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Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
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1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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Abstract 

In order to study the coupled effect of rolling deformation, heat transfer and water cooling on microstructure formation of a steel 
strip, a multiscale and multiphysical FE-model is developed. The deformation state and temperature distribution of the steel strip 
after the last rolling pass are required to calculate the final microstructure. The sub-model predicting final microstructure on the 
steel strip after accelerated water cooling is implemented numerically. Final phase fractions are calculated with the Johnson-
Mehl-Avrami-Kolmogorov equation for different parts of the object, taking into account non-uniform temperature distribution. 
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1. Introduction 

The final mechanical properties of a steel strip are achieved mainly on thermomechanical rolling with accelerated 
water cooling on a runout table. Dimensional quality and accuracy of the product properties is usually created with a 
cold rolling mill. For Thermo-Mechanically Controlled Processing steels the cooling process after the last hot rolling 
pass is the stage where required mechanical properties are created by controlling the evolution of microstructure. 
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Alloying elements, rolling temperatures, reductions and accelerated cooling parameters have an effect on the phase 
transformations, microstructure thus affecting mechanical properties. 

Multiple studies simulate accelerated water cooling on the runout table by numerical modelling [1-4]. These 
models do not consider an accurate temperature gradient and the deformed state achieved in a hot strip rolling 
process. With a coupled model including a multiphysical hot strip finishing rolling process and runout table water 
cooling the boundary conditions for water cooling are known in detail. Consequently, close-fitted final rolling 
temperature distribution in the strip is achieved for the water cooling. The vertical temperature gradient in the strip 
is a significant piece of information especially at the beginning of water cooling when the gradient grows rapidly. In 
addition, temperature gradient during water cooling determines the onset of different phase transformations over the 
strip thickness. In a macroscale model the phase fractions of bainite, martensite and ferrite through the strip 
thickness can be optimized. Microstructure evolution is computed numerically by an Abaqus UMATHT-subroutine 
developed by A. Pohjonen [5-7]. Residual stresses and strains in the strip after hot rolling are not considered in 
microstructure formation. The transfer bar is hot rolled by six passes in a finishing mill before the runout table water 
cooling. Roughing or coilboxing is not simulated but coilboxing is assumed to produce a symmetric temperature 
gradient related to the center line of the transfer bar. Finite element (FE) hot strip rolling model is based on the 
previous works of corresponding author [8, 9]. 

2. Description of coupled hot strip rolling and accelerated water cooling models 

 Simulation is divided into two parts: hot rolling simulation and heat transfer and microstructure formation during 
water cooling. Individual subroutine codes enable combining macroscale hot rolling and microscale phase 
transformation into a single FE-model. The 2D FE-model of a six stand hot strip mill which is based on 
corresponding author’s model introduced in [8] is utilized to produce temperature distribution to the steel strip for 
the accelerated water cooling on a runout table, Fig. 1. The rolling model utilizes non-linear facilities of a dynamic 
temperature-displacement analysis with an explicit solver, whereas water cooling is computed by an implicit 
coupled temperature-displacement solver. A finely discretized geometry is meshed with plane strain CPE4T 
thermally coupled quadrilateral, bilinear displacement and temperature elements with full integration for the implicit 
solver whereas the explicit solver uses reduced integration for the same element, CPE4RT. Heat transfer in the 
rolling process occurs by convection, radiation and thermal conductance. Magnitudes of these variables are applied 
as experimentally determined coefficients in [10]. 

 

 

Fig. 1. Four hot strip rolling stands with strip tension controlling loopers (Mises stress distribution). 

The rolled hot strip is imported from the explicit analysis to the coupled temp-displacement analysis with the 
temperature field. This iterative solver is considerably more efficient in heat transfer analyses computations than the 
explicit solver. The cooling effect of water sprays and the Leidenfrost, i.e. formation of an insulating steam film by 
superheated water, between cooling zones on the strip are considered individually by a GAPCON-subroutine. A 2D 
modelling space restricts the mechanics of the rolling process, depthwise temperature distributions are neglected and 
shapes of water jets are ideal. However, vertical temperature fields in rolling and furthermore phase fraction 
evolution during water cooling can be investigated extensively in 2D-space. Each water jet nozzle has an individual 
water flux and effective heat transfer coefficient depending on the prevailing surface temperature of the strip. Fig. 2. 
represents vertical temperature distributions of the strip after every hot strip rolling pass. The initial state is assumed 
to be isothermal for the body part of the strip due to coilboxing. Temperature distributions are measured right before 
entry into every rolling stands in the simulation. Temperature distribution after the 6th pass compares well with the 
experimental final rolling temperature measured from the bottom surface of the strip. 
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Fig. 2. Vertical temperature distributions of strip after six hot strip rolling pass. 

