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Abstract: The materials charged into a converter comprise molten iron and scrap steel. Adjusting
the ratio by increasing scrap steel and decreasing molten iron is a steelmaking raw material strategy
designed specifically for China’s unique circumstances, with the goal of lowering carbon emissions.
To maintain the converter tapping temperature, scrap must be preheated to provide additional
heat. Current scrap preheating predominantly utilizes horizontal tunnel furnaces, resulting in high
energy consumption and low efficiency. To address these issues, a three-stage shaft furnace for
scrap preheating was designed, and Fluent software was used to compare and study the preheating
efficiency of the new three-stage furnace against the traditional horizontal furnace under various
operational conditions. Initially, a three-dimensional transient multi-field coupling model was
developed for two scrap preheating scenarios, examining the effects of both furnaces on scrap surface
and core temperatures across varying preheating durations and gas velocities. Simulation results
indicate that, under identical gas heat consumption conditions, scrap achieves markedly higher final
temperatures in the shaft furnace compared to the horizontal furnace, with scrap surface and core
temperatures increasing notably with extended preheating times and higher gas velocities, albeit
with a gradual decrease in heating rate as the scrap temperature rises. At a gas velocity of 9 m/s and
a preheating time of 600 s, the shaft furnace achieves the highest waste heat utilization rate for scrap,
with scrap averaging 325 °C higher than in the horizontal furnace, absorbing an additional 202 MJ of
heat per ton. In the horizontal preheating furnace, scrap steel exhibits a heat absorption efficiency of
35%, whereas in the vertical furnace, this efficiency increases notably to 63%. In the vertical furnace,
the waste heat recovery rate of scrap steel reaches 57%.

Keywords: converter steelmaking; three-stage shaft furnace for scrap preheating; temperature field;
numerical simulation; high scrap ratio

1. Introduction

The reduction of carbon emissions is currently a collective objective pursued by the
global steel industry [1,2]. In emerging economies such as China, the advancement of
converter steelmaking processes has been swift [3], with more than 90% of steel production
capacity derived from blast furnace-converter extended processes. Enhancing the scrap
ratio in converters [4] is critical for steel enterprises aiming to lower expenses and enhance
efficiency, whether by increasing steel production, cutting carbon emissions, or reducing
raw material costs during periods of favorable scrap prices. Following the heat conservation
principle in converter smelting, augmenting the scrap ratio diminishes heat input, thereby
necessitating the advancement of scrap preheating technologies to compensate thermally.
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Numerous enterprises and researchers have extensively explored the preheating of
scrap. Christian Schubert and colleagues [5] devised a rapid modeling approach to forecast
continuous scrap preheating in metallurgical operations, facilitating enhanced design and
control of current and future preheating systems for scrap recycling. Toulouevski and col-
leagues [6,7] employed high-power cyclic oxygen combustion systems, effectively meeting
the demands for high-temperature scrap preheating and uninterrupted melting of molten
metals. Thomas Arink and co-authors [8] utilized flue gas for metallic scrap preheating,
integrating turbulent fluid dynamics and heat transfer principles in CFD models to forecast
average and peak temperatures of metallic scrap relative to distinct flue gas flow rates
across time. Zhuang and colleagues [9] developed a three-dimensional mathematical model
via numerical simulations, elucidating the impact of pure oxygen lance parameters on ladle-
based scrap preheating temperatures. Deng and colleagues [10,11] conducted simulations
to assess how different types of preheated scrap perform under varying preheating temper-
atures and argon blowing rates when introduced into the ladle. Zhang and colleagues [12]
undertook industrial trials on the “ladle addition of scrap”, studying the impacts of scrap
preheating, quantity added, and residence time on steelmaking ladles, resulting in an
increase in scrap content from 16% to 18% and laying the groundwork for standardized
operations of “ladle addition of scrap”. Zhang and colleagues [13] conducted a modeling
study on the scrap melting process in the Consteel electric arc furnace. They demonstrated
how factors such as the scrap preheating temperature, scrap size, convection conditions,
and scrap density influence the rate of scrap melting. Gao and colleagues [14,15] investi-
gated how different preheating temperatures and sizes of scrap metal affect the efficiency
of scrap metal melting. Zhao and colleagues [16] elucidated how preheating various types
of scrap metal influences the scrap metal melting process. Zhou X, Liu M, Chen Y and
colleagues [17-20] explored how varying preheating temperatures of scrap metal affect the
melting process in converters and electric furnaces. Fan and colleagues [21] utilized the
discrete element method to conduct numerical simulations of preheating scrap metal with
high-temperature slag in a rotary drum.

