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Abstract: The present study examines the performance improvement in the batch annealing process
used in tinplate manufacturing by enhancing the heat transfer towards the steel coils and altering
annealing cycle parameters. Presently, the heat transfer in the furnace is non-uniform, resulting in
non-uniform temperature profiles and recrystallisation inside the coils, affecting the final coated steel
quality. This study modelled a current furnace and four improvement proposals utilising transient
computational fluid dynamics, to produce coil temperature profiles and rank the cases by the highest
coil temperature uniformity achieved at the end of soaking. By increasing the soaking temperature
and time, as well as the coiling tension before annealing and altering the coil size, the aim was to
achieve higher and more uniform coil temperatures that could ensure successful recrystallisation with
less defects, especially at the cold spot area in the middle of the coil. Then, a techno-economic analysis
compared the cost-effectiveness of the scenarios based on the associated costs and the improvement
in the scratching defects of the batch-annealed steel. Overall, most cases exhibited positive results
regarding temperature uniformity enhancement, but increasing the coiling tension was considered
the most promising option, due to the combination of a large defect reduction potential and cost
savings per cycle.

Keywords: steel coil batch annealing; heat transfer; non-uniform temperature profile; material
rejection due to defects; computational fluid dynamics; techno-economic analysis

1. Introduction

Steel is one of the key materials in today’s society, as it is crucial for manufacturing,
construction, transportation, and most other aspects of everyday life, with its demand
steadily growing. One well established use of steel is to produce tinplate, which is a thin,
tin-coated, and low-carbon steel strip, used commonly in the packaging industry [1,2].
Tinplate manufacturing consists of several steps, starting with the pickling, cold reduction,
cleaning, annealing, and temper rolling of steel coils and ending with the electrolytic tin
coating process [3]. After cold rolling, steel becomes hard and strong but also more brittle;
in order to restore the crystallography and the required ductility and relieve stresses, steel is
annealed either in a continuous line or in batches, depending on the required properties [3].

Batch annealing, which is examined here, is a non-continuous process, where four or
five steel coils are annealed at once, each time for around three days. The coils are arranged
in stacks with convector plates between them, are enclosed in an inner cover containing
a protective atmosphere (93% nitrogen–7% hydrogen), and then are surrounded by an
outer cover furnace, where natural gas burners produce the required heat for the process
(Figure 1) [4]. The annealing cycle comprises three segments: heating, high temperature
soaking at over 600 ◦C, and cooling. In the heating stage, point defects and dislocations,
which previously contributed to the substantial lattice distortions during cold rolling, are
reorganised into a lower energy arrangement, resulting in the internal residual stresses
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being mostly relieved [5]. When the temperature increases further, recrystallisation com-
mences with the nucleation and growth of new grains and the dissolution of the rest of
the dislocations [6] and it is successfully concluded when the steel mechanical properties
resemble the pre cold rolling properties, usually before the end of soaking [7]. For the exam-
ined batch annealing furnace and steel grade in tinplate manufacturing, recrystallisation is
successfully completed when all coils have reached above 580 ◦C throughout their mass [8].
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Figure 1. Batch annealing furnace with natural gas burners and nitrogen and hydrogen (HNx)
protective atmosphere [8,9].

This temperature also creates the conditions for an interlap bonding or welding
between adjacent coil laps, as a consequence of the temperature-led diffusion of the sodium
silicate layer that was deposited previously on the strip surfaces in the cleaning line. This
controlled breaking down of the silicate layer results in the desired level of sticking between
laps, which will hold the coil tightly together and create some tension when it is uncoiled
later at the start of the tempering mill [8].

Inside the inner cover of the batch annealing furnace all heat transfer modes occur:
radiation between the high-temperature inner cover and the steel coil surfaces, conduction
through the solids (coil and convector plates stack), and forced convection between the
flowing protective atmosphere (induced by the base fan) and the cover and coil stack
surfaces [10]. Nevertheless, batch annealing exhibits an inherent inefficiency; the non-
uniformity in the heating of the steel coils, where the outer coil reaches higher temperatures
faster and is subjected to heat for longer while waiting for the cold spots in the coil that
lag behind in achieving the desired recrystallisation temperature [11]. This is caused by
the large mass of steel being heated up and the much slower radial heat conduction inside
the coil, due to thermal resistance by the silicate and air gap layers between steel coil
laps [11]. The non-uniformity in the coil temperatures can result in non-uniform material
properties and surface defects, such as defects from the sticking of adjacent laps caused
by too much interlap bonding or scratching, due to the relative movement of coil laps not
held tightly together caused by insufficient interlap bonding [12–14]. These can negatively
affect the final tinplate product quality and result in substantial amounts of material being
rejected and removed [8]. Enhancing the heat transfer inside the furnace and modifying
the annealing cycle operating parameters could possibly reduce the non-uniformity of coil
temperatures, thus, minimising defects, material rejection, and financial losses [15].
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Increasing the soaking temperature could guarantee that the steel recrystallisation
concludes successfully throughout the coil before the soaking stage finishes, because
of the higher temperatures reached inside the coils due to the higher heat flux and the
temperature-driven nature of interlap welding [16]. However, there is a limit to how
much the soaking temperature can increase, as extreme temperatures can result in over-
annealing and undesired steel mechanical properties, especially for the outer coil that is
subjected to high heat for longer [8]. Moreover, increasing the soaking time by a number of
hours could also lead to the same outcome, as this could provide more time for heat to be
transferred through the coil and ensure the colder spots ‘catch up’ with the hotter outer
coil; nevertheless, if they are soaked at high temperature for too long, over-annealing could
again occur and batch annealing furnace productivity could be impacted significantly [16].

Successful recrystallisation and more uniform coil temperatures could also be ac-
complished by improving the convection heat transfer from the protective atmosphere to
the coils. This could be achieved by increasing the hydrogen percentage in the furnace
nitrogen–hydrogen protective atmosphere. When increasing the hydrogen percentage, the
overall atmosphere gas thermal conductivity increases, since the thermal conductivity of
hydrogen is seven-times higher than that of nitrogen, resulting in a more efficient heat
transfer from the fluid to the outer coil surfaces and inside the coil air gaps where it also
flows [17].

Finally, the conduction heat transfer inside the coil could also be improved, by in-
creasing the total equivalent thermal conductivity of the coil. This could result in the cold
spots achieving the necessary temperatures more quickly and possibly result in efficient
interlap welding. The literature proposes that an increase in the coiling tension of the
cleaning line before annealing could force coil laps closer together, accelerating surface
recrystallisation and bonding reaction kinetics during annealing due to more contact points,
while the reduction in the air gap thickness between adjacent laps would decrease the
thermal resistance in the radial heat conduction [15]. However, tensions are significantly
reduced inside the coils during annealing; thus, the actual outcome of this scenario is
uncertain but could be successful if the interlap welding commences before tensions are
relieved [12]. Finally, altering the size of the coils could also influence the conduction
heat transfer rate. For instance, smaller coils would allow the heat to reach the inner coil
much faster, ensuring higher temperatures at those problematic areas and better interlap
bonding [12].