2.1. Constitutive model 

Deformation resistance of a steel as a function of temperature and strain rate is required to get a reliable response 
of the material behavior in the simulation. Material behavior for the specified steel grade is defined experimentally 
and by extrapolation with Hensel-Spittel fitting model depicted by authors in [9]. Flow stress kF is calculated in Eq. 
(1) and fitting parameters are shown in Table 1. All temperature dependent material properties are defined by 
chemical composition of the selected steel grade using Inter Dendritic Solidification analysis package [11]. 

𝑘𝑘𝑘𝑘𝐹𝐹𝐹𝐹 = 𝑎𝑎𝑎𝑎1 ∙ 𝜖𝜖𝜖𝜖𝑎𝑎𝑎𝑎2 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝑎𝑎𝑎𝑎5𝜖𝜖𝜖𝜖) ∙ 𝜖𝜖𝜖𝜖̇𝑎𝑎𝑎𝑎3 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(−𝑎𝑎𝑎𝑎4𝑇𝑇𝑇𝑇) ∙ (1 + 𝜖𝜖𝜖𝜖)𝑎𝑎𝑎𝑎6∙𝑇𝑇𝑇𝑇 ∙ 𝜖𝜖𝜖𝜖̇𝑎𝑎𝑎𝑎7∙𝑇𝑇𝑇𝑇 ∙ 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎8 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 �𝑎𝑎𝑎𝑎9
𝜖𝜖𝜖𝜖
�,   (1) 

        Table .1 Parameters for the Hensel-Spittel fitting model. 

 
a1 a2 a3 a4 a5 a6 a7 a8 a9 

3832.9 0.256 -0.1168 0.0031 -0.618 7.16E-04 2.47E-04 -0.0065 -1.71E-05 

 
where ϵ is strain, ϵ̇ is strain rate, T is temperature and 𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 are fitting parameters.  

Flow stress defines material flow and plastic strain distributions in the roll bite as well as the work roll driving 
torque required to the move strip with a certain velocity. Work done by the driving torque determines the dissipated 
energy. Inelastic heat fraction 𝜂𝜂𝜂𝜂  is specified to provide for the heat generation of inelastic energy dissipation. 
Inelastic heat fraction coefficient of 0.9 is defined by fitting FE-model to experimental experiments in [10]. Strip 
heating is noticeable in high-speed rolling processes involving large amounts of inelastic strain. The generated heat 
is simulated as a heat flux per unit volume rpl in the heat balance equation. Heat flux is defined in Eq. (2). 

𝑟𝑟𝑟𝑟𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝜂𝜂𝜂𝜂(𝜎𝜎𝜎𝜎 − 𝛼𝛼𝛼𝛼): 𝜀𝜀𝜀𝜀̇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,    (2) 

where 𝜂𝜂𝜂𝜂 is the inelastic heat fraction (0.9), 𝜎𝜎𝜎𝜎 is the stress, 𝛼𝛼𝛼𝛼 is the backstress and 𝜀𝜀𝜀𝜀̇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the rate of inelastic strain. 
[12]  

2.2. Governing equations of spray cooling and microstructure formation 

Water cooling on the upper and lower surfaces of the strip is highly asymmetric. Especially cooling water on the 
upper surface of the strip goes through several heat transfer regimes. Zumbrunnen introduced heat transfer regimes 
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on forced convection film boiling heat transfer in [3]. Cooling is most effective on the forced convection regime 
right below the water sprays. The effectiveness of cooling diminishes when water draws away from the water spray 
impact point simultaneously heating and eventually producing the Leidenfrost effect on the strip due to boiling. Heat 
transfer effectiveness continuously varies on different regimes and it depends on strip surface temperature, strip 
travelling velocity and distance from the water spray [1, 3]. Depending on these variables a layer of water buoys 
over a film of vapor and moves between water cooling curtains. In reference to [1] an average effective heat transfer 
coefficient between the extended impingement of water jets is defined as a constant of 400 [W/m2s]. This 
phenomenon is very arbitrary and highly challenging to imitate accurately [13]. Due to the water layer on the strip 
air cooling is neglected. 

The Leidenfrost effect does not occur on the lower surface of a strip due to gravity. Generally the amount of 
sprayed water on the lower surface is significantly greater than on the upper surface to compensate for the lesser 
cooling efficiency. This increases water flux and extends the impingement region improving cooling efficiency. Air 
cooling is taken into account on the lower surface. Lower surface is in contact with runout table rolls very arbitrarily 
due to high strip velocity and flatness defects. Therefore, runout table roll contact heat transfer influence is relatively 
small and is treated as nonexistent. Heat radiation on both surfaces is considered as in [4]. 