Among current methods for preheating scrap, the most prominent is horizontal preheat-
ing furnace technology, depicted in Figure 1. Similar to the horizontal feeding preheating
used in electric furnaces [22-24], this technology boasts a straightforward design, lower initial
investment, and can elevate scrap temperatures to over 800 °C in just 10-20 min [25]. Never-
theless, this equipment suffers from notable drawbacks: (1) Scrap spends a brief period in
the furnace, leading to uneven preheating temperatures. This results in rapid surface heating
near the flame, while temperatures in the lower part of the preheating furnace and within the
core of the scrap remain insufficient. (2) Moreover, the equipment suffers from unsealed feed
and discharge openings, resulting in considerable heat loss outside the furnace and reduced
energy efficiency. To tackle these challenges, this study introduces a three-tier vertical shaft
scrap preheating system and simulates two preheating methods.

Figure 1. Horizontal preheating furnace.
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2. Establishment of the Model
2.1. Geometric Model

In order to contrast the scrap preheating characteristics between a vertical triple-stage
continuous furnace (Figure 2a) and a continuous horizontal furnace (Figure 2b), we devel-
oped two three-dimensional transient multi-field coupling models using Fluent simulation
software. The dimensions and thickness of the scrap tubes were judiciously determined
according to national standards and comprehensive statistical data from steel plants. Given
the substantial size of the two preheating furnaces and the significant quantity of scrap
they contain, a multiscale approach was employed in the modeling phase to effectively
streamline the geometric representation.

(b)

Figure 2. Two types of preheating furnace models. (a) Vertical triple-stage continuous furnace. (b)
Continuous horizontal furnace.

2.2. Theoretical Model

The fundamental phenomena in metallurgical processes include momentum transfer,
heat transfer, and mass transfer [26]. This research addresses scrap preheating through
the application of the Navier-Stokes equations, the continuity equation, and the energy
equation. Specifically, the continuity equation and Navier-Stokes equations are formulated
as follows [27]:
a(pux) a(Puy) 4 a(PuZ) =0 (1)

% + +
ot ox ay 0z

In the formula, p is the density, uy, uy, and u; are the velocity components in the x-,
y-, and z-directions, ¢ is time, %, %, and % denote partial derivatives with respect to x, y,
9(pd)

T+V-(p5@’):—Vp+V-(T)+p§+l_f )

and z.

In the formula, p is the density, 7 is the velocity field of the fluid, ¢ is time, V is a
gradient operator, - is a divergence operator, p is the pressure of the fluid, T is a viscous
tension or stress tensor, § is the gravitational acceleration field, and [ is the sum of other
external forces.

The heat transfer characteristics during the preheating of scrap steel were analyzed
using the following equation:

c a—T+ua—T+va—T+w£ =k 82_T+82_T+62_T +Q 3)
Peror T"ox Ty Tz ) T a2 T a2 T a2
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In the formula, p is the density, c, is the specific heat capacity, T is the temperature, ¢
is time, u, v, w are the velocity components in the x-, y-, and z-directions, respectively, k is
the thermal conductivity, %, %, aa—z denote partial derivatives with respect to x,y, z, and Q
represents heat sources or sinks.

2.3. Combustion Model

The simulation utilizes a vortex-dissipation model to characterize the chemical reaction
rates of high-speed, non-premixed gas combustion within the reactor. According to this
model, the production rate R;, of species i in reaction 7 is determined by the lesser of
Equations (4) and (5). The reaction rate in these equations is influenced by the large
e}gidy mixing timescale, suggesting that combustion proceeds when turbulence is present
(¢ > 0) [28].

