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Abstract: Fire refining of blister copper is a singular process at very high temperatures (~1400 K),
which means the furnace is exposed to heavy thermal loads. The charge is directly heated by an
internal burner. The impurities in the charge oxidize with the flux of hot gases, creating a slag layer
on the top of the molten bath. This slag is periodically removed, which implies liquid metal flowing
through the furnace port. To address its malfunction, a re-design of the furnace port is presented in
this work. Due to the lack of previous technical information, the convective heat transfer coefficient
between the slag and the furnace port was characterized through a combination of an experimental
test and a three-dimensional transient model. Finally, the original design of the furnace port was
analyzed and modifications were proposed, resulting in a reduction of the average temperature of
the critical areas up to 300 K. This improvement prevents the anchoring of the accretion layer over
the port plates and the steel plate from being attacked by the copper.

Keywords: refining furnace; copper infiltration; thermal modeling; high-temperature heat transfer;
model fitting

1. Introduction

A typical pyrometallurgical copper smelting process is developed in electrical or
fire furnaces and includes three steps: smelting, converting, and fire refining. After the
converting stage, the raw ore material is purified and produces blister copper that contains
98.5 to 99.5 percent copper. However, fire refining is needed in order to reduce the sulfur
and oxygen content of the blister copper produced in Peirce-Smith converters. These
processes require the addition of oxidizing agents and calcium and are developed at
temperatures over 1373 K. In the case of fire furnaces, this high temperature is achieved
through a combustion process between oxygen and natural gas as the fuel [1]. Fire refining
is conducted in a furnace that is constructed with refractory-lined cylindrical steel shells
mounted on trunnions at both ends, rotating around its longer axis for charging and
pouring. An opening in the center of the furnace functions as a port through which blister
copper, siliceous flux and scrap copper are charged [2]. The impurities are formed mainly
by oxidized compounds and silicates that collect in a slag that floats over the purified
melted copper [3,4]. In the furnace analyzed here, the port is opened around four times per
day for approximately 10 min.

Figure 1 presents the original layout of the furnace and the port that is integrated by
six plates cooled by water. Figure 1a shows the furnace in service and the original port
in the closed position, where improper sealing can be easily appreciated. This implies
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heat losses and the contamination of the working area with combustion gases. The lack of
sealing is due to an accretion layer that adheres to the bottom plates of the furnace port.
Figure 1b shows the furnace during a maintenance shutdown without the cover.

(a)

Figure 1. Layout of the furnace port. (a) Furnance in service; (b) maintenance shutdown.

The plates of the port stand two different thermal loads. When the port cover is
closed, the plates receive radiative flux from the burner flame, the melted copper and the
remaining walls of the furnace, but with very low both surface area and view factor [5].
When the cover is opened, e.g., during the charging and pouring processes, a layer of slag
or copper core at 1400 K flows over the plates. As a consequence, the pouring process
imposes the highest thermal load to the bottom plates of the furnace port. Furthermore, a
lack of information regarding the heat transfer from the slag flow to the plate was found,
since no reference to the thermal characterization of this process was found in the technical
literature. Hence, an experiment was designed to estimate the heat transfer coefficient [6].

The re-design of the filling/emptying port requires the following specifications:

The external dimensions of the furnace port should remain unchanged.

The port cover must be airtight to minimize hot gas leakages, preventing the contami-
nation of the process area and heat losses during the pouring process [7]. Furthermore,
these leaks boost the heat losses, which negatively impacts the fuel consumption. The
energy conservation in this type of units represents one of the key topics regarding
sustainable manufacturing processes [8-10].

e The new design shall guarantee a metal skin temperature below 750 K, to prevent
copper infiltration into the steel plates [11]. Infiltration damages the base metal and
may cause a catastrophic failure [12]. Figure 2 shows a micrograph of a S345] steel plate
where the infiltration of copper can be appreciated. Figure 2 shows an approximately
2 mm infiltration, derived from a speed of 3 um/s [13]. Although it has nearly no
effect on properties such as the density or the specific heat, the infiltration process also
increases the local conductivity of the metal, boosting the heat transfer [14].

e The proposed design must prevent the formation of an accretion layer of slag on
the outlet area, which would impact the tightness of the port. This requirement is
accomplished when the temperature of the bottom plates of the port is low enough so
that any residue is dragged away during the pouring process.