Effective heat transfer coefficient caused by water sprays is calculated by Eq. (3) used by D. Martin in [14] and 
originally experimentally determined in [15], Fig. 3a. Effective heat transfer coefficient depends on the surface 
temperature of strip nodes impacted by water jet and water flux. Effective heat transfer coefficient for every water 
jet is implemented numerically using a GAPCON-subroutine. 

𝜔𝜔𝜔𝜔𝑐𝑐𝑐𝑐 = 3.16 ∙ 109𝜁𝜁𝜁𝜁0𝜁𝜁𝜁𝜁1[(𝑢𝑢𝑢𝑢 − 𝑢𝑢𝑢𝑢0) − 𝜁𝜁𝜁𝜁2(𝑢𝑢𝑢𝑢 − 𝑢𝑢𝑢𝑢3)]−2.455�̇�𝜃𝜃𝜃0.616,   (3)
  

where 

𝜁𝜁𝜁𝜁0 = �
0       𝑢𝑢𝑢𝑢 < 𝑢𝑢𝑢𝑢0

𝑢𝑢𝑢𝑢−𝑢𝑢𝑢𝑢0
𝑢𝑢𝑢𝑢1−𝑢𝑢𝑢𝑢0

𝑢𝑢𝑢𝑢 ∈ [𝑢𝑢𝑢𝑢0,𝑢𝑢𝑢𝑢1] ,
1       𝑢𝑢𝑢𝑢 > 𝑢𝑢𝑢𝑢1

            𝜁𝜁𝜁𝜁1 = �1 − 1
1+𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝 �𝑢𝑢𝑢𝑢−𝑢𝑢𝑢𝑢240 �

� ,          𝜁𝜁𝜁𝜁2 = �1 − 1
1+𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝 �𝑢𝑢𝑢𝑢−𝑢𝑢𝑢𝑢310 �

� , (4, 5, 6) 

with u0 = 273K, u1 = 425K, u2 = 573K, u3 = 973K, u is the node temperature of the strip surface and �̇�𝜃𝜃𝜃 is the water 
flux (l/m2s). Differentiation of the Eq. (3) with respect to the temperature of strip surface node is calculated by Eq. 
(7) for the GAPCON subroutine 

𝑑𝑑𝑑𝑑𝜔𝜔𝜔𝜔𝑐𝑐𝑐𝑐
𝑑𝑑𝑑𝑑𝑢𝑢𝑢𝑢

=
7.7578 ∙ 109Θ̇0.616𝜁𝜁𝜁𝜁0𝜁𝜁𝜁𝜁1(𝜁𝜁𝜁𝜁2 − 1)

[𝑢𝑢𝑢𝑢 − 𝑢𝑢𝑢𝑢0 − 𝜁𝜁𝜁𝜁2(𝑢𝑢𝑢𝑢 − 𝑢𝑢𝑢𝑢3)]3.445   . (7) 

Extent of the impingement region in Eq. (8) is assumed according to [1]. In that reference it was assumed that the 
extended width of the impingement region 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 coincides with the width of area in which there is a pressure gradient. 
Dimensionless pressure 𝑃𝑃𝑃𝑃� is zero at the point where the impingement component of the velocity approach to zero, 
𝑃𝑃𝑃𝑃� = 0 ( �̅�𝑒𝑒𝑒

𝑤𝑤𝑤𝑤𝑐𝑐𝑐𝑐
= 𝑒𝑒𝑒𝑒∗ = 1.75). [1] 

 

           𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =
2𝑒𝑒𝑒𝑒∗

�1 ± 2𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝑉𝑉𝑉𝑉𝑗𝑗𝑗𝑗2

 

 , 

 

(8) 

where 𝑉𝑉𝑉𝑉𝑗𝑗𝑗𝑗2 is the nozzle discharge velocity and 2gH is the gravity component of impingement velocity. In Fig. 3(b) is 
the extension of the impingement region is shown as a function of a water flow for a curtain cooling nozzle with a 
gap of 9 mm. 
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Fig. 3. (a) Effective heat transfer coefficient values for forced convection as function of strip surface temperature; (b) Extended width of 
impingement region as function of water flow. 