2. Materials and Methods

This study will expand on previous research work in a conference paper [18] that
included a steady-state computational fluid dynamics (CFD) analysis of the current batch
annealing furnace and four proposed improvements, including an increased soaking tem-
perature, increased hydrogen content in the furnace atmosphere, increased coiling tension,
and altered silicate layer thickness cases. Specifically, a more accurate and computationally
expensive transient CFD model was first developed for the current furnace and validated
with more recent industry thermocouple data from the Tata Steel Trostre Works, this time,
instead of coil 2, concerning the steel coil temperature profile of the coil in position 3, which
is the third from the bottom of the coil stack. Grid and time independence studies were also
performed, to ensure that the CFD solution did not change depending on the mesh and
time step sizes. Next, the most promising of the cases examined in the steady-state was also
examined in a transient analysis, to confirm the positive impact on the coil temperature
profile. Two new improvement proposals were also investigated in a transient CFD analysis,
and a techno-economic analysis was employed in order to compare the cost-effectiveness
of the proposals.

2.1. Computational Fluid Dynamics (CFD) Analysis

In computational fluid dynamics, several physical phenomena such as the fluid flow
and heat transfer are estimated numerically by computing the mass, momentum, and



Energies 2023, 16, 7040 4 of 28

energy conservation equations shown below for transient (unsteady) flows [19]. According
to the following governing equation for the conservation of mass, the inlet rate of a mass
into a system is equal to the total of the outlet rate of the mass departing the system and
the mass accumulation rate within it, with ρ being the density and u, v, and w representing
the cartesian fluid velocities [20]:

∂ρ

∂t
+

∂ρu
∂x

+
∂ρv
∂y

+
∂ρw
∂z

= 0 (1)

In the momentum conservation equations, it is shown that the rate at which the
momentum of fluid particles changes in a controlled volume is equal to the sum of forces
on those particles, with the left side of the equations representing the rates of change of
momentum, the ρf components being the buoyancy and gravity body forces on the fluid,
the ∂τxx

∂x +
∂τyx
∂y + ∂τzx

∂z terms being the surface forces on the fluid, P the pressure upon the
compressible fluid flow, and µ the fluid’s dynamic viscosity [20,21]:

x-dimension : ρ
Du
Dt

= −∂p
∂x

+
∂τxx

∂x
+

∂τyx

∂y
+

∂τzx

∂z
+ ρ fx = −∇p + µ∇2u + ρ fx (2)

y-dimension : ρ
Dv
Dt

= −∂p
∂y

+
∂τxy

∂x
+

∂τyy

∂y
+

∂τzy

∂z
+ ρ fy = −∇p + µ∇2v + ρ fy (3)

z-dimension : ρ
Dw
Dt

= −∂p
∂z

+
∂τxz

∂x
+

∂τyz

∂y
+

∂τzz

∂z
+ ρ fz = −∇p + µ∇2w + ρ fz (4)

According to the following equation for the conservation of energy, the rate at which
the fluid’s energy changes is equal to the total of the net rates of addition of heat and
work into the fluid, where the first term represents the energy change, k∇2T represents
the conduction of heat across the boundaries, Sh represents any extra energy sources, and
where the remaining terms are the net work, with the −∇.(ρu) component being body
forces and the second term being surface stresses on the fluid [22]:

ρ
DE
Dt

= k∇2T + Sh −∇.(ρu) +

[
∂(uτxx)

∂x
+

∂
(
uτyx

)
∂y

+
∂(uτzx)

∂z
+

∂
(
vτxy

)
∂x

+
∂
(
vτyy

)
∂y

+
∂
(
vτzy

)
∂z

+
∂(wτxz)

∂x
+

∂
(
wτyz

)
∂y

+
∂(wτzz)

∂z

]
(5)

A model geometry is converted to a mesh by dividing it into a large number of small
control volumes and, commonly, the finite volume method is used to create discretised
equations by integrating the partial differential governing equations over the mesh’s control
volumes, with the variable of interest located at the centroid of each one (node) [23]. To
transform the partial differential equations into linear algebraic equations, the unknown
variables are approximated and the algebraic equations are solved iteratively, to derive a
final solution for all nodal points [22]. The proximity to the exact solution of the differential
equations dictates the accuracy of the CFD solution, and usually this increases with higher
mesh quality and number of control volumes [23]. To derive a final CFD solution, at
each iteration, the approximate solution should move progressively closer to the exact
solution, until they are deemed ‘close enough’, or in other words achieve convergence [24].
Convergence is reached when predetermined convergence criteria are satisfied, mainly
concerning several monitoring variables, such as the outlet temperature, and residuals
reach certain values [24]. The residuals represent tolerances that the conservation equations
must adhere to in all domain mesh cells and that are used to assess the imbalance of the
CFD solution [24]. Finally, the nature of the phenomenon and time-dependence of fluid
motion and temperature dictate if a transient (time-varying/unsteady) or steady-state
(time-averaged) solution is selected [25]. For a transient analysis, the governing equations
must be discretised both in space and time, with the temporal (time) discretisation including
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integration of every equation term over a specified time step (∆t) using implicit or explicit
time-stepping schemes [26]. The time step value dictates the frequency of extracting data
for the time-varying variables, the solution must converge at each time step after a specified
number of inner iterations, and the time step must be small enough to capture the transient
changes and maintain stability [27]. The Courant number is often used to determine the
time step, that is the number of cells the fluid passes through in one time step, and for
implicit schemes this can be higher than 1 (typically 1–10); however, it should not be too
high in most of the domain, as this could lead to solution instability or inaccuracy [27,28]:

Courant = (characteristic f low velocity× ∆t)/(characteristic cell length) (6)

2.1.1. Transient CFD Analysis of Current Furnace and Model Validation

CFD analysis of a batch annealing furnace investigates a model geometry compris-
ing only the space inside the inner cover, where the protective atmosphere flows, four
steel coils, and the five convector plates between them. This study examined the most
problematic furnace and steel types, namely a furnace with a 93% nitrogen–7% hydrogen
protective atmosphere and T57 3564 steel coils with 1700 mm diameter, 1017 mm steel sheet
width, and 0.180 mm strip thickness [8]. Further important furnace geometry information
is presented in Supplementary Material Table S3 Constraints on computer resources and
time, and the focus on steel recrystallisation during soaking, resulted in the investigation
being limited to the soaking segment of the annealing cycle, where the soaking temperature
is mostly constant with time, and resulted in the CFD model geometry being split into a
fluid-only and a solid-only model, examined separately in ANSYS Fluent 2019R1 (Ansys
Inc., Canonsburg, PA, USA) and STARCCM+ 2019.3 (Siemens, Munich, Germany) software,
respectively. The fluid-only model geometry comprised the protective atmosphere flowing
around and inside the coil stack, whereas the solid-only geometry consisted of the four-coil
and five-convector plate stack (Figure 2). The fluid model results were first obtained and
then input, in the form of heat fluxes (W/m2), as boundary conditions for the individual
outer and core surfaces of the coil stack in the solid-only model, so that finally the coil
temperature profiles could be derived. The nature of the annealing process, where temper-
atures and boundary conditions varied with time, dictated that a transient, time-varying
analysis was most suitable for both models.
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Fluid-Only CFD Model

A tetrahedral mesh was used for the fluid, for a better solution accuracy, with refined
mesh and inflation layers near the fluid boundaries [24]. The first order implicit scheme
was employed for the transient formulation in Ansys Fluent. The realisable k-ε turbulence
model was used for this study, where k is the turbulent kinetic energy and ε the turbulence
dissipation, as it is more accurate in the prediction of turbulence than the standard k-ε,
while still having reduced computational expense, and the focus remained on heat transfer
calculations [25]. Wall functions were used to determine the velocity gradients at the
layer adjacent to the wall and the unsteady state transport equations for k and ε are as
follows [25]:

∂

∂t
(ρk) +

∂

∂xj

(
ρkuj

)
=

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ Gk + Gb − ρε−YM + Sk (7)

∂

∂t
(ρε) +

∂

∂xj

(
ρεuj

)
=

∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ ρC1Sε−C2ρ

ε2

k +
√

νε
+ C

1ε

ε

k
C3εGb + Sε (8)

with ρ being the density; µt the turbulent viscosity; uj the fluid velocities; σk and σε the
turbulent Prandtl terms for k and ε, respectively; Sk, Sε, and the C terms being predeter-
mined empirical components; Gk and Gb the production of turbulent kinetic energy from
velocity gradients and buoyancy; and YM the impact of fluid flow ‘dilatation dissipation’
on turbulence [25].