From the mechanical point of view, the port design must resist the thermal stress.
The maintenance operations of the furnace port should be minimized to increase
furnace availability.
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Figure 2. Copper infiltration into a S345] steel matrix.

This work characterizes the re-design of a furnace port, covering the experimental
procedure developed to estimate the heat transfer coefficient between the slag and the
port plates, the thermal analysis of the original port design and the discussion of the
modifications constituting the new port design.

2. Materials and Methods
2.1. Original Design Characterization

One of the most restrictive specifications of the furnace port was the necessity of
preventing the formation of an accretion layer of slag over the surface of the bottom plates.
For this reason, reducing the temperature of the port plate surface as much as possible was
required. Figure 3 shows the scheme of the original port cooling system. The six plates that
form the furnace port had internal orifices that allow cooling water circulation, evacuating
the heat transferred by the slag during the pouring process. Plates referred to as “a” in
Figure 3 are particularly relevant, since they are in close contact with 1400 K slag during
this operation. After leaving the port plates, the water flow (0.7 kg/s) was cooled in a
cooling tower, reaching an almost constant temperature of 300 K downstream of the cooling
water pump. The original cooling system had a temperature gauge in the outlet header,
where the flow coming from the six plates mixed. Since each plate received a different heat
flow, the bottom plates being higher, the temperature of the outlet header did not allow the
evaluation of the temperature increase in the cooling water corresponding to each plate.
Therefore, this average temperature underestimated the temperature of the cooling water
coming from the bottom plates.

Figure 3. Scheme of the port cooling system.

Figure 4a shows a modeled view of the original design of the bottom plate, including
the internal canalization for the cooling water. Furthermore, Figure 4b presents the two
bottom plates installed on the furnace, showing a detail of the cooling water connections.
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(a) (b)
Figure 4. (a) Original plate design; (b) detail of the cooling water connections in the bottom plates.

Despite the previously characterized features, the original furnace design failed in
preventing the formation of an accretion layer on the bottom plate surface, dramatically
increasing the maintenance cost of the furnace. Moreover, the increase in the cooling water
flow up to the maximum allowable (1.4 kg/s) did not contribute to reduce the formation of
the accretion layer. Consequently, a modification of the original design was required.

To develop an alternative design of the port design, a finite element model was
developed in ANSYS CFD software (version 2020). Figure 5a presents the different heat
transfer mechanisms that occur for the analyzed plates of the furnace port: radiation and
convective heat flux between the plates and the surroundings [15], conduction through the
metal and, finally, convective heat transfer from the slag. Additionally, Figure 5b shows
the equivalent resistance circuit derived from the electrical analogy to clarify the heat
transmission process.
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Figure 5. (a) Heat transfer mechanisms on port plates; (b) electrical analogy circuit.

The previously referred finite element model requires the data corresponding to the
convective heat transfer coefficient, as derived from Figure 5b. However, no applicable
reference was found in the technical literature, so an ad hoc procedure was necessary to
carry out its proper estimation. Hence, the operational conditions of the furnace port were
experimentally reproduced, specifically when the port is opened and the slag is poured
outside the furnace. This allowed the surface actual temperature of the bottom plates of
the port to be characterized. Subsequently a numerical model was used to match the trace
of this experimental surface temperature, allowing the identification of the representative
convective heat transfer coefficient.

