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Abstract:

Steel production is a highly energy-intensive process that generates a substantial amount of waste
heat. Recovering this thermal energy enables a reduction of carbon dioxide emissions and supports
the realization of circular energy systems, in which, for instance, surplus thermal energy from industry
is supplied for heating purposes to surrounding buildings and communities using district heating
networks. This study evaluates two complementary technologies to efficiently recover waste energy
from the hot strip mill of a steel production plant. More specifically, a removable conductive heat block
that can be placed on top of the coils and a water-cooled panel to absorb the radiative heat emitted
by the coil during transfer are investigated. To assess the effectiveness of these two solutions, the
heat recovery systems were simulated using first-principles component models, in order to estimate
both their energy recovery potential and to obtain a preliminary design of the heat transfer devices.
The simulations show that a minimum of 19 GWh of thermal energy can be harvested annually if both
solutions are deployed. The design of both the radiative panels and the removable heat exchanger is
further improved using topology optimization, with the goal of reducing pressure drop on the cooling
water side. The results show that topology-optimized channels enable a reduction in pumping power
in both devices by over 26% with respect to the baseline design, thus improving overall system
efficiency.
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1. Introduction

Steel production is an energy-intensive industrial activity responsible for about 7% of global anthro-
pogenic emissions [[1]. At the same time, a substantial share of thermal energy is still discharged as
waste heat. Recovering even a fraction of this energy would improve plant efficiency, reduce related
CO, emissions, and support more circular heat use, e.g., through integration with district-heating
systems [2]].

Waste-heat recovery in the steel production processes has traditionally focused on more conventional
and stationary sources, such as process off-gases, furnaces and cooling circuits, while hot intermediate
and final products remain more difficult to exploit because of their intermittent availability, complex
logistics and severe thermal conditions. Recent industrial developments have therefore increased in-
terest in heat-recovery concepts specifically tailored to unconventional steel manufacturing processes,
as highlighted for the manufacturing of extruded steel wires [2].

In the case of hot-rolled steel coil production, each coil leaves the hot-strip mill at high temperature
(~ 600°C) and releases a significant amount of sensible heat during transport and storage, thus
offering a promising, previously untapped source for heat recovery. Two approaches can be identified
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Figure 1: Qualitative mock-up of the conductive heat-recuperation unit for coil cooling (a) and the
radiative heat-recuperation unit installed in the transport tunnel (b). Courtesy of CRM Group.

for waste heat recovery. The first option is to recover the radiative heat emitted by the hot steel
coils, for example, by means of radiative panels installed along the transport tunnel. The second
option is to recover heat directly from the steel coil itself via thermal contact with a water jacket.
Although the two approaches seem promising, a quantitative assessment of the total amount of heat
that can be recovered and its impact on the steel production plant is unknown. Furthermore, the design
and performance of such devices depend not only on the heat transfer but also on hydraulic losses,
operational constraints and manufacturability.

This work proposes a modelling and design framework for two heat-recovery concepts, namely a con-
ductive recuperation unit and a radiative recuperation unit. To this end, a two-step approach is pro-
posed, combining system-level design and CFD-based optimisation. First, system-level modelling is
used to estimate the heat recovery potential, size the main components, and assess their performance.
For this purpose, both concepts are modelled using an in-house Modelica library developed for the
sizing and simulation of heat transfer systems. Once a feasible baseline design is established, further
performance improvements are pursued through computational fluid dynamics (CFD) density-based
topology optimisation of the heat-recovery units. This method has emerged as a powerful approach
for fluid and thermal systems, enabling the systematic design of channels, manifolds and heat-transfer
surfaces [|3-5] with improved flow distribution and reduced pressure losses.

The paper is organised as follows. Section [2] presents the reduced-order system models developed
for both heat-recuperation units investigated in this study and the key results. Section [3] describes the
methodology used to optimise the design of their key components and discusses the corresponding
results. Finally, Section 4] summarises the main conclusions of the study.