€ . YR
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j

o M, (5)

In the formula, U;,r and v;’ . are the stoichiometric coefficients of reactant i and product
J, respectively, in reaction r, M, ; and M,, ; are the molecular weights of species i and j,
YR represents the mass fraction of a specific reactant, Yp represents the mass fraction of
any product, v , is the stoichiometric coefficient of a specific reactant in reaction r, M, r
represents the molecular weight of a specific reactant, and A and B are empirical constants,
with values 4.0 and 0.5.

2.4. Model Assumptions and Initial Conditions

The transport phenomena during scrap preheating in converter steelmaking are in-
tricate, posing challenges in encapsulating all physical processes within a unified mathe-
matical model. Considering the reliability of the established models and the reasonable
computational time costs, the simulation formulated the following assumptions:

1. The high-temperature flue gas flows smoothly as a viscous, incompressible fluid
through a sleek vertical shaft;

2. The scrap used in converter steelmaking varies in size and shape. Based on actual
data, scrap of different thicknesses is simplified to regular, smooth circular tubes with
known average dimensions of length, thickness, and inner diameter;

3. Theinlet boundary flow velocity of high-temperature flue gas is uniform at the bottom
of both vertical and horizontal furnaces, with all process parameters held constant,
the inlet boundary flow velocity remains uniform, and all process parameters are
constant without temperature variation;

4. The numerical model employs velocity inlets for both gas and oxygen inputs, each
set at an inlet temperature of 25 °C. The flue gas outlet of the horizontal furnace
is equipped with a pressure outlet that suppresses backflow, while the triple-stage
vertical preheating furnace also utilizes a pressure outlet. The model accounts for
coupled heat transfer between the gas and scrap tubes. The preheating furnace
operates under standard atmospheric pressure, starting at an initial temperature of
25 °C. The inlet flue gas temperature is assumed to be constant;

5. The simulation does not account for heat released from organic combustion on the
surface of scrap during preheating;

6.  The gas composition consists of CO, CHy, Hy, and O,, with mass fractions of 0.4, 0.01,
0.14, and 0.45, and a density of 0.29 kg/m?.

2.5. Model Results and Validation

In order to validate the accuracy of the scrap preheating simulation results, compar-
isons were conducted between simulated temperatures and actual production temperatures
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at a steel plant, as illustrated in Figure 3. The comparison reveals a close correlation between
simulated temperatures and measured values, underscoring the reliability and accuracy of
the simulation results. Figure 3a illustrates the comprehensive temperature distribution
within the horizontal furnace, encompassing both scrap and furnace wall temperatures.
Figure 3b displays the temperature distribution specifically for the scrap metal. The sim-
ulation parameters are aligned precisely with the real operational conditions. Figure 3c
presents the measured outcomes, demonstrating a close match between the measured and
simulated values.
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Figure 3. Comparison of simulation results from the horizontal furnace model with actual temperature
measurements. (a) The temperature inside the horizontal furnace model. (b) The temperature of
scrap steel inside the horizontal furnace model. (c) Measured temperature.

3. Results and Discussion
3.1. Effectiveness of Scrap Preheating at Different Preheating Times

Due to the continuous vertical preheating process, flue gas carrying waste heat from
the bottom layer ascends. The middle and upper layers of scrap absorb the aforementioned
waste heat. Throughout the preheating process, the upper layer undergoes three distinct
stages of heat absorption. Upon completion of each heat absorption stage, the scrap
descends to the subsequent layer. The top layer of the vertical furnace facilitates primary
preheating, with secondary preheating occurring in the middle layer, and final preheating
taking place at the bottom layer. Figure 4a—c illustrate the temperature profiles of scrap
preheated for 600 s, 900 s, and 1200 s in the horizontal furnace, whereas Figure 4d—f depict
the temperature distribution of scrap preheated for 600 s in the vertical furnace.

Figure 4 illustrates temperature field maps depicting the preheating process of scrap
in both horizontal and vertical furnaces, under initial gas velocities of 6 m/s and durations
of 600 s, 900 s, and 1200 s. Figure 4 clearly shows that the surface temperature of scrap is
directly affected by the duration of preheating.