2.2. Experimental Prototype

To characterize the actual temperature of the bottom plates of the port, a prototype
based on a 15 mm thickness S275]R steel plate was built. The prototype main dimensions
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are characterized in Figure 6a. The slag at 1400 K was poured over the prototype from a
10 m? crucible. During the experiment, the slag flowed and completely covered the bottom
plate of the prototype, creating a layer equivalent to the actual layer created during furnace
pouring (35-50 mm thick and 0.5-0.6 m/s). Figure 6b shows a picture of the prototype
during the test, where the pouring of the slag from the crucible to the prototype can be
observed. Finally, Figure 6¢ presents side and plant views of the prototype, including
the location of the four evenly spaced thermocouples to measure the time-dependent
temperature evolution on the back of the prototype. Type N thermocouples were used and
the data logger acquired data at 1 kHz frequency.

|
B~

PROTOTYPE —p © =

Thickness 0.015m

(@)

Figure 6. Layout of the prototype and the experiment. (a) Prototype main dimensions; (b) prototype
during the test; (c) location of the thermocouples.

The experiment started with the entire prototype at room temperature (300 K). Due to
the limited volume of the poured slag, the speed of the pouring process and the very large
thermal gradient between the slag and the prototype at the beginning, the thermal answer
of the prototype did not reach stationary conditions during the experiment. Regarding
the temperature evolution of the four thermocouples installed in the prototype (refer to
Figure 6¢), two trends were identified: first a rapid increase in the temperature, followed
by an abrupt change in the slope when the available slag was consumed.

2.3. Numerical Model

A transient finite element model was developed to evaluate the convective heat
transfer coefficient between the slag and the port metal [16,17]. The overall heat transfer
process is controlled by the heat transfer from the slag and the radiative heat loss to
the surroundings, the convective heat transfer to the air being less relevant [18]. As
stated in Figure 5b, the heat flux between the ambient and the prototype lower surface (g,
Equation (1)), combines convective (§conv, Equation (2)) and radiative (g,,4, Equation (3))
transfer mechanisms.

q = qconv t qrad 1
Geonv = hamb'(Tp,Z - Tumb) ()
Qrad = €0 (T]g,Z - T;Lmb) (3)

Constants involved in the previous equations were the ambient temperature
Tomp = 300 K, the convective heat transfer coefficient h,,,;, = 12 W/m?K, the metal emissivity
e = 0.9 and, finally, the Stefan-Boltzmann constant ¢ = 5.67 x 1078 W/m2K*. Additionally,
the temperature of the prototype lower surface T}, » directly derived from the experimental
procedure described in Section 2.2, allowing the characterization of the heat flux through
the metal plate. The transient conduction through the plate was modeled by the Fourier
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equation (Equation (4)), where metal conductivity (K), density (p) and thermal capacity
(Cp) correspond to S275]R steel:

(LT = L V2T 4)
6t pCp
Finally, the modeling of the convective heat transfer from the slag to the metal (4544,
Equation (5)) allowed the characterization of the convective coefficient (%), since both
the slag temperature (T;,) and the temperature of the prototype upper surface (T,,1) were
known:

Gslag = hslag' (Tslag - Tp,l) )

The slag temperature was assumed to be constant (Ty,, = 1400 K) during the experi-
ment due to its high thermal capacity and the low resident time over the plate (<2 s).

After modeling the heat transfer mechanisms, the convective heat transfer coefficient
between the slag and the metal (h,¢) can be characterized. For this purpose, an iterative
procedure was applied to identify the minimum of the function error (Equation (6)):

tend 1 4 2
Error = Z |:n;,2 (hslag/ t) 1 Z Tgauge,n(t) ] (6)
n=1

tin

Equation (6) evaluates the deviation between the temperature of the lower surface
provided by the model (calculated in an intermediate point among the four thermocouples)
and the average temperature from the four thermocouples installed in the prototype. To
conclude with the calculation of the convective coefficient, Figure 7 shows the temporal
evolution of the temperatures measured in the four thermocouples installed in the proto-
type, including the model output for the optimal value of hj,4 (260 W/m?K). A sensitivity
analysis was performed to analyze the dependence of the optimal /¢ within the typical
range of h,yp [19], resulting in a negligible dispersion of the optimal f,e. Finally, the
slight mismatch observed in the temperature evolution between the experiment and the
model results was irrelevant for the evaluation of alternative designs of the furnace port.
Moreover, although no reference regarding the convective heat transfer coefficient between
the copper slag and the furnace plates was found, values ranging from 120 to 450 W/m?K
are estimated for molten steel [20,21].
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Figure 7. Temporal evolution of the temperatures in the prototype, including the model output
(hslag =260 W/mzK).