A surface-to-surface radiation model was used, as it was assumed that the protective
atmosphere has zero optical thickness, radiation is exchanged only between the inner cover
and the coil surfaces, and all surfaces are ‘grey’ and diffuse, with the radiation calculations
based on the view factors method [25]. The view factors method takes into account the
size, distance, and orientation of surfaces to express the fraction of radiation reaching from
surface i to surface j, as shown below, where δij is the visibility of dAj by dAi, with a value
of 1 if it is visible and a value of 0 if it is not [25]:

Fij =
1
Ai

∫
Ai

∫
Aj

cos θicos θj

πr2 δijdAidAj (9)

The radiation equation solved for a surface k, dictating that the energy leaving the
surface equals the energy emitted and reflected, is presented below, where σ is the Stefan–
Boltzmann constant, T the temperature, ε emissivity, and ρ absorptivity [25].

qout,k = εkσT4
k + ρk

N

∑
j=1

Fkjqout,j (10)

Due to computer and time constraints and the focus being on heat transfer inside the
coils, some assumptions and simplifications were made, such as a simplified geometry, no
heat loss to the environment, and removal of the furnace base fan from the CFD geometry
with its turbulence effect of increased fluid velocity integrated into the inlet flow turbulent
intensity parameter, changing from 5.069% to 4.93% according to these equations for the
turbulence intensity and Reynolds number [29]:

Turbulent intensity % = 0.16× Re−1/8 × 100% , with Re = ρuL/µ (11)

The heat generated by the natural gas burners in the outer cover was translated
into a constant temperature of the inner cover during the soaking segment at 635 ◦C, a
value determined through a simplified CFD model of the outer furnace (presented in
Supplementary Material Section S1). The time step value for this transient simulation was
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estimated using an empirical expression for fluid domains, where the characteristic cell
length used was the smallest cell of the domain [27]:

∆t = 1/3 ((characteristic cell length)/(characteristic f low velocity)) (12)

The transient CFD model was initialised based on data from industry regarding the
coils and protective atmosphere, the total time of the simulation was 28,800 s (8 h), and the
final time step chosen was 0.0006 s (from the time step independence study). The maximum
Courant number was found to be 0.3232 close to the inlet where the velocity was highest
(2.693 m/s) for the smallest cell size cells of the mesh (0.005 m). More information on the
fluid-only CFD model mesh, setup, and boundary conditions is presented in Supplementary
Material Table S4.

Solid-Only CFD Model

A hexahedral mesh was used for the solid coils and convector plates, which decreased
the total cell number of the model [24]. For a non-moving, solid-only model the energy
Equation (5) was limited to just Fourier’s law for conduction

(
k∇2T

)
plus any enthalpy

sources (Sh) [30]. For the calculation of a time step size for the solid bodies, an empirical
formulation concerning the heat conduction within solids was employed, using the model’s
smallest mesh refinement size and the material properties of the solid (thermal conductivity,
density, heat capacity) [27]:

∆t = L2/
((

k/
(
ρCp

)) )
(13)

The transient CFD model was initialised in StarCCM+ based on temperature data from
industry, the total time of the simulation was 28,800 s (8 h), and the final time step chosen
was 12 s (from the time step independence study). More information on the solid-only
CFD model mesh, setup, and boundary conditions is presented in Supplementary Material
Table S5. The heat flux boundary conditions used for all coil stack surfaces are presented in
detail in Supplementary Material Table S8. The coil was simulated as a single solid body,
comprising steel, silicate, and interlap air gap layers, with material properties calculated as
the average of the three materials, based on the relative thicknesses and anisotropic thermal
conductivity [31]. From the literature, the thermal conductivity in the axial direction was
assumed to equal that of the specific steel, as the heat conduction in that direction mostly
takes place through the steel layer and not the other two materials [31]. The thermal
conductivity in the radial direction was determined based on thermal resistance circuits
(Figure 3), which suggests that, as in electrical circuits, the total resistance in conduction heat
transfer is equal to the sum of individual resistances, where each resistance is equal to the
ratio of the length to the thermal conductivity of the material [13,17,32]. Here, conduction
takes place between the layers of steel, silicates, air gap, and gap contact points; therefore,
the equivalent coil radial conductivity was calculated from the following formulation, with
t and k being the material thicknesses and thermal conductivities, correspondingly; kr,eq the
total equivalent coil thermal conductivity in the radial direction; and Acontact% the interlap
contact inside the coil [13,17,32]:

ttotal
kr,eq

=
tsteel
ksteel

+
2tsilicate
ksilicate

+
tgap

ksteel Acontact% + kgas(1− Acontact%)
(14)
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Figure 3. Steel strip, silicate layer, and interlap air gap [32].

To calculate the equivalent thermal conductivity in the radial direction of the coil for
the current furnace, the following calculations were performed first for the air gap between
coil laps, where convection and radiation is ignored due to the small space resulting in a
stationary protective gas [13,32]. First, the dimensionless contact strain ε∗c , elastic-plastic
micro hardness Hep, elastic-plastic parameter fep and non-dimensional relative separation
distance λ were calculated as follows, where η = 3.55 µm is the effective surface roughness,
σy = 250 MPa is the steel yield stress, m = 0.032 rad is the effective mean asperity slope,
E = 210 GPa is the Young’s modulus, and P = 50 MPa is the radial stress (coiling tension
here) [13,32]:

ε∗c = 1.67
mE
σy

(15)

Hep =
2.76 σy√

1 +
(

6.5
ε∗c

)2
(16)

fep =

√(
1 + (6.5/ε∗c)

2
)

/
(

1 + (13/ε∗c)
1.2
)−1.2

(17)

λ =
√

2 er f c−1
(

2 P
fep Hep

)
(18)

Then, the average separation distance tgap, gap conductance hgap, and gap conductivity
through contact points kgap were calculated, as follows [13,32]:

tgap = λ× η (19)

hgap =
ksteel m

η
x

1
2
√

2π
x

√
fep·e−λ2/2(

1−
√(

fep
2

)
er f c

(
λ√
2

))1.5 (20)

kgap = tgap × hgap (21)

Finally, the percentage contact between adjacent coil laps Acontact% was determined
from the following equation, where ksteel was the thermal conductivity of steel [13,32]:

ksteel Acontact% = kgap (22)

The contact area percentage (Acontact%) between the coil laps was calculated at 580 ◦C
and the coil lap expansion due to temperature was ignored due to simplification and to
the constant nature of the soaking segment; therefore, the calculated Acontact% remained
constant. A value of 0.53% was derived for the current furnace, which is less than 1%,
therefore agreeing with the literature [33]. For the improvement scenarios, Acontact% was
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only changed for the increased tension cases, by changing the value of the radial stress P
accordingly in the above calculations.