2. System modelling
2.1. Conductive heat-recuperation unit

Figure [T] shows the conductive heat-recuperation unit developed for deployment in the coil yard at
ArcelorMittal Belgium (AMB). The unit is designed to recover heat from high-temperature steel coils
while simultaneously accelerating coil cooling. Each conductive branch consists of a series of brass
blocks connected by a metallic elastic strip, as shown in Figure [Tal The number of branches that
can be installed on a coil depends on the coil geometry; for a regular-sized coil at AMB, up to four
conductive strips can be placed on the upper surface, see Figure[Ial A supply manifold (not shown in
the figure) distributes cold water from the return line of the district-heating network to the individual
branches. Within each branch, the water flows through the serpentine passage that maximises thermal
contact and residence time. The heated water is then collected in an outlet manifold and discharged



TupPanel

Steel

k=273.15 + 65 °lo‘l°!°

mFlow

_>_.>,,_. @

k=1.22"beltDat...

realxpression

TleftPanel

— TRightPanel

TTTU ujw %—

k=273.15 + 65

(a) (b)

Figure 2: System models of the conductive (a) and radiative (b) heat-recuperation units.

to the district-heating circuit.

The system has been sized subject to both manufacturing and operational constraints. To limit pro-
duction costs, all conductive blocks within a branch share the same geometry and dimensions. Each
block is made of brass and measures 350 x 100 X 34 mm. A hollow channel of 22 mm diameter is
machined inside each block to allow water circulation and heat extraction.

To assess the performance of the unit, a system-level analysis was carried out. Figure [2a] shows the
model developed for the conductive concept. The model was implemented in Modelica, which en-
ables acausal modelling of the coupled thermal and hydraulic phenomena. The model consists of
a three-dimensional heat-transfer representation of the coil, coupled to a detailed model of the con-
ductive support structure that resolves convective heat transfer in the embedded piping. The system
is fully modular, allowing different correlations to be used for natural convection from the coil sur-
face to the ambient and for forced convection inside the serpentine channels. Flow sources and a
pressure sink define the hydraulic boundary conditions, while heat flow rate and temperature are ex-
changed between model components through appropriate connectors. The framework can operate in
both steady-state and transient modes, enabling evaluation of nominal performance and simulation of
the full coil-cooling process. It should be noted that the largest sources of uncertainty are expected to
arise from the thermal contact conductance between coil and blocks, the effective radial conductiv-
ity of the wound coil, and the natural-convection boundary conditions. The model should therefore
be interpreted primarily as a design and performance-assessment tool rather than a fully resolved
predictive model.

To capture the non-uniform heat-transfer behaviour within the coil, its volume is discretised into an
arbitrary number of control volumes in the radial (/V,), tangential (/Vy), and axial (/V,) directions,
where NV, is taken equal to the number of conductive branches. In the radial direction, the effective
thermal conductivity is reduced to one-third of the bulk steel value to account for the air gaps between
adjacent coil layers. This correction was derived from internal experimental measurements. For
each discretised element, the energy balance is solved in the radial, tangential, and axial directions,
allowing the model to reproduce the heterogeneous cooling that characterises industrial steel coils.
The coil is modelled using a transient finite-volume formulation in cylindrical coordinates, accounting
for heat conduction in the radial, tangential, and axial directions. Thermophysical properties are as-
sumed constant, with thermal conductivity and heat capacity taken from a material database [6]. Heat
losses from the upper, lower, and inner lateral surfaces of the coil are modelled by natural convection,
while at the outer lateral surface heat is partly extracted by the recuperation unit and partly dissipated
to the ambient. Natural-convection heat transfer is evaluated using the correlations of Mills [7]] and
Churchill and Chu [8]. Within the recuperation unit, heat conduction through the brass blocks is
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Figure 3: (a) Experimental validation of the system model: outlet-water temperature vs time. (b)
Results of the system-level analysis: coil-surface temperature during cooling. The temperature trend
for the air cooling process is also plotted.

described by Fourier’s law, and convective heat transfer to the water is modelled using standard cor-
relations for heated internal flows, namely the Gnielinski correlation [9]. Imperfect thermal contact
between the coil and the recuperation unit is represented through a thermal contact conductance de-
termined from internal experimental measurements. The pressure drop inside the channel machined
within each block is calculated using the Colebrook—White correlation [10], while the additional pres-
sure losses in the bends connecting adjacent blocks are evaluated using an experimental correlation
from VDI [9].