In the horizontal furnace (Figure 4a), the surface preheating temperature of scrap at
600 s predominantly ranges between 200 and 600 °C. At 900 s (Figure 4b), temperatures
rise to between 500 and 900 °C. By 1200 s (Figure 4c), temperatures increase to a range of
550-950 °C. Figure 4d illustrates the final preheating temperature distribution of scrap in
the vertical furnace after 600 s. Following a 600 s preheating period at room temperature,
the topmost layer of scrap reaches temperatures ranging from 81 to 250 °C. As the top
layer descends into the middle layer, the latter undergoes secondary preheating for 600 s,
maintaining scrap temperatures between 235 and 500 °C. Subsequently, the scrap from
the middle layer descends to the bottom layer, where it undergoes final preheating for
600 s, achieving temperatures ranging from 400 to 700 °C. Figure 4e depicts the final
preheating temperature profile of scrap in the vertical furnace after 900 s. The furnace
initially undergoes ambient temperature preheating for 900 s, raising the upper layer of
scrap to temperatures ranging from 145 to 400 °C. Following a secondary preheating period
of 900 s in the middle layer, scrap temperatures concentrate between 400 and 800 °C. The
bottom layer undergoes final preheating lasting 900 s, achieving temperatures ranging from
600 to 1000 °C. Figure 4f displays the final preheating temperature distribution of scrap
in the vertical furnace after 1200 s. The furnace experiences initial ambient temperature
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preheating for 1200 s, resulting in the top layer of scrap reaching temperatures ranging
from 160 to 400 °C. Following a 1200 s secondary preheating period in the middle layer,
scrap temperatures concentrate between 450 and 850 °C. The bottom layer undergoes
a final preheating process lasting 1200 s, achieving temperatures ranging from 700 to
1100 °C. Consequently, a preliminary conclusion can be drawn that preheating temperature
escalates with prolonged preheating duration, while the rate of temperature elevation in
scrap diminishes gradually.

contour-1
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Figure 4. Preheating effectiveness of scrap at different times in two types of preheating furnaces.
(a) The temperature distribution following a 600 s preheating period in the horizontal furnace.
(b) The temperature distribution following a 900 s preheating period in the horizontal furnace.
(c) The temperature distribution following a 1200 s preheating period in the horizontal furnace.
(d) The temperature distribution following a 600 s preheating period in the vertical furnace. (e)
The temperature distribution following a 900 s preheating period in the vertical furnace. (f) The
temperature distribution following a 1200 s preheating period in the vertical furnace.

3.2. Effects of Different Initial Gas Velocities on Scrap Preheating

Figure 5 presents thermal maps illustrating scrap temperatures at 600 s during the
preheating stages of horizontal and vertical furnaces, with initial gas velocities of 5m/s,
7m/s, and 9 m/s. Figure 5 clearly demonstrates that the surface temperature of scrap is
directly affected by the initial velocity of the combustible gas.

In Figure 5a, within the horizontal preheating furnace, when the initial gas veloc-
ity is 5m/s, the surface preheating temperature of scrap predominantly ranges from
250 to 550 °C. Figure 5b reveals that at a velocity of 7 m/s, temperatures rise to be-
tween 300 and 750 °C. Figure 5c shows that at 9 m/s, temperatures increase to between
400 and 950 °C. Figure 5d depicts the final temperature distribution in the vertical furnace
with an initial inlet gas velocity of 5 m/s. Following an initial 600 s preheating period at
ambient temperature, the upper layer of scrap reaches temperatures of 70-200 °C. Sub-
sequent to a 600 s secondary preheating period in the middle layer, scrap temperatures
concentrate between 150 and 400 °C. Subsequently, the middle layer scrap descends into
the bottom layer, which undergoes final preheating lasting 600 s, achieving temperatures
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ranging from 400 to 600 °C. Figure 5e displays the final temperature distribution in the
vertical furnace with an inlet gas velocity of 7 m/s. The scrap undergoes initial preheating
at ambient temperature, raising the temperature of the top layer to 120-280 °C. Following
secondary preheating in the middle layer, scrap temperatures concentrate between 340 and
600 °C. The bottom layer undergoes final preheating, achieving temperatures ranging from
800 to 950 °C. Figure 5f depicts the final temperature distribution in the vertical furnace
with an inlet gas velocity of 9 m/s. At ambient temperature, the scrap is initially preheated,
elevating the temperature of the upper layer to 180-350 °C, while the middle layer un-
dergoes secondary preheating, resulting in scrap temperatures ranging between 400 and
700 °C. The bottom layer then undergoes final preheating, achieving scrap temperatures
ranging from 800 to 1100 °C. Therefore, it can be concluded that as initial gas velocities
increase, preheating temperatures rise, while the rate of temperature increase in scrap
gradually declines.
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Figure 5. Two different types of preheating furnaces with varying initial velocities of combustible
gases and their impact on the preheating of scrap. (a) The temperature field with a gas velocity
of 5m/s in the horizontal furnace. (b) The temperature field with a gas velocity of 7 m/s in the
horizontal furnace. (c) The temperature field with a gas velocity of 9 m/s in the horizontal furnace.
(d) The temperature field with a gas velocity of 5 m/s in the vertical furnace. (e) The temperature
field with a gas velocity of 7 m/s in the vertical furnace. (f) The temperature field with a gas velocity