Validation of CFD Models

Furthermore, this study focused on the temperature profile of coil 3, the third from
the bottom of the coil stack, since this is one of the worst product quality performance
furnace positions and recent 2021 thermocouple data are available for it from industrial
trials separate to this study. To validate the CFD models using the thermocouple data, three
coil areas were monitored in the simulation: the outer coil lap, the core lap, and the cold
spot area, located at the same spots in coil 3 as where the thermocouples were inserted
for the industrial measurements campaign (Figure 4). The solid model was validated
first, directly from the thermocouple data for coil 3, validating at the same time the heat
fluxes used as boundary conditions and, therefore, indirectly the fluid model using its
results (boundary heat fluxes). It is worth mentioning that the thermocouples used to
obtain the data were Type K Class 2, the data recorder used was a Eurotherm 6100 A, the
software used to extract the data was Eurotherm Review, and the quoted accuracy (error)
of the K-type thermocouple was given by the manufacturer as a maximum of ±2.2 ◦C or
±0.75% [8]. The three thermocouples were manually inserted into the top of coil 3 using a
ladder to access the top of the coil at the following positions [8]:

• Outer thermocouple—3 cm from coil outer edge and depth of 19.5 cm into coil
• Middle thermocouple—32 cm in from coil outer edge and depth of 32 cm into coil
• Core thermocouple—7 cm in from coil core edge and depth of 18.5 cm into coil
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The thermocouples monitored the temperatures for the entire annealing process (heat-
ing, soaking, and cooling) and produced temperature–time profiles, from which only the
soaking data were utilised for this study. It is worth noting that, for the CFD model valida-
tion, the cold spot area was represented by a circle that was 32 cm into the coil from the
outer edge, and the cold spot temperature was calculated as the average temperature across
all points of the circle. Finally, even though both the thermocouple measurements and the
CFD modelling had inherent calculation errors, if the CFD model closely approximated
the obtained thermocouple data, then the transient current furnace CFD results would be
considered acceptable and the CFD model would be valid for use for the enhanced cases.

To better understand the calculation workflow for the transient CFD analysis of
the current furnace, the following flowchart (Figure 5) is presented that is based on the
literature [34,35], where a segregated algorithm for the fluid and the solid models leads to
the calculation of the required coil temperatures and finally to the thermocouple validation.
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2.1.2. Grid and Time-Step Independency Study

To achieve true convergence of the transient CFD solution, the solution also had to
remain unchanged with mesh size/structure changes and time-step changes [24,36]. If the
solution changes, then it is incorrect and a new solution process has to take place with a
finer mesh/timestep size, with the domain divided into more cells, or smaller time step,
respectively, to improve accuracy [36,37]. To examine this, a grid independence study was
conducted by investigating at least three mesh sizes, while monitoring the value stability
of output variables of interest, with the solution considered acceptably converged when
there was less than 1% difference from one mesh size to the next for the output variable
solutions [37]. The grid independence study was performed while maintaining a constant
time step for each model. Next, a time-step independence study was performed using the
same process, while maintaining constant the chosen mesh sizes for each CFD model from
the grid independence study [36]. For both models, the computational expense of each
mesh size model was exhibited as the real running time (hours) of the simulation on the
computer, while the computational effort for each time step size case was expressed by
the number of steps, obtained by dividing the total time by the time step size [38]. The
combination of the two studies indicated the acceptable mesh and time step sizes for the
fluid and solid models.

2.1.3. Transient CFD Analysis of Furnace Improvement Scenarios

The validated transient fluid and solid CFD models were then used in combination to
assess the most promising of the previously examined steady-state enhancement cases [18],
as well as the two new improvement proposals. Specifically, from previous work, the
soaking temperatures increased by 5 ◦C and 10 ◦C and the 100% and 200% increase in the
coiling tension before batch annealing were the most promising cases regarding the coil
temperature profile [18]. The two new improvement proposals concerned an increased
soaking time by 2 and 4 h for the current furnace and an alteration in the coil batch size,
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with a batch of smaller size and weight coils weighing 13.38 tonnes each (soaking for 7 h)
and a batch of larger coils weighing 16.21 tonnes each (soaking for 9 h) being examined.
The fluid model of each case produced the boundary heat fluxes used by the corresponding
solid-only model, with all the boundary heat fluxes for the individual surfaces and cases
listed in detail in the Supplementary Material Tables S8–S14. The boundary heat fluxes
remained the same as the current furnace for all the altered tension cases, as the only
changes in these cases occurred inside the solid coils and not in the fluid model. Finally, the
temperature profile of coil 3 was produced for each case, and the CFD results for the end of
soaking were compared to the current furnace case and ranked in terms of the temperature
uniformity achieved inside the coil, which can be linked to improved and more uniform
steel recrystallisation and product properties [16]. The temperature uniformity was here
expressed by the maximum temperature difference ∆Tmax between the hottest and coldest
areas inside coil 3, with a smaller temperature difference indicating a more uniform coil
temperature profile [15]:

∆Tmax = Tcoil,max − Tcoil,min, (23)

where the maximum temperature would be the outer coil lap temperature, whereas the
minimum would be the average temperature of the cold spot area (the average of the points
across the circle of chosen radius of the thermocouple measurement procedure).

2.2. Technoeconomic Analysis of Promising Improvement Scenarios

After the CFD modelling, a technoeconomic analysis of the proposed improvements
was deemed necessary in this case, to estimate the cost-effectiveness of the proposals.
The most promising scenarios in the CFD analysis were examined by calculating all the
costs associated with the batch annealing process for each case. For this analysis, only a
specific defect, scratching (or rough steel), was investigated, since the available industry
information and data from large-scale trials are mainly focused on this recurring issue [8].
The proposed scenarios for improving product quality in the batch annealing process, apart
from possible savings regarding the decrease in the specific defect, could also generate
increased costs (e.g., longer time to reach higher furnace temperature) [8,39]. Specifically,
the cost calculations included the operational costs of equipment and fluid streams, furnace
availability and productivity costs, the cost of material rejection due to the scratching
defect, and the capital investment cost for any new equipment. All the calculations were
performed for one annealing batch of four coils and one heating cycle of the annealing
process, consisting of the heating and soaking segments, which totalled to 32 h for the
specific current furnace case examined [8].

The operational costs per one heating cycle included the equipment running cost of
the base fan and combustion air fan and the stream costs for combustion and the furnace
protective atmosphere of nitrogen and hydrogen [8]. The total operating cost was calculated
using the sum of the above costs. The running cost for both the base fan and the combustion
air fan is expressed as follows [40]:

Cequipment = W × theating × celectricity (24)

where W is the equipment capacity, and heating time refers to the total heating and soaking
segment time. The stream cost for the natural gas (NG) combustion process that provides
the heat to the furnace and the volumetric flow of natural gas for each burner are calculated
as follows, with N being the number of burners [41,42]:

Ccombustion stream = N ×
.

QNG × theating × cNG (25)

.
QNG = W/(q× η/100) (26)

with W referring to the burner capacity, q to the specific calorific value of natural gas
(8320 kcal/m3 here [43]), and η to the burner energy efficiency (80% here for 700 ◦C outlet
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temperature and 40% air preheat [44]). The stream cost for the nitrogen–hydrogen furnace
protective atmosphere inside the inner cover is calculated as a sum of the individual
nitrogen and hydrogen stream costs, which are expressed as follows [41]:

CN2 =
.

QN2
× theating × cnitrogen (27)

CH2 =
.

QH2
× theating × chydrogen (28)

where the volumetric flows of the two gases are calculated as [45]:

.
QN2

= N2%×
.

Qprotective atmosphere (29)

.
QH2

= H2%×
.