The boundary conditions are defined to match the return conditions of the district-heating network. In
particular, an inlet water temperature of 54.5 °C is prescribed, while the initial coil temperature is set
to 600 °C. The mass flow rate is sized according to energy conservation and preliminary estimations
of the heat transferred to the fluid. Calculations have been conducted for a representative 1.8m high
coil of 1.8m of diameter. The simulations were performed in OMEdit over a time horizon of ¢ €
[0, 100,000] s. The output grid consisted of 500 uniform intervals, corresponding to an effective
output step of approximately 200 s. Time integration was carried out using the dass1 solver, a
variable-step, variable-order BDF method, with an absolute tolerance of 107% [11]. Root finding,
event restart, and parameter pre-evaluation were enabled to ensure robust treatment of discontinuities
and state events. No explicit limits were imposed on the initial or maximum step size.

Figure [3a) compares the outlet-water temperature predicted by the system model with experimental
measurements obtained on a pilot-scale test set-up developed within the project. The test was carried
out on a single branch cooling a small coil initially at 600 °C. The measured inlet-water temperature,
mass flow rate, and coil-surface temperature were prescribed as boundary conditions in the model.
Good agreement is observed between simulation and experiment. After ¢ = 2.3 h, the deviation in
outlet-water temperature is below 1%, whereas larger discrepancies occur during the initial transient,
when the inlet temperature varies non-monotonically. The maximum deviation, about 3%, is recorded
at t ~ 0.5 h. Overall, the results indicate that the calibrated model reproduces the transient thermal
behaviour of the conductive heat-recuperation unit with satisfactory accuracy.

Table {l1a] summarises the performance of the conductive unit. It can be observed that an optimal
design found comprises four branches and ~ 20 conductive blocks per branch, corresponding to
an overall lateral surface coverage of ~ 40%. This configuration was selected to provide sufficient
heat-transfer area, achieve a meaningful temperature rise between inlet and outlet water, and maintain
adequate contact between the conductive branches and the coil surface. A larger number of blocks per



Table 1: Key performance indicators of the two heat-recuperation units.

(a) Conductive heat-recuperation unit (b) Radiative unit: upper and side panels
Parameter Value Unit Parameter Upper Side Unit
Pipe serpentine length (per branch) 12.35 m Available heat at panel 4.83 7.26 kW
Number of blocks per branch 21 - surface
Number of branches 4 - Water temperature increase  20.00 28.04 °C
Water temperature increase (AT 1639 °C Panel-to-fluid heat 98 93 %
Heat recovered (per branch) 13 kW recovery efficiency
Pressure drop (per branch) 54.81 kPa Pressure drop 13.83 13.83 kPa
Mean flow velocity 0.51  m/s
Mass flow rate (per branch, design) 0.19  kg/s
Mass flow rate (overall, design) 0.76  kg/s

220 220
210 210
200 200
15 15
w E 190 3 w E 190 o
N 180 B N 180 B
0.5 05
-05 0.5 160 -0.5 0.5 160
00 s % 00 s %
X[’b] 9 \“\\ 150 X[ij 3 \“\\ 150

(a) (b)

Figure 4: Coil-surface temperature fields obtained from the system-level analysis after 28 h of cooling:
(a) natural cooling in air; (b) cooling assisted by the conductive heat-recuperation unit.

branch would reduce contact quality at the branch extremities, since the branches are simply placed
on top of the coil and gravity is the only mechanism ensuring contact. Conversely, fewer blocks
would reduce the available heat-transfer area and therefore the overall recovery effectiveness. Under
nominal conditions, the system is able to recover 52 kW per coil, corresponding to about 80% of the
peak thermal power available at the beginning of the cooling process. As expected, the recovered
power decreases over time as the coil surface cools. Assuming 6000 operating hours per year, the
annual recoverable energy is 0.312 GWh.

Figure [] compares the coil-surface temperature fields predicted after 28 h of cooling for two cases:
natural cooling in air and cooling assisted by the conductive heat-recuperation unit. The conductive
solution produces a markedly non-uniform temperature field because only a fraction of the lateral
surface is in direct thermal contact with the recuperation branches. Compared with air cooling alone,
the conductive unit accelerates heat removal in the contact regions, resulting in lower local surface
temperatures and a stronger circumferential temperature gradient. In particular, a AT ~ 112°C at
t = 28 h is observed between air-cooled and conduction-cooled coils at the surface where the contact
occurs, whereas a AT =~ 85 °C is observed on the exposed surface.

