ref144134352]Figure 2  a) Slabs placed on water cooled skids and b) Evolution of skid marks in the furnace1.
These skid marks create inhomogeneous deformation and result in non-uniform thickness which are not desirable. Further, they affect the roll pass schedule. 

[bookmark: _Toc146186984]Furnace description

Two walking beam furnaces are in use at the Outokumpu Hot rolling mill in Tornio, Finland. Slabs from melting shop are heated in a furnace before rolling. Weight of the slabs is approx. 23 tons. Carbon monoxide and natural gas are used as fuels in the furnaces and combustion air is heated in recuperators. Figure 3 shows Walking beam furnace 2 (WBF2). The effective length is 35.5 m. Charging takes place with the help of a long charger. The slabs can be placed in the furnace without large gaps if the arrival of the slabs is delayed. 

The walking beams are electromechanically movable, the forward movement is 580 mm in WBF2. There are 7 fixed beams and 6 moving beams. The furnace has three zones, and the burners are located on the side of the furnace and there is a total of 72 of them. The discharging temperature varies between 1100 °C and 1250 °C. Skid marks are first noticed after heating as peaks in the rolling forces. Because the skid marks are colder areas, the material becomes more resistant to deformations, hence, they increase the rolling forces.

The main objectives of the project are:

Develop a thermal FEA model to understand the formation of skid marks.


[image: ]
[bookmark: _Ref144134594] Figure 3  Schematic of the waling beam furnace 2 at Tornio (courtesy Outokumpu AB, Tornio)

[bookmark: _Toc158714865]3D furnace modelling
Modelling of a walking beam furnace in three dimensions enables simulation of the complete temperature profile of the slab as well as the skid marks that results from the contact with the water-cooled beams. In a two-dimensional model, a cross section only be computed that is either parallel or perpendicular to the beams as illustrated in Figure 4.  

[image: En bild som visar skärmbild, linje, Rektangel, design
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[bookmark: _Ref149164382]Figure 4. Modelling strategies in two and three dimensions.
The benefit of using a three-dimensional is that it can provide a complete representation of the temperature distribution, however, it will always be associated with higher computational cost and longer simulation times. The benefit with two-dimensional models is increased computational speed, even with higher spatial resolution. The modelling approach developed in this task enables simulation in either two or three dimensions using Finite Element Analysis (FEA) as described in detail in the following sections. 
[bookmark: _Toc158714866]Finite Element formulation
Finite Element Analysis (FEA) is a technique to compute a response of a system by a set of external and internal loads by dividing the domain into small subdomains, which are referred to as elements. Each element describes a set of equations which are solved at once in a global set of equations. The Finite Element Method (FEM) is the strategy used in the developed mode to calculate the temperature all instances simultaneously by numerical integration. The method includes the use of shape functions to describe the interaction of each element and to enable interpolation of the result of any position in space. 

Two-dimensional linear shape functions
The linear shell element used in the 2D model are shown in Figure5 with the positions of internal nodes 1-4 in each corner. The shape functions, N are used to describe the temperature within the finite elements by linear interpolation on the nodal values. The shape functions are described by  and the span of the elements in the natural coordinate system (r-s) are [-1,1]. Linear interpolation within the element is done with integration points located at:

( 1 )
[image: ]
[bookmark: _Ref149068920]Figure 5. Linear 2D shell elements in the natural coordinate system (r-s (equivalent to x-y as no rotation is considered).

Three-dimensional linear shape functions
The 3D elements used in the model uses eight nodes as shown in Figure6 with local node numbering 1-8 in each corner. The shape functions in three dimensions are a natural expansion of the two-dimensional elements, now with shape functions . Interpolation of the solution within the element is performed with the integration points at:

( 2 )
[image: ]
[bookmark: _Ref149070421]Figure 6. Linear 3D brick elements in the natural coordinate system (r-s-t) (equivalent to x-y-z as no rotation is considered).
Transient heat conduction  
The heat flow in any isotropic medium can be described by the heat equation given as:

( 3 )
Where  and  are the material parameters: density (kg/m3), specific heat capacity (J/kgK) and thermal conductivity (W/mK) respectively. The temperature,  is the unknown parameter and changes over time, . The term  describes the change in total thermal energy for the system over time.  In terms of furnace reheating of a slab, this term contains the provided energy from the burning fuel via thermal flux at the slab surfaces, modelled with the boundary conditions described later. 
Galerkin method 
The temperature is the unknown in the thermal FEA and is computed in all nodal positions of all elements. The temperature is approximated by minimizing the weight functions,  for each position in time and space:

( 4 )
[image: En bild som visar Teckensnitt, typografi, text, vit

Automatiskt genererad beskrivning]The solution of  can be found by integration of parts of the right-hand side. This is leading to a spatial solution of the transient heat conduction equation where it is written on weak form using the shape function as the weighted function. The solution can then be approximated in the time space with finite difference for all finite elements in the spatial domain. The resulting solution of the transient heat conduction in all elements, m can be compressed in the following matrix form.[bookmark: _Ref149120692]( 5 )

Explanation of each component follows below. First is M which represents the global heat capacity matrix with the temperature dependent material properties as mentioned previously:
[image: En bild som visar Teckensnitt, typografi, vit, text
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( 6 )
Note that the shape functions are element type specific, meaning that the same numerical strategy is used in both 2D and 3D. The only difference between the addition of one dimension is the size of the matrices as N increases in size. The global matrix is constructed by summing the contribution of each node associated with all finite elements where all nodes have unique numbers, ranging from one to the total amount. Thus, the global matrix will have the size  where n is the total number of nodes in the system. The second term in equation ( 5 ) includes K which represents the global conductivity matrix:
[image: En bild som visar Teckensnitt, text, vit, Grafik
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( 7 )
Here  operates on the natural coordinate system of the finite elements, whenever it is in 2D or 3D. The assembly of K is done by the same approach as M. The final term in equation ( 5 ) is the source vector, f containing the internal and external heat fluxes Q and q respectively:
[image: En bild som visar Teckensnitt, text, typografi, handskrift
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( 8 )
The first term is the volumetric heat flux caused by internal or external heating/cooling. The term Q can for example represent latent heat of transformation that is independent on the surrounding temperature. The second term includes the heat exchange with the surroundings on the boundary element faces. The term q includes the heat flow by convection and radiation which is driving the material heating in a furnace. This is therefore a very important parameter and the way it is modelled is described in the following sections. 

[bookmark: _Toc158714867]Boundary conditions
The boundary conditions during external heating can also be described as heat input models. The heat input models will be responsible for the change in total thermal energy in the slab over time. The remaining components will be responsible for thermal energy re-distribution within the slab. 
Convective heating
Convective heat transfer describes the heat flux over the boundary element faces when the solid material and the ambient temperature,  is unequal. The heat flux in the normal direction of the boundary elements is described by:
 
[bookmark: _Ref149160607]( 9 )
where  is the convective heat transfer coefficient (W/mK). The convective heat transfer contributes both to the source vector f and the conductivity matrix K.

[bookmark: _Ref149162351]( 10 )

[bookmark: _Ref149162354]( 11 )
represents the side length or area of each boundary element in 2D or 3D respectively. Thus, this additional term affects the external source term as well as the heat conductivity due to the imposed thermal gradient according to Fick’s law.
Radiative heating
All mediums with a temperature radiate heat flux by . Where  is the emissivity factor and  = 5.67×10−8 (W/m2K4) is the Boltzmann’s constant. The surface also absorbs radiative heat from surrounding surfaces that radiates so that the net flux can be described as:

[bookmark: _Ref149160552][bookmark: _Ref149160533][bookmark: _Ref149160568]( 12 )
where index s and w represent the surface of the slab and the walls in the surroundings respectively. Heat exchange via thermal radiation is limited whenever two surfaces of finite size are non-parallel or partly visible to one another. This reduction of potential heat exchange is modelled by multiplying a view factor/configuration factor R to the radiation heat flux equation. The view factor can take any value between zero and one where zero gives no heat exchange and one represent the theoretical highest heat exchange, equivalent to two parallel surfaces with infinite size. A geometric relation between two arbitrary surfaces is shown in Figure7 and the view factor on surface 1 by surface 2 can be described according to [1] as:
[image: ]
( 13 )
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[bookmark: _Ref149141177]Figure 7. Two planes and the relations to define the view factor.
In the FEA, dR is computed at each boundary element by summing the contribution from all wall segments in the furnace. The angles are determined by the scalar product of the vector s, which is the distance between the planes, and n, which are the normal vectors of each plane. Whenever  or  is greater than π, the contribution by  is set to zero because then the surfaces are faced away from each other. Sometimes, two planes that are faced toward each other are intersected by other wall segments. Therefore, the developed model includes automatic detection of shadowing planes and the correlating view factor is then set to zero. Figure 8 shows an example of three stock positions in a fictive furnace where some walls are shadowing the heat exchange between the furnace walls and the stock.