Qprotective atmosphere (30)

Next, the furnace availability and loss of productivity costs were determined based on
any hours added to the heating cycle, which are translated into loss of revenue from reduced
productivity, and based on less or more product annealed per batch also being translated
into loss or gain of revenue from the reduced or increased productivity, correspondingly [8].
The total furnace availability cost is the sum of the two costs. The furnace availability cost
due to time added to the annealing cycle is calculated as follows [8,39]:

Cavailability, time = tadded ×
% less product per hour added

100
× L× csteel (31)

where % less product per hour added = 1.24% (from industry data) [8]. The furnace
availability cost due to less product being annealed per batch was determined using the
following equation, where the value becomes negative when more product is annealed per
batch than the current furnace, indicating savings instead of costs [8,39]:

Cavailability, product = (Lnormal − Laltered)× csteel (32)

Moreover, the material rejection cost due to the scratching defect was computed based
on a rejection percentage per annealing batch, which is expressed by the percentage of
meters of steel strip removed from the total length of the four coils in the batch load, and
on the average price per tonne of the tin coated steel examined, as follows [8]:

Cmaterial rejection =
rejection %

100
× L× csteel (33)

The rejection percentage of the current furnace, the 10 ◦C increased soaking temper-
ature case, and the small and large coil batch cases were taken from industrial trial data,
whereas the rejection for the remaining cases was calculated theoretically, due to a lack
of industry figures (Figure 6). The calculation of the remaining rejection percentages was
based on the literature, where coil temperature uniformity during annealing was strongly
linked to better product quality and uniform properties [12–15]; therefore, a relationship
was assumed between the maximum temperature differences inside the coils and material
rejection percentages, by linking linearly the data points from the existing rejection data
mentioned above and their maximum temperature differences from the CFD analysis as
shown below. The rejection percentages for the rest of the enhanced cases were determined
by interpolation in their corresponding maximum temperature difference range.
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The total net cost per 1 heating cycle and batch was finally calculated as the sum of
the above costs. Any negative individual cost values would mean savings instead of costs
and were subtracted from the rest of the positive values to give the net cost.

The increased coiling tension cases also represented the need for capital investment
to accommodate for the proposed changes, but with no extra investment costs needed
in the batch annealing furnaces and the whole cost associated with changing the coiling
equipment in the cleaning line before annealing to accommodate that increase in tension.
According to the industry, the 100% and 200% tension increase cases would require a
complete change of coiling equipment in the cleaning line, with a broadly estimated figure
of GBP 1.5 million needed for purchasing, delivering, installing, and calibrating the new
system, based on past work done in the cleaning line [8]. Finally, further analysis of these
cases was performed using the simple payback method to determine the number of years
needed to start making a profit after the investment. Based on an annual production
of coated steels at 400,000 tonnes [46] and an average 60 tonne steel load per batch in
the batch annealing furnace [8], the number of annealing batches per year, the incurred
annealing cycle savings per year (£), and the break-even point of the investment (years)
were calculated as follows [47]:

batches per year = annual production/Laverage (34)

Savings per year = (Cnet, current − Cnet, enhanced)× batches per year (35)

Break even point (years) = Investment /Savings per year (36)

It is worth noting that, for these calculations, it was assumed that the annual produc-
tion, the steel price, and the operational costs remained constant (e.g., electricity, gas, gases
unit costs, etc.).

3. Results

The results of the transient CFD modelling of the current furnace case and the four
improvement proposals are demonstrated in this section. The results are then compared on
the basis of the coil temperatures and temperature uniformity reached at the end of soaking
inside coil 3, in order to determine promising options for batch annealed steel product
quality enhancement. A techno-economic evaluation analysed the cost-effectiveness of the
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proposals based on the incurred associated costs and the improvement in the scratching
defect of the batch annealed steel.

3.1. Computational Fluid Dynamics (CFD) Analysis
3.1.1. Transient CFD Analysis of Current Furnace and Model Validation

The results of the transient CFD analysis of the current batch annealing furnace
are presented below. Both the fluid and solid models of the current annealing furnace
converged adequately at every time step, according to the specified convergence criteria,
which were the monotonous decrease in residuals (10−6 for energy, 10−4 for rest) and
achievement of constant monitor values at every time step (total mass and heat transfer
rates and outlet temperature for the fluid model, and heat transfer rate for the solid model).
The results of the fluid model were used as transient boundary conditions for the solid-
only model and are presented in the Supplementary Material Table S8 in the form of the
surface-average boundary heat fluxes (W/m2) for each coil and convector plate surface.
The results of the solid-only model are presented below as a comparison between CFD
and thermocouple data temperature profiles for the outer lap, core lap, and cold spot area
of coil 3 during the soaking segment, with Figure 6 examining the whole segment and
Figure 7 and Table 1 focusing on the final soaking results.
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3.

Table 1. Comparison of the end of soaking coil temperatures between thermocouple the data and
CFD results.

Temperatures (◦C) Thermocouple Data CFD Model

Coil 3—outer lap 631.91 632
Coil 3—core lap 610.72 611.1

Coil 3—cold spot 608.23 av. 608.27

Figure 6 suggests that the CFD coil temperature profiles do not exactly match the
thermocouple data; however, they do follow the data quite closely, with a maximum
difference of 0.84 ◦C between the profiles for the outer lap and 0.8 ◦C between the profiles
for the core lap and cold spot areas. This means that the error of the current furnace
CFD solid model (and fluid model by association due to the boundary conditions) had a
maximum of 0.133%, which is considered acceptable for this case.

From Figure 8 and Table 1, it can be seen that the temperatures at the three coil areas
do not perfectly match the thermocouple data for coil 3 at the end of soaking; however, a
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small deviation was anticipated and the solution presents a realistic approach to furnace
data, as the deviation was a maximum of 0.09 ◦C for the outer lap, 0.38 ◦C for the core
lap, and 0.04 ◦C for the cold spot area. This means that the error for the end of soaking
results was a maximum 0.063%, and thus, from all the above, the CFD solution and furnace
models are considered acceptably valid, and the thermocouple measurement error is not
deemed critical, especially since the current furnace CFD model acts as a baseline case with
which the enhancement cases are compared.
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Figure 8. Coil 3 temperature profile at the end of soaking, showing the core, cold spot, and outer lap
areas.

3.1.2. Grid and Time-Step Independence Study

A grid independence study was performed to demonstrate the CFD solution’s inde-
pendence of mesh size changes. The total time of the transient simulations was 28,800 s,
three mesh sizes were investigated for the fluid and solid models at a time step size of
0.001 s and 18 s, respectively, and three output variables were used to monitor each model’s
solution convergence. Tables 2 and 3 below present the grid independence study results
for the fluid and solid models, respectively. The medium and fine meshes achieved almost
the same result for all three variables for both models, indicating the strong convergence
of the CFD solution [37]. The combination of accuracy and computational expense results
suggests that the medium mesh of 8.74 million elements for the fluid model and 3.46 million
elements for the solid model should be used as the optimal compromises, especially due to
the time constraints of this research.

Table 2. Grid independence study results for the coarse, medium, and fine mesh for the fluid model.

Mesh Size Number of
Elements

Outlet
Temperature (◦C)

Coil 3 Outer Lap
Temperature (◦C)

Coil 3 Core Lap
Temperature (◦C)

Running Time
(hours)

Coarse 6.36 million 547.9 628.68 610.651 57
Medium 8.74 million 566.89 632 611.1 84.5

Fine 12.71 million 566.97 632.02 611.09 146.5
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Table 3. Grid independence study results for the coarse, medium, and fine mesh for the solid model.