Once the previous experimental procedure allowed the characterization of a repre-
sentative convective heat transfer coefficient between the slag and the metal (f,¢), the
evaluation of alternative designs of the furnace port was addressed. Based on the actual
slag pouring process duration, the three-dimensional model used for this purpose was
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stationary. Moreover, the differences regarding the previous transient model were the
following:

Differently from the previous procedure, this analysis considered a constant hsiaq to
calculate the metal temperatures, especially the temperature of the plate upper surface
(Tp,1)- The slag temperature was not modified (T, = 1400 K).

For safety reasons, the convective heat transfer coefficient between the slag and the
metal was increased by 50 percent, considering the uncertainties in its estimation.
The stationary conduction through the plate was modeled by the Laplace equation
(Equation (7)), with imposed heat flux (Fourier law, Equation (8)):

V2T =0 @)

Geond = —K-VT (8)

Port lateral surfaces and other surfaces in contact with furnace inner parts were
considered thermally insulated.

A Reynolds number (Re) > 30,000 was within the expected ranges of water mass flow,
water temperature and internal channels characteristic length. Therefore, the flow was
fully turbulent and far from laminar conditions. The modeling was carried out using
the standard Fluent code for fluid heat transfer problems through the K-¢ turbulence
model [22-24]. Different grid densities were evaluated, but the low fluid speed and
the large thermal gradient resulted in a very low sensitivity of the temperature field to
the grid density, as observed for similar heat transfer analysis [25].

3. Results and Discussion

Figure 8 shows the new concept for the port plate, where the overall external dimen-

sions were not changed, but the heat transfer area was increased approximately 60 percent.
In the original design, the internal channels were drilled in a massive block. However, in
the proposed concept, the plate was built by welding steel plates that formed a continuous
serpentine through which the water was circulated. This channel practically covered the
complete internal surface of the port plate, significantly increasing the global heat transfer
due to the following factors:

An increase in the heat transfer area between the upper plate and the cooling water.
A reduction in the conduction thermal resistance due to the decrease in the plate thick-

ness.

v

channel

(a) (b)

Figure 8. (a) A 3D model for the new plate design; (b) sketch of the cooling channels.

Three parameters were considered as independent variables for the new port design:

the plate thickness (e), the number of serpentine channels (N) and, finally, the cooling water
mass flow (Qj,). Additionally, the external dimensions of port plates were not allowed to
be modified.
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Tin = 300 K

To establish a preliminary estimation of the influence of the mentioned design param-
eters over the upper surface temperature of the port plate, a simplified two-dimensional
model was developed (Figure 9). This model was integrated by a semi-infinite plate of
dimension S, with constant both plate thickness and channel area and variable water mass
flow and internal sheet thickness (e). As in previous models, the heat was transferred
from the slag at a constant temperature of 1400 K with hg,e = 260 W/m?K. Regarding the
convective heat transfer, the cooling water flow was considered fully developed in the
turbulent regime [26]. In Figure 9b, where the cooling water inlet temperature is 300 K,
parameters Ty and Tj,; are the average values of metal temperature in the upper and
lower side of the plate, respectively. The transport properties of water were evaluated
at the water average temperature ((Tin + Towr) /2), being nearly constant over the analyzed
range. Finally, the Reynolds number was far greater than 30,000 for the tested conditions.
The preliminary conclusions derived from the results of the simplified two-dimensional
analysis (Figure 9b) were the following:

Talag = 1400 K 600

L]
— osigs T
a 06kgls ext
- 07kgis .
siag 550! — 08kgls ) ]
Teut g

water

e Tout 62.00 men

T 500 e

450

Temperature [K]
\

ISOLATED

-]

Sheet thickness [ mm ]
(a) (b)

Figure 9. (a) Simplified heat transfer model; (b) temperature output.

e Regardless of the cooling water mass flow, an increase in the sheet thickness implied
an increase in Teyx; and a reduction of Tj,;, therefore diminishing the thermal energy
extracted from the plate.