[image: En bild som visar diagram, linje, Graf, origami

Automatiskt genererad beskrivning]
Figure 8. Illustration of discretized radiative heat exchange (red lines) between furnace walls and stock at three positions in a fictive furnace.
The contribution by thermal radiation is added to the FEA by rewriting of Equation ( 12 ) by factorization to match the construction of the convective heat flux in Equation ( 9 ). This simplification makes it possible to express the contribution from radiative heating as

( 14 )
and will have the same form as the convective heat flux. The introduced term  has the same properties as the convective heat transfer coefficient and is computed as

( 15 )
Finally, the contribution by radiation is added by substituting the convective heat transfer coefficient in Equations ( 10 ) and ( 11 ) by an effective heat transfer coefficient given by

( 16 )
This method results in that the solution becomes highly non-linear, as the coefficient depends to the power of four on the unknown temperature at . This motivates the use of an iterative implicit solver to minimize the residual of Equation ( 5 ) when the global matrices are constructed. For this is a Newton-Raphson iteration scheme used and the solution in every time increment is only accepted when converged to a given tolerance. 
Thermal contact
Thermal contact is not modelled in this work. It would, in fact, be relatively straight forward to add the contribution to the effective heat convection coefficient. However, this would require some calibration and additional assumptions. 
[bookmark: _Toc158714868]View factor interpolation
The calculations of view factor in the three-dimensional model are significantly time consuming due to the large amount of boundary elements. Therefore, a method was developed to pre-compute the spatial view factor as a geometrical factor in a fine mesh grid within the furnace. This makes it possible to, instead of computing the view factor at every finite element, interpolate the equivalent view factor in the pre-compiled data base. The simulation speed up is enormous by this approach with very little effect on the result. One caveat with this approach is that the view factor is not truly a geometrical factor.

Simulation methodology 
The simulation methodology includes solving the heat conduction equation (5). This is done in an iterative approach as the solution is highly non-linear due to radiative heating, and solution depends on the unknown temperature to the power of four. An calculated temperature will be tested by moving all terms to one side in the equation, resulting in a residual, R. The residual indicates how well the solution predicts the unknown temperature. 
[image: En bild som visar Teckensnitt, text, typografi, nummer
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( 17)
The first attempt is done with an initial guess of the unknown temperature, which is simply set as the previous temperature. Thus, dT will be zero in the first computation and the heat capacity matrix, M will have no effect to the solution. After the first residual has been computed, the new temperature is computed by letting dT and T contain the unknown temperature and the previous guess, i.e dT=(Tnew - Told) and T=Tnew. Thus, the solution of T requires inverse multiplication with inv(M / dt + K) which is the most time consuming operation in the solution strategy. The procedure is continued until the temperature change between two iterations is below a convergence criterion, usually set to |dT|/|T| <10-4. The assembly of the matrixes is redone between each iteration to reach a accepted solution with material properties and boundary conditions evaluated at the updated temperature. When a solution is accepted can a new time increment be evaluated where the boundary conditions and stock position in the furnace are updated according to the procedure presented in Section 3.2. 
[bookmark: _Toc158714869]Simulation results
The developed code was initially tested by letting a square steel plate with a uniform initial temperature be heated by an ambient temperature from one side. The higher temperature from the surrounding was heating the material by convection and the thermal energy was transferred to the material by conduction as shown in Figure9. The resulting temperature at three control points (left, center and right side) was compared to the results obtained by the commercially available FE-software LS-Dyna with identical setup and material data. As can be seen in the plot in Figure9, the results are identical. 
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	[bookmark: _Ref149166394]Figure 9. Benchmarking of the developed code with the commercial software LS-Dyna shows identical results. 



[bookmark: _Toc158714870]Comparison to SteelTemp
The calculated temperature evolution in the slabs was compared to real time data gathered at Outokumpu in Tornio by Prevas. The data is the result of the temperature calculations provided by the FOCS-system. FOCS uses SteelTemp to compute the temperature in the material based on the measured temperatures at the furnace walls. The results are related to the position in the furnace and can vary depending on the operational conditions. Figure10 shows the position of the stock versus the time in the furnace. It can be clearly seen that the forward motion is not linear as it would be in a theoretical ideal case. In Figure10b a stop is clearly seen as the material stays for a about 50 minutes at the same position at 28 m. A simulation that followed the dashed line would in case b cause an under prediction of the heat input as the stop occurs at a relative hot position in the furnace. 
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	a) Charged at 234°C
	b) Charged at 537°C


[bookmark: _Ref150169545]Figure 10. Position of stock versus the time in furnace.