The phase transformation model receives the temperature, the time step duration and the temperature change 
during time step from the finite element calculation. The subroutine calculates the transformed volume fractions of 
ferrite, bainite and martensite as well as the latent heat released and submitted the value back to finite element 
calculation. Since ferrite and bainite reactions are time-dependent, the latent heat was calculated as the rise in 
internal energy due to formation during the time step. Since martensite formation depends only on temperature, the 
latent heat released from the martensite reaction is calculated using the temperature change during the time-step. 

The phase transformation model, which was implemented as a “UMATHT” subroutine in Abaqus, is described in 
detail in [5, 6, 7], including the model parameters fitted for this steel [5] and the fitting procedure. A brief 
description of the main governing equations is given below. The transformation onset for polygonal ferrite and 
bainite transformations is calculated by Scheil’s summation by applying the concept of an ideal isothermal 
transformation diagram, which has been obtained by inversion of a continuous cooling transformation diagram [5, 6, 
7]. Once the transformation has started, the kinetics are calculated with the differential form of the Johnson-Mehl-
Avrami-Kolmogorov (JMAK) equation [5, 6, 14] as described by Eq. (9). 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

= (𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑑𝑑𝑑𝑑) �ln �
𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝑑𝑑𝑑𝑑
��
𝑛𝑛𝑛𝑛−1
𝑛𝑛𝑛𝑛
𝑛𝑛𝑛𝑛𝑘𝑘𝑘𝑘

1
𝑛𝑛𝑛𝑛 , (9) 

where k is the temperature dependent function describing the transformation rate and n is a constant.  The 
parameters k and n are fitted to CCT data for both polygonal ferrite and bainite. The maximum amount of polygonal 
ferrite χmax that can form at a given temperature is calculated from the equilibrium diagram, the maximum amount of 
bainite is χb,max=1-χf-χm and the maximum amount of martensite is χm,max=1-χb- χf. The martensite transformation was 
modeled using the Koistinen-Marburger type equation [5, 17]. The latent heat released during the austenite 
decomposition was calculated as described in [2, 5, 6, 18]. Once temperature history at given position is calculated, 
an estimate for detailed microstructure morphology for bainite and martensite can be calculated with a cellular 
automata model, which is described in [19]. 

3. Results 

High-rate water cooling at the initial part of runout table cooling was studied for a 12 mm thick hot strip. The 
cooling of the hot strip from 855 ˚C to 230 ˚C by densely placed water jets was numerically simulated. Cooling 
paths of strip nodes is depicted in Figs. 4(a) and (c). Node temperature at the surface of the strip is plotted in Fig. 
4(a) and node temperature on the sub-surface region in Fig. 4(c). The used sub-surface node is 1.2 mm below the 
surface of the strip. As well the lowest temperature reached in the integration point of a surface element is plotted in 

a) b) 
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Fig. 4(a). Microstructure evolution is computed in the integration points and thus the lowest achieved temperature is 
required for calculation of martensite formation. Integration points of the surface element of the strip are used in 
simulating the phase transformations. Phase fractions in Fig. 4(b) are attained by the cooling path in Fig. 4(a). In 
turn sub-surface phase fractions are the result of cooling shown in Fig. 4(c). 

Cooling rate in Fig. 4(a) corresponds direct quenching of steel and formation of martensite is dominant. 
Martensite formation continues until the cooling rate decreases. Microstructure formation completes at the surface 
of the strip during the water cooling and final microstructure contains mainly martensite and bainite. Below the 
surface, the strip cools down to 450 ˚C during the simulated initial cooling, and the onset temperature of the 
martensite is not reached for the specified steel grade. On the sub-surface region mainly bainite has formed and 
center of the strip is still fully austenitic at the end of the initial cooling stage. 
 

  
 

  

Fig. 4. (a) Cooling paths of surface node and lowest temperature reached in integration point nearest surface of strip; (b) Produced phase fractions 
in integration point nearest surface of strip; (c) Cooling paths of sub-surface node and lowest temperature reached in integration point; (d) 
Produced phase fractions in sub-surface integration point. 

4. Conclusion 

The combined model of multiphysical hot strip rolling and microstructure evolution during water cooling was 
computationally modelled. Slightly divergent cooling paths on the upper and lower surfaces of the strip produced 
different vertical phase fractions, as expected. The coupled model can be utilized to investigate the effect of various 
hot strip rolling pass and cooling schedules on the final microstructure. In the further studies microstructure model 
needs to be improved to consider residual stresses and strains gained in hot strip rolling.  
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The theoretical water cooling subroutine requires experimental tests. Effective heat transfer coefficient functions 
of forced convection and film boiling regions require experimental tests for the calibration. Especially film boiling 
region cooling efficiency is of paramount importance. This will be done in further studies. 
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