Mesh Size Number of
Elements

Coil 3 Outer Lap
Temperature (◦C)

Coil 3 Core Lap
Temperature (◦C)

Coil 3 Average Cold Spot
Temperature (◦C)

Running Time
(hours)

Coarse 2.02 million 628.69 610.65 597.98 15.5
Medium 3.46 million 632.002 611.101 608.27 24.5

Fine 6.51 million 632.01 611.093 608.28 48.4

A time-step independence study was performed next to ensure that the CFD solution
remained unchanged with smaller time step values, with a total time of 28,800 s for all
models. Three time step sizes were investigated for the fluid and solid models, for the
respective chosen medium mesh size, and the same output variables were used to prove
solution independence as used previously. Tables 4 and 5 below present the time-step
independence study results for the fluid and solid models, respectively. The two smaller
time step sizes achieved almost the same result for all three variables for both models,
indicating the strong convergence of the CFD solution [37]. The combination of the accuracy
and computational expense (number of steps) results suggests that the medium time step
size of 0.0006 s for the fluid model and 12 s for the solid model should be used as the
optimal compromises.

Table 4. Time-step independence study results for the medium mesh size fluid model.

Time Step Size (s) Number of Steps Outlet Temperature
(◦C)

Coil 3 Outer Lap
Temperature (◦C)

Coil 3 Core Lap
Temperature (◦C)

0.001 28.8 mil 565.91 631.86 610.95
0.0006 48 mil 566.89 632 611.1
0.0003 96 mil 566.901 632.002 611.102

Table 5. Time-step independence study results for the medium mesh size solid model.

Time Step Size (s) Number of Steps Coil 3 Outer Lap
Temperature (◦C)

Coil 3 Core Lap
Temperature (◦C)

Coil 3 Average Cold
Spot Temperature (◦C)

18 1600 631.89 610.93 608.03
12 2400 632.002 611.101 608.27
6 4800 632.004 611.105 608.272

3.1.3. Furnace Improvement Scenario 1: Increased Soaking Temperature

From previous work in steady state analysis [18], it was found that 5 ◦C and 10 ◦C
higher soaking temperatures could lead to higher inner temperatures for coil 2, potentially
improving the steel recrystallisation and interlap welding during annealing [16]. It was
thought necessary to also examine these in a more accurate transient analysis, in order to
obtain a better picture of the coil 3 temperature profile throughout the soaking segment.
The results of the fluid-only model, used as transient boundary conditions for the solid-
only model, are presented in the Supplementary Material Tables S9 and S10, in the form
of boundary heat fluxes (W/m2) for each case. The transient analysis temperature profile
results of the solid-only model for the two increased soaking temperature cases are shown
in Figures 9 and 10 for the outer lap, core lap, and cold spot area of the coil in furnace
position 3.
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three areas of coil 3.

The results seem to confirm the almost linear nature between the increase in soaking
temperature and the increase in the coil 3 temperatures at the end of soaking, possibly en-
suring successful steel recrystallisation throughout the coil due to the potential acceleration
of temperature-driven surface reactions taking place during annealing, and thus achieving
an enhanced product quality [12,16].

3.1.4. Furnace Improvement Scenario 2: Increased Coiling Tension

Aditionally from previous steady-state CFD work [18], higher coiling tensions at the
cleaning line prior to annealing were deemed promising for the enhancement of the radial
conduction of heat through the coil and the achievement of higher inner coil temperatures.
The two tensions previously examined in steady-state and now investigated in transient
CFD analysis were 100% (100 MPa) and 200% (200 MPa) higher coiling tensions. The fluid
model boundary heat fluxes for both cases were the same as in the current furnace case,
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since nothing changed in the fluid model (Supplementary Material Table S8). The air gap
thickness and interlap contact percentage for each case are presented in the Supplementary
Material Table S6. The solid model CFD results presented in Figures 11 and 12 exhibit a
relatively unaltered temperature profile for the outer lap compared with the current case
for both tensions. The 100% and 200% increase cases showed 2–5 ◦C higher temperatures
for the inner coil areas at the end of soaking. This agrees with the supposed impact of
higher coiling tensions on the improvement of the batch annealing process, as proposed by
literature [12], with the higher inner coil temperatures potentially ensuring better product
quality.
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3.1.5. Furnace Improvement Scenario 3: Altered Coil Size

A new improvement scenario examined here was altered coil sizes, where two cases
were modelled: a batch of smaller size and weight coils weighing 13.38 tonnes each
(7 h soak) and a batch of larger coils weighing 16.21 tonnes each (9 h soak). The fluid
CFD model boundary heat flux results for both cases are presented in Supplementary
Material Tables S11 and S12, respectively, and the solid model results are presented below
in Figures 13 and 14.
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The solid CFD model temperature profiles showed that the temperatures at the three
areas of coil 3 in the small coil case were a lot higher due to the faster radial heat transfer,
possibly leading to more uniform coil temperatures and properties and less defects, whereas
in the large coil case the outer coil temperature remained almost the same as the current case
and the inner coils temperatures were much lower, possibly due to the slower conduction
of heat [12,48].
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3.1.6. Furnace Improvement Scenario 4: Extended Soaking Time

A final improvement scenario investigated in this study was the addition of extra
soaking time to the annealing cycle. Two cases were examined: two and four additional
hours for the soaking segment. The fluid CFD model boundary heat flux results for both
cases are presented in Supplementary Material Tables S13 and S14, respectively, and the
solid model results are shown in Figures 15 and 16. The solid CFD model temperature
profiles showed that the temperatures at the three areas of coil 3 increased with the addition
of soaking time, with the outer lap temperature exhibiting only a small increase for both
cases, and the cold spot temperatures increasing by 4 ◦C and 7 ◦C, respectively for the 2 and
4 extra hours cases by the end of soaking. This significant increase agrees with literature
suggestions of more soaking time allowing heat to be conducted efficiently all through the
coils [12] and possibly leading to positive effects on the final product quality of the steel
product, due to enhanced surface reaction kinetics and steel recrystallisation [16].
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3.1.7. Comparison of Temperature Profiles and Temperature Uniformity

For a comprehensive understanding of the impact of the furnace improvement pro-
posals on the annealing process performance, the cases were compared in Table 6 below on
the basis of the core lap and cold spot temperatures and the coil temperature uniformity
achieved at the end of soaking, expressed as the maximum temperature differences between
the hottest and coldest spots in the coil.

Table 6. Comparison of coil maximum temperature differences, indicating the temperature uniformity
for each CFD model case.

Enhancement
Scenarios

Coil 3 Outer Lap
Temperature (◦C)

Coil 3T Core Lap
Temperature (◦C)

Coil 3Average T Cold
Spot (◦C) ∆T = Max −Min (◦C)

Current furnace + 4 h 632.89 615.5 615.5 17.34
Small coil 634.09 616.62 615.66 18.43

Coiling tension + 200% 632.5 614.5 613.48 19.02
Current furnace + 2 h 632.51 613.5 612.25 20.26

Coiling tension + 100% 632.43 612.7 611.58 20.85
+10 ◦C soaking T 641.4 621.2 619.02 22.38
+5 ◦C soaking T 636.32 615.44 613.92 22.4
Current furnace 632 611.1 608.27 23.73

Large coil 632.05 605.65 603.43 28.62

As can be seen in the Table 6, the 10 ◦C increased soaking temperature case exhibited
the highest core lap and average cold spot temperatures, around 10–10.7 ◦C higher than the
current furnace scenario, possibly leading to successful steel recrystallisation everywhere
by the end of soaking. The second highest temperatures in the core lap and cold spot areas
were achieved by the small coil case, with an increase of 5–7 ◦C compared to the current
case. Next were the 4 h additional soaking time to the current furnace case and the 5 ◦C
higher soaking temperature case, followed by the 200% and 100% higher coiling tension
and 2 h additional soaking time cases. Finally, the larger coil case had a negative effect on
the temperatures at the cold spot and core lap areas, lowering them by about 5 ◦C, which is
explained by the larger coil radiuses slowing down radial conduction through the steel.