Figure [3b] shows the evolution of the coil-surface temperature during the cooling process. The cor-
responding trend for natural cooling in air is also reported for comparison. Because the conductive
unit covers only part of the coil surface, the cooling remains spatially non-uniform throughout the
process. After approximately 28 h of operation, the temperature difference between the regions in



contact with the recuperation system and the exposed regions reaches ~ 27 °C. This non-uniformity
is further exacerbated by surface oxidation, which reduces the effective thermal conductivity of the
coil.

2.2. Radiative heat-recuperation unit

The radiative heat-recuperation unit consists of an array of heat-collecting panels installed inside the
transport tunnel between the hot strip mill and the coil yard. These panels are designed to absorb
part of the thermal radiation emitted by the hot steel coils and transfer this energy to a working
fluid flowing through embedded serpentine piping. The panels are mounted above and alongside the
conveyor belt in order to intercept as much radiative heat as possible. To enhance radiative absorption,
the exposed surfaces are coated with in-house-manufactured high-emissivity coating materials.
Figure[2]shows a representative tunnel segment comprising six identical radiative panels: four mounted
laterally along the sides of the conveyor and two installed above it. Each panel has dimensions of
2 x 1 m, is made of aluminium, and incorporates a copper serpentine welded to the rear, non-exposed
surface. In the proposed concept, these units would be distributed along the full length of the transport
tunnel to maximise the overall heat-recovery potential.

As for the conductive concept, a system-level model was developed in Modelica to estimate the heat-
recovery potential of the radiative solution. Figure [2b] depicts the model for a representative tunnel
section. The system consists of a coil module exchanging heat with its surroundings by natural
convection to the plenum and by radiation to the upper and lateral panels. Dedicated component
models were developed to describe radiative exchange between the coil and the panels, as well as
convective heat transfer between the coil and the surrounding air. Although the framework is capable
of transient simulations, it was used here only for steady-state analysis.

In contrast to the conductive model presented in Section 2.1 the present model should be regarded
primarily as a design and preliminary steady-state performance-assessment tool. The main sources of
uncertainty arise from the effective emissivity of the coil surface, the frequency at which coils pass
through a given tunnel section, and the thermal contact between the panel surface and the welded
serpentine. For this reason, no dedicated validation campaign has yet been carried out for this model.
The coil is modelled as a lumped thermal mass with uniform temperature. Radiative heat transfer
between the coil and the panel is described using a radiosity approach, with view factors determined
from geometrical correlations available in the literature [[7,/12]]. Natural convection is modelled using
empirical correlations implemented in the component models [7,8,|13,/14]. The pressure drop in
the panel serpentine is evaluated using the same approach adopted for the conductive unit, while
the thermal contact between the aluminium panel and the welded serpentine is represented using
the correlation proposed by Rane and Tandale [[15]. The numerical model and cold-side boundary
conditions are the same as those used for the conductive unit.

Table [1b] summarises the key performance indicators for the upper and side panels of the radiative
heat-recuperation unit. According to the model, each side panel receives up to 7.26 kW from the coil
surface, predominantly by radiation, of which approximately 93% is transferred to the water flowing
through the serpentine. Each upper panel receives up to 4.83 kW and, in the present configuration,
transfers 98% of this heat to the fluid. For the upper panels, about 34% of the heat transferred from
the coil is due to natural convection, while the remaining 66% is due to radiation.

Based on these panel-level results, the total heat recovered by the fluid can be estimated by scaling
the recovered power of the individual panels to the full tunnel layout. Assuming 60 radiative heat-
recuperation units distributed along the tunnel, the overall recoverable thermal power is estimated at
2.19 MW, corresponding to 13.1 GWh per year for an annual operating time of 6000 h. This estimate
assumes linear scaling of the panel-level performance and neglects possible interactions between
adjacent tunnel sections.
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Figure 5: Baseline (a) and optimised (b) fluid regions for the conductive block. A v = 0.95 iso-
contour is used to visualise the fluid domain.