An increase in the mass flow of cooling water slightly reduces both Ty and Tj.
Finally, the higher the sheet thickness, the less effective the increase in the mass flow
of cooling water.

Because the main goal of the new design was to reduce T,y to prevent anchoring
of the accretion layer, the results of the simplified analysis allowed concluding that the
optimal solution combines the minimum feasible sheet thickness and the maximum cooling
water mass flow. However, the higher the mass flow, the higher the power consumed by
the hydraulic system, not only due to the increase in the mass flow, but also to the increase
in the pressure losses. Therefore, the power demanded by the proposed design must be
within the available capacity of the original hydraulic system.

Figure 10 shows the outputs of the stationary 3D model for the proposed alternative
design, based in 17 channels (N), sheet thickness of 20 mm (e) and cooling water mass
flow of 0.7 kg/s (Q;;,). As expected, the cooling water speed (Figure 10a) was almost
constant except in the corners, where the deviations regarding the average speed were
identified. The cooling water temperature (Figure 10b) increased in almost a linear trend
from the inlet to the outlet. The external metal temperature (Figure 10c) was almost uniform
(~630 K), although the effect of the channels can be appreciated due to a small thermal
difference. As expected, the highest temperatures were located at the internal edges, where
the surface-to-volume ratio was higher. For this reason, these areas were rounded, as
shown in Figure 8a.
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Figure 10. (a) Detailed model results: water speed; (b) cooling water temperature; (c) metal temperature.

The main results for the original design (A) and for different proposed configurations
(rounded NC and non-rounded NR) are shown in Table 1 and Figure 11.

Table 1. Port design comparison.

Sheet Thickness (mm)

Design o~ B N Fowgs T ® TS, 00 T 00 ATuw 60 o8 TN
Channel Channel

Original 21 - - 0.67 1131.2 825.2 373.5 346.6 1.0

Original 21 - - 1.38 1115.2 794.2 338.2 311.3 2.0
Round corners 20 10 25 0.69 784.2 626.8 399.1 372.3 1.5
Round corners 20 10 25 1.03 766.2 605.6 368.2 341.3 2.3
Round corners 20 20 17 0.67 810.2 643.9 399.1 372.3 1.0
Round corners 20 20 17 1.35 772.2 605.9 352.2 325.5 2.0
Round corners 20 20 17 2.02 754.2 589.4 335.6 308.8 3.0
Round corners 18 18 19 0.69 772.2 623.7 398.2 371.2 1.0
Round corners 18 18 19 1.38 736.2 585.4 351.7 324.8 2.0
Round corners 18 18 19 2.08 720.2 573.3 335.2 308.3 3.0
Straight corners 15 15 23 0.70 821.2 604.2 399.7 373.2 1.0
Straight corners 15 15 23 1.20 794.2 572.0 361.2 334.4 1.8
Straight corners 10 10 29 0.69 637.2 555.2 406.5 379.7 0.9
Straight corners 10 10 29 1.39 587.2 510.2 356.4 329.5 1.8

@
2
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Figure 11. (a) Port design comparison: cooling thermal power; (b) upper plate average temperature;
(c) cooling water average speed.

The advantages of the proposed designs over the original approach are clearly shown
in Figure 11a,b, since the new designs increased the cooling thermal power between 35 and
50 percent. This implied a reduction in the metal external temperature in the alternative
designs. Moreover, the new designs reduced the maximum metal temperature (Tn";(ft’;l) by
more than 300 K compared to the original design, which minimized the potentiality for

copper infiltration.