Regarding the temperature uniformity comparison, a smaller temperature difference
possibly means that the steel recrystallisation and batch annealed steel properties are more
uniform, with less defects and an enhanced final product quality [15]. The scenario pre-
senting the smallest temperature difference, therefore the highest temperature uniformity
at the end of soaking, was the current furnace case with 4 extra hours of soaking time,
with a 17.34 ◦C maximum temperature difference, which is about 6.3 ◦C lower than the
current furnace case. This was closely followed by the small coil case, with a 18.43 ◦C
difference in temperature between the hot and cold spots, the 200% higher coiling tension
case with 19.02 ◦C difference, the current case with 2 additional soaking hours with 20.26 ◦C
difference, and the 100% higher coiling tension case with 20.85 ◦C difference. Finally, the
increased soaking temperature cases presented a smaller improvement, whereas the large
coil case exhibited the lowest temperature uniformity, much worse than the current case.

3.2. Technoeconomic Analysis of Promising Improvement Scenarios

A techno-economic evaluation was also deemed essential, to take into account the
economic feasibility and performance of the furnace enhancement proposals compared to
the current case, with the investigation limited to the scratching defect and a 32 h baseline
heating cycle (heating and soaking) for the current furnace. The 5 ◦C and 10 ◦C higher
temperature cases were accompanied by a 1 and 2 h increase in the heating cycle time,
correspondingly, due to the longer time needed for the furnace atmosphere to reach the
higher soaking temperatures at the end of the heating segment, therefore influencing both
the operational and furnace availability costs [8]. The higher coiling tension cases have no
effect on the operational costs of the batch annealing process, but a capital investment is
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needed to completely change the coiling equipment in the cleaning line before annealing [8].
The small coil batch case requires one hour less in the heating cycle, whereas the larger coil
batch case requires one hour more, both therefore influencing the operational and furnace
availability costs [8]. The longer soaking time cases added 2 and 4 h, respectively, to the
current furnace soaking time, also influencing the operational and furnace availability costs.
Some important information used for the cost calculations are presented in Supplementary
Material Table S7, with the unit costs for electricity and natural gas taken from a June 2022
UK government report (March 2022 prices) [49], the hydrogen and nitrogen gas from online
prices (August 2022) [50,51], and the price of steel determined from the 2021/22 financial
year industry figures [8].

The material rejection percentages due to the scratching defect from industry data and
the ones calculated by interpolation from the temperature uniformity graph introduced
previously in the Methodology are presented in Table 7 below. The total operational cost,
total furnace availability cost due to the extra time added and less steel produced, and the
expected material rejection costs due to scratching for one batch annealing heating cycle
(heating and soaking), as well as the total cost per cycle, are also presented for the current
and enhanced cases.

Table 7. Total net cost per heating cycle, estimated capital costs, and payback period for each
improvement case.

Cases
Material

Rejection Due to
Scratching (%)

Total Operational
Cost (1 Heating

Cycle) (GBP)

Total Furnace
Availability Cost

(1 Heating Cycle) (GBP)

Material
Rejection Cost from

1 Batch (GBP)
Total Cost per

Heating Cycle (GBP)

Current furnace 0.2709 179.25 - 118.93 298.18
+5 ◦C soaking T 0.24737 185.03 544.36 108.60 837.99
+10 ◦C soaking T 0.24698 190.83 1088.72 108.43 1387.98

+100% tension 0.1774 179.25 - 77.88 257.13
+200% tension 0.09804 179.25 - 43.04 222.29

Small coils 0.07 173.66 4255.65 27.41 4456.72
Large coils 2.17 184.86 −2953.01 1029.48 −1738.67

Current furnace + 2 h 0.15199 190.46 1088.73 66.72 1345.91
Current furnace + 4 h 0.0702 201.66 2177.45 30.82 2409.93

The lowest rejection percentage due to the scratching defect was shown by the small
coil batch case, closely followed by the 4 h extended soaking time case; therefore, these
cases exhibited the largest improvement in batch annealing performance regarding product
quality. This was followed by the 200% and 100% increased coiling tension cases. On the
other hand, the highest rejection percentage by far was shown by the large coil batch case.

The only operational cost lower than the current furnace case was the small coil batch
case, due to 1 h less annealing time. The highest total operational cost was shown by the 4
and 2 h extended soaking time and 10 ◦C increased soaking temperature cases, followed by
the 5 ◦C increased soaking temperature and large coil batch cases. The highest total furnace
availability cost was exhibited by the small coil batch, due to less steel being annealed
each time, whereas the lowest availability cost was shown by the large coil case, due to
more steel being annealed per batch, deeming it more cost-effective as it actually produced
savings (negative value in Table 7). The 4 h extended soaking time case also produced a
very high furnace availability cost. The highest material rejection cost was exhibited by the
large coil case, while the rest of the cases all exhibited lower material rejection costs than
the current furnace, with the lowest shown by the small coil batch case, with only GBP
27 per batch, followed by the 4 h extended soaking time and 200% higher coiling tension
cases. The highest total net cost for one heating cycle and batch was exhibited by the small
coil case at GBP 4456.72 per heating cycle, due to the much lower furnace availability and
productivity caused by the small annealing batch, followed by the 4 h extended soaking
time case. The lowest net total cost (costs minus furnace availability savings) was shown
by the large coil batch case, which resulted in net savings due increased cost effectiveness.
From the rest of the low net cost cases, the 200% increased coiling tension case exhibited
the best economic performance, with GBP 222.29 per heating cycle.
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Finally, regarding the necessary GBP 1.5 mil capital investment to implement the
coiling tension cases, the smallest payback period was shown by the 200% increased
tension case, at 2.96 years, which is short-term for the industry, and after that period the
savings from this scenario would be significant. The payback period of the 100% increased
tension case was 5.48 years, which is still a realistic, short–medium-term investment for the
industry, with significant savings at over GBP 40 per heating cycle after the investment is
paid back.

4. Discussion

Overall, the transient CFD analysis results indicated that most of the examined options
could potentially create the conditions for enhanced steel recrystallisation and improved
product quality with less defects, with the 4 h extended soaking time, the small coil,
and 200% higher coiling tension cases deemed more promising, due to their enhanced
uniformity of coil temperatures and steel recrystallisation properties.

A techno-economic evaluation next examined the cost-effectiveness of the proposed
cases, to weigh the improvements in the scratching defect against any higher incurred
costs. The large coil batch case seemed to be the most promising regarding the net total
cost for one heating cycle, as it presented actual savings in the batch annealing process due
to more cost-effective larger annealing batches and does not require any capital investment
to be implemented. However, this probably would not constitute an attractive option for
industry implementation, due to having the worst product quality performance regarding
scratching and possibly requiring a large scale defect removal operation if implemented for
all furnaces, in order to cope with the amount of quality issues, as well as much higher steel
strip inspection and associated removal costs [39]. The higher soaking temperature and
longer soaking time cases were also deemed non-cost-effective due to the much higher net
costs per one heating cycle, even after large improvements in the defect material rejection
costs. The small coil batch and 4 h extended soaking time cases showed the greatest
potential for temperature uniformity and material rejection improvement; however, they
also presented the largest net costs per cycle.