3. Density-based topology optimization

The geometries of the brass conductive blocks in the conductive heat-recuperation unit and the ser-
pentine layout in the radiative heat-recuperation unit were further improved by means of density-
based topology optimisation [16]. In such an optimisation method, optimum material distribution
(solid/fluid) is obtained in a predefined volumetric domain. Topology optimisation has been widely
applied to the design of heat sinks, manifolds, and compact heat exchangers [17,/18]. In the scope
of the current work, the objective was to increase heat recovery while limiting the pressure drop as-
sociated with the fluid flow. The design domain is represented as a porous medium described by a
continuous design variable v € [0, 1], where v = 0 denotes solid material and v = 1 denotes fluid.
Intermediate values are allowed during the optimisation and progressively penalised to promote a
nearly binary fluid—solid layout.

3.1. Conductive heat recuperation unit

Figure [5a] shows the fluid domain of the conductive block used in the heat-recuperation unit, as used
in modelling section. A CFD model of the baseline block was first established as the reference case
for the optimisation study. The computational mesh was generated with Gmsh [[19] and consists of
approximately 2.84M tetrahedral elements. Simulations were performed with the SU2 CFD suite,
extended with additional source terms to represent porous-medium flow and heat transfer [18]. Adi-
abatic boundary conditions are imposed on all external surfaces except for the lower face, where a
uniform heat flux of 9.5 kW m~2 is prescribed. This value corresponds to the heat made available to a
single block under the nominal operating conditions derived from the system-level analysis presented
in Section [2.1] The full set of boundary conditions is summarised in Table 2] For the primal and the
adjoint solver, a CFL number of 20 was selected to ensure stable convergence. v = 0 is imposed on
the outer domain walls, whereas v = 1 is imposed on the inlet and outlet pipe sections.

Turbulence is modelled with the SST £—w model [20]] following the porous-media approximation
as detailed in Dilgen et al. [17]. Convective fluxes are discretised using a flux-difference-splitting
scheme with MUSCL reconstruction [21], while the turbulence equations are solved using a scalar
upwind discretisation. Spatial gradients are computed using a Green—Gauss formulation. The steady-
state problem is advanced with an implicit Euler scheme, and the resulting linear systems are solved
with FGMRES and ILU preconditioning [21]. With this setup, the baseline block yields an outlet-
water temperature of 55.76 °C, corresponding to a temperature rise of 1.26 °C, and a pressure drop of
6.42 kPa.

The optimization framework used, is an extension of the FlowForge optimization framework de-
scribed by [18]]. The extensions are in terms of new objective functions. More specifically, in the



Table 2: Boundary conditions adopted for the CFD simulation of the baseline geometry. The same
values are used in the optimisation study.

Parameter Value Unit
Inlet temperature 54.5 °C

Inlet velocity 0.51 m/s
Inlet mass flow rate 0.19 kg/s
Outlet pressure 1 bar

Heat flux at lower surface 9458  W/m?
Fluid thermal conductivity 0.645 W/mK
Fluid heat capacity 4187  J/kgK
Solid thermal conductivity 109  W/mK

current work the optimisation problem is formulated as

min - J(7), (1)
st. g(7) <0, 2)

where J(7) is area-averaged temperature of the lower block surface, i.e. the surface in thermal
contact with the coil, which can be defined as

1 (i) A
T0) = [ Taas EER )

bs

and g,(y) is the pressure-drop constraint. where Ay denotes the lower surface area of the block.
Under fixed heat-flux conditions, lowering the interface temperature enhances heat extraction from
the coil. The pressure-drop constraint is defined as

9(v) = gp(7) = pin(V)A;p:“t(y) —1, 4)

where p;, and p,,; are the inlet and outlet pressures, respectively, and Ap,.¢ is the reference pressure
drop, taken equal to that of the baseline block.

The initial porosity field used in the optimisation consists of three rows of eight cylindrical pin-
fin-like structures with a diameter equal to two-thirds of the inlet-channel diameter. To improve
numerical robustness, a continuation strategy is adopted: the maximum penalisation factor for solid
regions is fixed at o, = 200, while the interpolation parameter ¢, which penalises intermediate
porosity values, is gradually increased from 0.01 to 1 during the optimisation [[18]]. To suppress small
geometrical features from the design and make it mesh-independent, a Helmholtz-type filter using a
Smm filter radius was applied to the optimisation variable field [22]].