Materials 2021, 14, 6978

10 of 11

The parameter T:Z‘;Z ' provides the average temperature on the upper surface of the
metal plate and, therefore, is the most representative parameter for the evaluation of the
potential of the proposed designs to prevent the accretion layer anchoring. According
to these results, the lower the sheet thickness, the lower ng - regardless of the cooling

water mass flow. In particular, for the case of e = 10 mm, the reduction in ng ,; regarding
the original solution was approximately 300 K. Additionally, the higher the cooling water
flow rate, the lower Tfrg e due to the increase in the convective heat transfer coefficient.
However, this trend was asymptotic for flows higher than 2.5 kg/s, since the controlling
thermal resistance became that associated to the conductive heat transfer.

Regarding T%%  as preliminarily expected, the lower the water flow rate, the higher
the water outlet temperature for all the analyzed designs. If the absolute water pressure
decreased below the saturation pressure evaluated at TSt ., water bubbles formed within
the flow, drastically decreasing the heat transfer coefficient and, therefore, increasing the
local temperature of the metal [27]. This situation may produce a catastrophic failure.
Furthermore, in the serpentine there were zones with a high water speed and, therefore,
with a relatively low local pressure. Analyzing Figure 10a,b some areas with high water
speed (low pressure) and high water temperature were identified, constituting the worse
combination from the cavitation point of view and resulting in high metal temperatures.
An increase in the metal temperature had two undesirable effects: first, a decrease in the
steel mechanical properties (Young’s modulus and yield limit) and, second, the increase
in the copper infiltration into the steel matrix, both increasing the risk of a failure in the
design. However, the cavitation in the serpentine was prevented if the cooling water circuit

was pressurized over 3 bar.

4. Conclusions

A valid methodology, based on the combination of a 3D transient model and a dedi-
cated experimental test rig, was established for a characterization of the convective heat
transfer coefficient between the flowing slag and the metal plates comprising the furnace
port, applicable to similar systems. Specifically, this approach resulted in h,; = 260 W/m?K,
with a very low sensitivity to the natural convection coefficient between the metal and the
ambient air.

Both, an increase in the transfer area between the cooling water and the metal plates
and a reduction in the plates thickness was enough to improve the original design for
the furnace port. This alternative design reduced the average metal surface temperature
by 300 K regarding the original design, while the maximum temperature decreased to
750 K, which consequently prevented the risk of copper infiltration into the steel plates.
Finally, the lower temperatures achieved at the upper port plates prevented anchoring of
the accretions, decreasing the maintenance costs of the furnace.

To conclude, the positive contribution of the alternative designs to the sustainability
of the refining process is noteworthy. This idea is mainly supported by the potential
elimination of hot gas leakages through the furnace port, which are a source of both
uncontrolled polluting emissions (mainly CO, and NOx) and heat losses. Consequently,
the proposed designs not only improve mechanical integrity of the furnace but also the
consumption of primary energy is reduced.

Author Contributions: Conceptualization, F].J.-E.A. and ].M.G.E,; methodology, E.D.G.; software,
M.T.G,; validation, J.A.V.G,, E.D.G. and M.T.G.; formal analysis, J.A.V.G.; investigation, E.D.G.;
resources, FJ.J.-E.A. and ].M.G.F,; data curation, J.A.V.G.; writing—original draft preparation, J.A.V.G.;
writing—review and editing, M.T.G.; visualization, ].A.V.G.; supervision, E.D.G. and M.T.G.; project
administration, EJ.J.-E.A.; funding acquisition, FJ.J.-E.A. and J.M.G.F. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Materials 2021, 14, 6978 11 of 11

Acknowledgments: The authors would like to thank Guillermo Rios Ransanz of Atlantic Copper for
his support on this project.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Kolezyk, E.; Miczkowski, Z.; Czernecki, J. Numerical Modeling of Copper Reduction in Fire Refining Process. Arch. Met. Mater.
2016, 61, 521-528. [CrossRef]

2. Devitt, T. Control of Copper Smelter Fugitive Emissions; Environmental Protection Agency, Office of Research and Development,
Industrial Environmental Research Laboratory: Springfield, MA, USA, 1980; Volume 1.