It is necessary to use the same position vs time data for the stock in the simulations to obtain comparable results from the FOCS. Thus, the position vs time data was used directly to overwrite the linear forward motion of the stock. The results from the simulations are shown in Figure11 with two different charging temperatures, 234°C and 537°C. The elapsed simulation time was about 2 seconds in each case using a mesh resolution of 20x15x2 nodes in height, width, and length respectively. Thus, the calculations were performed in three dimensions, but the length of the slab is reduced to the minimum of only one element to replicate the computational domain used in SteelTemp.
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	a) Charged at 234°C
	b) Charged at 537°C


[bookmark: _Ref150170726]Figure 11. Temperature calculations in slab during different charging conditions.
As can be seen from the figures, the results are very similar even though the modelling procedure have some differences. The model developed in VMAP takes no consideration of the gas interaction, but it uses the predicted temperature as an input for the heat convection. The developed model also uses fixed values for the convection heat transfer coefficient (80 W/m2K) and the emissivity of the wall and slab (0.9 and 0.8 respectively). In SteelTemp on the other hand, these values can vary with the temperature. 
[bookmark: _Toc158714871]Three-dimensional results
The simulations were also extended to the full length of the slab, including the moving and static beams. Because of symmetrical conditions, only half of the slab length was modelled. Due to the lack of calibration, direct heat loss to the water-cooled beams was not considered. Only the shadowing effect by the presence of the geometry was modelled. Hence, the view factor was set to zero at the locations of the static beams, and 0.2 at the locations of the moving beams as these are lower than the stock. The value 0.2 was arbitrary chosen due to simplicity. 

The resulting temperature can be post processed in any time instance and position of the slab as presented in Figure12. The skid marks are clearly seen on the top surface as stripes with lower temperatures. The static beams are more pronounced than the moving beams as expected. 
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[bookmark: _Ref150196927]Figure 12. Temperature distribution in 3D at different position in furnace with effect of moving and static beams.	Comment by Tania Irebo Schwartz: Which simulation method is used here? MatLab/VMAP?

The simulation time with the true three-dimensional models were 44 s and 38 s respectively for the material charged at 234°C and 537°C. The difference in simulation time is due to the different dimensions of the two materials. The colder charges material was 11.511×1.286×0.202 m (length, width, and height) whereas the hotter charged material was 10.305×1.592×0.202 m. The mesh resolution in the length direction was 47.62 mm, resulting in 121 and 109 nodes in each case. 
[bookmark: _Toc158714872]Effect of charging temperature
During the final stage of the heating operation, some interesting things are taking place. The last zone of the furnace is the soaking zone. In the soaking zone is the temperature meant to equalize to reduce the temperature gradients in the material. Up to this point, the core of the material has been consistently colder than the surfaces because of the heating from the surroundings. In the soaking zone the temperature will be lower than in the heating zones, and occasionally also lower than the surface temperature of the stock. This means that the surface temperature may drop while the core temperature continues to rise. The time spent in the soaking zone is beneficial for reducing the skidmarks, as more time is given for thermal diffusion. When looking at the heating curves in Figure11a, it can be seen that a relatively long time is spent in the soaking zone. Thus, the skid marks can be expected to reduce, especially from the top side. This is in fact what can be seen in the simulations, in Figure 13a. The temperature variations at the top surface and center is expected to vary very little. In the other case, Figure12b, the temperature continues to increase due to the quick finish and the core temperature never equalizes. Thus, the skid marks will remain on the finished product according to the results in Figure 13b. 
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	a)
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	b)


[bookmark: _Ref150199625]Figure 13. Final temperature profile along the slab length at charging at a) 234°C and b) 537°C.
The results require an important explanation and perhaps a warning. The skid marks are only modelled by limiting the heat input from convection and thermal radiation. If the case is as in Figure 12a, the assumption will only act as an isolation such that no heat is radiating out from the material to the colder surroundings. Therefore, the skid marks at the bottom surface can appear as high temperature peaks. The reality is that heat is conducted through the contact area, so this scenario would most likely not happen in reality. However, the lack of heat loss in the contact area is covered up by the assumption if the material undergoes heating. Calibration of the heat loss through the contact to the beams are necessary for more accurate results; however, this is a challenging task. 

Concluding remarks
The solution is highly accurate as compared to the predictions by SteelTemp via FOCS. 
[bookmark: _Toc158714873]References
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