The constrained problem is solved using SNOPT [23] through pyOptSparse [24]], with both optimality
and feasibility tolerances set to 1075,

The optimization converged in approximately 300 design iterations. Figure [Sb|shows the optimised
configuration of the conduction block. It can be observed that the fluid region extends over most of the
lower heated surface, thereby increasing the area available for convective heat removal and reducing
the mean temperature of the block-coil interface. The final topology also develops local recirculation
zones near the lateral edges and along the centreline, giving rise to arch-like flow structures that
promote mixing and improve local heat transfer.

Figure [6] shows the temperature fields on a plane located 15 mm above the lower surface for the
baseline and optimised designs. In the optimised design, the temperature increases from inlet to
outlet as the water progressively absorbs heat from the heated lower wall. The largest thermal non-
uniformity appear near the outlet, where recirculating structures interact with the main flow path.
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Figure 6: Temperature fields for the baseline (a) and optimised (b) conductive-block design on a plane
located 15 mm above the heated lower surface.
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Figure 7: Baseline (a) and optimised (b) layouts for the radiative panel. The black regions denote the
fluid domain.

Thus a more uniform and lower average temperature across the plane (~ 10°C) is observed for the
optimised design compared to the baseline design, thus minimising the heating of the metal.

For the optimised geometry, the outlet water temperature increases only marginally relative to the
baseline case, whereas the pressure drop decreases by 26.5%. The limited improvement in outlet
temperature is mainly a consequence of the relatively low heat flux imposed at the lower surface.
Additional simulations indicate that the benefit of topology optimisation becomes more pronounced
at higher heat-flux levels. This suggests that reducing the thermal-contact resistance between the coil
and the brass block is at least as important as improving the internal flow topology. In practice, the
full benefit of an optimised channel layout can only be realised if efficient thermal contact with the
coil is maintained.

3.2. Radiative heat recuperation unit

Figure [/a shows the computational domain adopted for the optimisation of the radiative panel in-
stalled in the transport tunnel between the hot strip mill and the coil yard. To make the optimisation
computationally feasible, the original geometry introduced in Section [2.2] was simplified in two
ways. First, the serpentine was assumed to be embedded within the panel material rather than welded
to its rear surface. Second, the inlet and outlet channels were modelled with a square cross-section of
200 x 15 mm instead of a circular diameter of 15 mm. These modifications enable a two-dimensional
optimisation of the in-plane flow layout, which would not be feasible with the original serpentine
configuration.

The optimum geometry obtained from the 2-dimensional problem was then simulated using a 3-
dimensional conjugate heat-transfer simulation. In this case, fluid and solid were modeled indepen-
dently and were coupled in SU2 through a multizone CHT formulation. At the fluid-solid interface,
the coupling was enforced by prescribing a Dirichlet condition on the fluid side and a Robin condition
on the solid side, following the approach of Pai Raikar et al [5]]. No-slip conditions were applied at
all fluid-solid walls. Local mesh refinement is applied to the walls in order to achieve y* < 1. A
uniform heat flux of 2.89 kW m~2 was imposed on the heated lower surface, corresponding to a total
heat load of 4.83 kW, consistent with the upper-panel value reported in[Table Tb| All remaining exter-



nal walls were treated as adiabatic, while the other boundary conditions were taken from the baseline
radiative-panel model described in Section [2.2] The resulting performance of the adapted baseline
design is reported in Table

The panel was then optimised using a two-dimensional density-based topology-optimisation ap-
proach. To ensure robust convergence of both the primal and adjoint problems throughout the op-
timisation, the inlet and outlet sections were relocated to the panel centreline and widened to 0.2m.
In addition, only half of the panel was simulated by exploiting mirror symmetry, thereby reducing
the computational cost by approximately 50%. The optimisation framework and solver settings are
the same as those adopted for the conductive block in Section The 1nitial porosity field was set
uniformly to v = 0.5 over the entire design domain.

For this case, the objective function combines minimisation of the mean temperature in the domain
and the pressure drop across the serpentine and is given as

1
70) =ur |3 [ T6)aV] 40, [ = po). s
v
while the volume constraint is formulated as
Z* Vi
= Gvo ==_—— -1 6
9(7) = gvar(7) i (6)

Here, V' is the total design-domain volume, 7" is the temperature, and wr and w, are the weighting
coefficients of the thermal and hydraulic contributions, respectively. Following preliminary tests, the
values wr = 0.99 and w, = 0.01 were retained. The volume constraint uses f = 0.5, corresponding
to an equal target fraction of fluid and solid within the design domain.