3. Alp, L; Deveci, H.; Stingtin, H. Utilization of flotation wastes of copper slag as raw material in cement production. J. Hazard.
Mater. 2008, 159, 390-395. [CrossRef] [PubMed]

4.  LiwJ; Yu, Q.; Zuo, Z.; Duan, W.,; Han, Z.; Qin, Q.; Yang, F. Experimental investigation on molten slag granulation for waste heat
recovery from various metallurgical slags. Appl. Therm. Eng. 2016, 103, 1112-1118. [CrossRef]

5. Zhou, W,; Qiu, T. Zone modeling of radiative heat transfer in industrial furnaces using adjusted Monte-Carlo integral method for
direct exchange area calculation. Appl. Therm. Eng. 2015, 81, 161-167. [CrossRef]

6. Xu,J; Chen, G; Bao, X.; He, X,; Duan, Q. A Study on the Heat Transfer Characteristics of Steel Plate in the Matrix Laminar
Cooling Process. Materials 2021, 14, 5680. [CrossRef]

7. Weisenberg, L.].; Serne, ].C. Design and Operating Parameters for Emission Control Studies: Kennecott, McGill, Copper Smelter; Final
Task Report EPA-600/2-76-036¢; Pacific Environmental Services, Inc.: Santa Monica, CA, USA, 1976.

8. Chen, Z.; Zhu, Z.-Y.; Wang, X.-N.; Song, Y.-P. Online monitoring and assessment of energy efficiency for copper smelting process.
J. Cent. South Univ. 2019, 26, 2149-2159. [CrossRef]

9. Najdenov, I; Rai¢, K.T.; Kokeza, G. Aspects of energy reduction by autogenous copper production in the copper smelting plant
Bor. Energy 2012, 43, 376-384. [CrossRef]

10.  Siitonen, S.; Tuomaala, M.; Ahtila, P. Variables affecting energy efficiency and CO2 emissions in the steel industry. Energy Policy
2010, 38, 2477-2485. [CrossRef]

11. Sandra, N.; Kawaai, K.; Ujike, I. Influence of copper slag on corrosion behavior of horizontal steel bars in reinforced concrete
column specimen due to chloride-induced corrosion. Constr. Build. Mater. 2020, 255, 119265. [CrossRef]

12.  Jamil, M.; Khan, A.M.; Hegab, H.; Sarfraz, S.; Sharma, N.; Mia, M.; Gupta, M.K.; Zhao, G.; Moustabchir, H.; Pruncu, C.I. Internal
Cracks and Non-Metallic Inclusions as Root Causes of Casting Failure in Sugar Mill Roller Shafts. Materials 2019, 12, 2474.
[CrossRef]

13. Ina, K.; Koizumi, H. Penetration of liquid metals into solid metals and liquid metal embrittlement. Mater. Sci. Eng. 2004, 387-389,
390-394. [CrossRef]

14. Klein, S.; Weber, S.; Theisen, W. Effect of heat treatment on phase structure and thermal conductivity of a copper-infiltrated steel.
J. Mater. Sci. 2015, 50, 3586-3596. [CrossRef]

15.  Prieler, R.; Mayr, B.; DeMuth, M.; Holleis, B.; Hochenauer, C. Numerical analysis of the transient heating of steel billets and the
combustion process under air-fired and oxygen enriched conditions. Appl. Therm. Eng. 2016, 103, 252-263. [CrossRef]

16. Eguren, I.; Almandoz, G.; Egea, A.; Elorza, L.; Urdangarin, A. Development of a Thermal Analysis Tool for Linear Machines.
Appl. Sci. 2021, 11, 5818. [CrossRef]

17. Guo, H; Chen, T; Shi, S. Transient Simulation for the Thermal Design Optimization of Pulse Operated Al1GaN/GaN HEMTs.
Micromachines 2020, 11, 76. [CrossRef] [PubMed]

18. Starkloff, R.; Alobaid, F.; Karner, K.; Epple, B.; Schmitz, M.; Boehm, F. Development and validation of a dynamic simulation
model for a large coal-fired power plant. Appl. Therm. Eng. 2015, 91, 496-506. [CrossRef]