Therefore, from a holistic comparison, the only realistic options for industrial imple-
mentation to decrease the total cost and improve product quality in batch annealing are
the 100% and 200% increased coiling tension cases, with the 200% case being the more
preferable of the two, due to having the lowest total cost, payback period, and material
rejection, for the same initial investment [47]. This option would result in over GBP 75
savings in cost per heating cycle compared to the current case, with an attractive and
realistic short-term payback period. However, this case proved too much in reality for the
coiling equipment and the steel coils, leading to sticking or distortion problems, while the
100% coiling tension is still a very attractive option, with a short–medium-term payback
period, considerable savings in total costs, and significantly improved material rejection, as
would be any other tension increase between 100% and 200%. The small coil batch and 4 h
extended soaking time cases could also be contenders, due to their superb product quality
performance and lack of need for capital investment, if ways were found to mitigate the
high furnace availability and productivity costs (e.g., more coils per batch).

It is finally worth noting here that, even though the improvements in temperature
uniformity were only up to 6.3 ◦C, it has been shown that such small improvements can
translate into large savings in material rejection due to defects and in overall cost, and
since the maximum errors of the transient simulations and the end of soaking results
are considered to be one and two orders of magnitude smaller, respectively, this study
offers a valid approach to suggesting solutions for a real industrial problem. However, it
should be highlighted that the CFD modelling, and part of the techno-economic evaluation,
were based on assumptions and simplifications and can only approach the real conditions;
therefore, large scale industrial trials in a batch annealing furnace would be essential, espe-
cially for the cases not previously tested, to verify any positive impact on coil temperature
profiles, material rejection due to scratching, and net costs. Future work will also include a
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more detailed capital investment analysis and a sensitivity analysis for the steel, electricity,
and gas prices.

5. Conclusions

The present study examined a real industrial problem and employed CFD modelling
to investigate the impact of several batch annealing variables on the process performance,
concerning the inner coil temperatures and temperature uniformity and the resulting batch
annealed steel quality. Four enhancement proposals were investigated in a transient CFD
analysis and were ranked in terms of inner coil temperatures and temperature uniformity
achieved at the end of soaking. A techno-economic analysis was used to compare the
cost-effectiveness of the enhancement proposals for a specific steel defect, scratching, which
is currently prominent in batch annealed steel and incurs hundreds of thousands of pounds
of costs every year. It was found that

• The 10 ◦C increased soaking temperature case resulted in the highest inner coil tem-
peratures, possibly ensuring successful steel recrystallisation across the coil;

• The 4 h extended soaking time case showed the highest temperature uniformity, closely
followed by small coil batch and the 200% increased tension cases;

• The lowest material rejection was shown by the small coil batch case, followed by
the 4 h extended soaking time and 200% increased coiling tension cases, whereas the
highest rejection was presented by the large coil batch case;

• The highest total net cost for one heating cycle was exhibited by the small coil case.
The lowest total net cost was shown by the large coil batch case, followed by the 200%
increased coiling tension case;

This study concluded that the 200% increased tension case is the most promising
option for industrial implementation, due to the combination of defect reduction potential
and highest savings after the payback period, if the industry can accommodate a large
initial investment. The 100% increased coiling tension, or any increase between them,
would be the second best option. Finally, the small coil batch and 4 h extended soaking
time cases could become the best options, due to best defect reduction performance and no
need for capital investment, if the furnace availability costs could be mitigated.

Overall, even though the conclusions of this research are based on modelling work
that included assumptions and simplifications, and although industrial large-scale trials
would be needed to confirm the improvements, the importance of the above results lies in
the fact that they provide a strong indication of new directions that the industry can pursue
in order to improve the efficiency of the whole batch annealing process and to eliminate,
or at least reduce significantly, a long-standing issue that impacts both the economic and
environmental sustainability of steelmaking today.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en16207040/s1, Figure S1: Simplified outer furnace CFD model;
Table S1: CFD model geometry and setup information [8,52–55]; Figure S2: Temperature profile of
inner cover with ‘perfect combustion’ flue gas composition; Table S2: Grid independence study; Table
S3: Additional CFD geometry information; Table S4: Additional ANSYS fluid-only CFD furnace
model mesh and setup information [56]; Table S5: Additional STRACCM+ solid-only CFD furnace
model mesh and setup information; Table S6: Interlap air gap and contact percentage between the
current and coiling tension cases; Table S7: Input information for techno-economic analysis; Table
S8: Fluid-only transient CFD model results as boundary heat fluxes (W/m2) for outer lap and core
surfaces of coils and convector plates for the current furnace case (also applies for all increased
coiling tension cases due to no changes in fluid domain); Table S9: Fluid-only transient CFD model
results as boundary heat fluxes (W/m2) for outer lap and core surfaces of coils and convector plates
for the 5oC increased soaking temperature case; Table S10: Fluid-only transient CFD model results
as boundary heat fluxes (W/m2) for outer lap and core surfaces of coils and convector plates for
the 10oC increased soaking temperature case; Table S11: Fluid-only transient CFD model results as
boundary heat fluxes (W/m2) for outer lap and core surfaces of coils and convector plates for the
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outer lap and core surfaces of coils and convector plates for the large coil case; Table S13: Fluid-only
transient CFD model results as boundary heat fluxes (W/m2) for outer lap and core surfaces of coils
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Table S14: Fluid-only transient CFD model results as boundary heat fluxes (W/m2) for outer lap and
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time (Total = 12 h).
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Nomenclature

CFD Computational Fluid Dynamics
NG Natural Gas
N2 Nitrogen
H2 Hydrogen
Variables
P Pressure (Pa)
u, v, w Three-dimensional fluid velocities (m/s)
ρ (Du,v,w/Dt) Rates of change of momentum in 3 dimensions (N)
ρf Body forces on the fluid (N)
µ Dynamics viscosity of fluid (Pa·s )
τ Shear stress (Pa)
ρ DE/Dt Rate of change of energy (W)
T Temperature (◦C or K)
k Thermal conductivity (W/mK)
k∇2T Net rate of heat conduction through boundaries in 3 dimensions (W)
Sh Other sources of energy (W)
ttotal Total thickness (m)
kr,eq Total equivalent coil radial thermal conductivity (W/mK)
tsteel Thickness of steel strip (m)
tsilicate Thickness of silicate layer deposit (m)
tgap Thickness of air gap between coil laps (m)
ksteel Thermal conductivity of steel (W/mK)
ksilicate Thermal conductivity of silicates (W/mK)
kgas Thermal conductivity of protective atmosphere gas (W/mK)
Acontact% Percentage contact between coil laps (%)
∆Tmax Maximum temperature difference inside coil (◦C)
Tcoil, max, min Maximum and minimum temperatures inside coil (◦C)
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C Cost (£)
theating Sum of heating and soaking segment time (hours)
W Furnace equipment capacity (kW)
celectricity, NG Unit cost of electricity (£/kWh) and gas (£/m3)
cnitrogen, hydrogen Unit cost of nitrogen and hydrogen gases (£/m3)
N Number of burners in Batch annealing furnace
η Burner efficiency (%)
q Specific calorific value of natural gas (kWh/m3)
.

Q Volumetric flow (m3/h)
tadded Time added to annealing cycle (hours)
L Coil batch load (tonnes)
csteel Unit price of tin coated steel (£/tonne)
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