Figure [7b| shows the optimised flow layout obtained from the topology-optimisation procedure. In
contrast to the baseline configuration, the optimised design branches into multiple flow paths, thereby
increasing the coverage of the panel surface, reducing local velocities, and promoting more distributed
heat removal.

To evaluate the performance of the optimised geometry and compare it with that of the baseline
design, a fully body-fitted three-dimensional conjugate heat transfer (CHT) reconstruction of the op-
timised configuration was carried out. Separate meshes for the solid and fluid domains were gener-
ated from the porosity field resulting from the optimisation, using the same mesh refinement strategy
adopted for the baseline design and applying the same boundary conditions as those defined in the
optimisation problem.

Figure (8| presents the velocity and temperature fields for the baseline and optimised configurations.
In the baseline case, heat removal is concentrated mainly in the transverse direction. By contrast,
the optimised design promotes heat extraction along the panel’s main longitudinal direction, thereby
exploiting the larger panel dimension more effectively. In addition, the optimised topology strongly
reduces the flow velocity: the maximum velocity is approximately one order of magnitude lower than
in the baseline configuration, which explains the substantial reduction in pressure drop.

Table 3| compares the performance indicators of the baseline and optimised designs. Although the
predicted outlet-water temperature of the optimised configuration is lower than that of the baseline
case, the mean panel temperature and the overall thermal resistance are both reduced. This indicates
that the optimised topology promotes more spatially uniform cooling of the panel and lowers the
average panel temperature, even though the fluid experiences a smaller temperature rise along any
individual flow path. At the same time, the pressure drop decreases from 2.52 x 103 Pa to 1.99 Pa,
i.e. by more than three orders of magnitude. This large hydraulic improvement is directly consistent
with the much lower flow velocities observed in the optimised configuration.

4. Conclusions

This work investigated two waste-heat recovery concepts for application in a steel production plant:
a conductive heat-recuperation unit deployed directly on the hot coils in the coil yard, and a radiative
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Figure 8: Velocity (left column) and temperature (right column) fields for the baseline (top row) and
optimised (bottom row) radiative-panel configurations.

Table 3: Preliminary comparison of key performance indicators between the baseline and optimised
radiative-panel designs.

Parameter Baseline  Optimised Unit
Outlet-water temperature 87.24 76.35 °C
Mean wall temperature (7,,) 74.54 70.59 °C
Mean bulk temperature (7}) 70.87 68.85 °C
Thermal resistance 7.6 x107* 6.0x 107* K/W
Pressure drop 2.52 x 103 1.99 Pa

heat-recuperation system installed along the transfer tunnel between the hot strip mill and the storage
area. Based on the results of the system analysis and the design optimisation of key components of
both heat recuperation units, the following conclusions can be drawn.

* Both concepts can contribute to industrial heat recuperation, but with different roles and recov-
ery potentials. In particular, the conductive unit was found to recover a substantial amount of
heat, reaching approximately 0.312 GWh per coil under the investigated operating conditions.
The tunnel-based radiative system, instead, exhibited a much larger potential for large-scale re-
covery, estimated at around 13.1 GWh per year due to its continuous operation. Assuming heat
recovery from 20 coils by conduction, together with radiation in the tunnel, the total recoverable
energy is about 19.3 GWh per year.

» Topology optimisation can improve the hydraulic efficiency of both recovery systems without
sacrificing thermal performance. For the conductive block, the optimised design reduced the
pressure drop by 26%, whereas for the radiative panel, a three-order-of-magnitude reduction
was achieved. These results confirm that adjoint-based, topology optimisation can support the
development of energy-efficient components for waste heat recovery.

Overall, the paper shows that significant opportunities exist for recovering waste heat from steel coils,
but also that heat recovery and cooling enhancement are not necessarily aligned objectives. Future
work should therefore focus on industrial-scale validation, techno-economic assessment, and design

11



improvements aimed at increasing thermal contact and effective coverage if faster conductive cooling
is to be pursued.
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