19. Zhang, X.; Yu,].; Su, G.; Yao, Z.; Hao, P; He, E Statistical analysis of turbulent thermal free convection over a small heat source in
a large enclosed cavity. Appl. Therm. Eng. 2016, 93, 446-455. [CrossRef]

20. Santos, C.; Garcia, A.; Frick, C.R.; Spim, J.A. Evaluation of heat transfer coefficients along the secondary cooling zones in the
continuous casting of steel billets. Inverse Probl. Sci. Eng. 2006, 14, 687-700. [CrossRef]

21. Wang, Y,; Luo, X;; Yu, Y,; Yin, Q. Evaluation of heat transfer coefficients in continuous casting under large disturbance by weighted
least squares Levenberg-Marquardt method. Appl. Therm. Eng. 2017, 111, 989-996. [CrossRef]

22.  Chen, D; Xiao, Y; Xie, S.; Yuan, D.; Lang, X.; Yang, Z.; Lu, Q. Thermal-hydraulic performance of a 5 x 5 rod bundle with spacer
grid in a nuclear reactor. Appl. Therm. Eng. 2016, 103, 1416-1426. [CrossRef]

23. Kukharev, A.; Bilousov, V.; Bilousov, E.; Bondarenko, V. The Peculiarities of Convective Heat Transfer in Melt of a Multiple-
Electrode Arc Furnace. Metals 2019, 9, 1174. [CrossRef]

24. Sun, P;Lu, Y, Tong,].; Lu, Y,; Liang, T.; Zhu, L. Study on the Convective Heat Transfer and Fluid Flow of Mini-Channel with
High Aspect Ratio of Neutron Production Target. Energies 2021, 14, 4020. [CrossRef]

25. Li, M.;Khan, T.S.; Al-Hajri, E.; Ayub, Z.H. Single phase heat transfer and pressure drop analysis of a dimpled enhanced tube.
Appl. Therm. Eng. 2016, 101, 38—46. [CrossRef]

26. Nellis, G.F; Klein, S.A. Radiation. Heat Transfer; Cambridge University Press: Cambridge, UK, 2009.

27. Park, S.D.; Kim, ].H.; Bang, I.C. Experimental study on a novel liquid metal fin concept preventing boiling critical heat flux for

advanced nuclear power reactors. Appl. Therm. Eng. 2016, 98, 743-755. [CrossRef]


http://doi.org/10.1515/amm-2016-0090
http://doi.org/10.1016/j.jhazmat.2008.02.056
http://www.ncbi.nlm.nih.gov/pubmed/18384950
http://doi.org/10.1016/j.applthermaleng.2016.05.011
http://doi.org/10.1016/j.applthermaleng.2015.02.004
http://doi.org/10.3390/ma14195680
http://doi.org/10.1007/s11771-019-4162-z
http://doi.org/10.1016/j.energy.2012.04.007
http://doi.org/10.1016/j.enpol.2009.12.042
http://doi.org/10.1016/j.conbuildmat.2020.119265
http://doi.org/10.3390/ma12152474
http://doi.org/10.1016/j.msea.2004.05.042
http://doi.org/10.1007/s10853-015-8919-y
http://doi.org/10.1016/j.applthermaleng.2016.04.091
http://doi.org/10.3390/app11135818
http://doi.org/10.3390/mi11010076
http://www.ncbi.nlm.nih.gov/pubmed/31936651
http://doi.org/10.1016/j.applthermaleng.2015.08.015
http://doi.org/10.1016/j.applthermaleng.2015.10.011
http://doi.org/10.1080/17415970600573619
http://doi.org/10.1016/j.applthermaleng.2016.09.154
http://doi.org/10.1016/j.applthermaleng.2016.05.028
http://doi.org/10.3390/met9111174
http://doi.org/10.3390/en14134020
http://doi.org/10.1016/j.applthermaleng.2016.03.042
http://doi.org/10.1016/j.applthermaleng.2015.12.123

	Introduction 
	Materials and Methods 
	Original Design Characterization 
	Experimental Prototype 
	Numerical Model 

	Results and Discussion 
	Conclusions 
	References