of 9 m/s in the vertical furnace.

3.3. Impact of Preheating on the Core of Scrap

Figures 6 and 7 illustrate how preheating affects the core temperature of scrap in
both horizontal and vertical furnaces, with an initial gas velocity of 6 m/s, across various
preheating durations. Figure 6a—c illustrate the core temperature profiles of scrap following
preheating durations of 600 s, 900 s, and 1200 s in the horizontal furnace. Figure 7a—c
display the core temperature distributions of scrap after preheating for 600 s, 900 s, and
1200 s in the vertical furnace.

In practical operation, adjustments to the flue gas velocity and preheating duration are
crucial during the heating process in traditional horizontal furnaces to prevent localized
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overheating of scrap. Overheating can result in melting and adhesion, which, in turn,
cause lower core temperatures of scrap in horizontal furnaces. In contrast, vertical furnaces
effectively resolve these challenges by achieving a more consistent distribution of scrap
temperatures following preheating, resulting in superior preheating outcomes.

’c] &=

(2) (b) (©

Figure 6. Preheating effect of scrap cores under different preheating times in horizontal preheating
furnace. (a) Temperature field of scrap cores preheated for 600 s in a horizontal furnace. (b) Tempera-
ture field of scrap cores preheated for 900 s in a horizontal furnace. (c) Temperature field of scrap
cores preheated for 600 s in a horizontal furnace.
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Figure 7. Preheating effect of scrap cores under different preheating times in horizontal preheating
furnace. (a) Temperature field of scrap cores preheated for 600 s in a vertical furnace. (b) Temperature
field of scrap cores preheated for 900 s in a vertical furnace. (c) Temperature field of scrap cores

preheated for 1200 s in a vertical furnace.

3.4. Energy Utilization Comparison between Vertical Furnace and Horizontal Furnace

Figure 8 illustrates histograms depicting the temperatures of scrap in two types of
preheating furnaces operating at identical gas velocities but varying preheating durations.
Figure 8a—c illustrate how the average surface temperature of scrap steel correlates with its
quantity in a horizontal preheating furnace at 600 s, 900 s, and 1200 s. Figure 8d—f demon-
strate how the average surface temperature of scrap steel relates to its quantity in a vertical
furnace at 600 s, 900 s, and 1200 s. Table 1 provides the average temperatures of scrap in the
two types of preheating furnaces at different durations of preheating while maintaining the
same initial gas velocity. The horizontal axis illustrates the average temperature of scrap
steel. The vertical axis denotes the quantity of scrap steel.

Figure 9 illustrates histograms depicting the temperatures of scrap in two types of
preheating furnaces, each with the same preheating duration but varying gas velocities.
Figure 9a—c depict how the average surface temperature of scrap steel correlates with its
quantity, under varying horizontal furnace gas velocities of 5 m/s, 7 m/s, and 9 m/s.
Figure 9d—f demonstrate how the average surface temperature of scrap steel relates to its
quantity, under varying vertical furnace gas velocities of 5m/s, 7 m/s, and 9 m/s. Table 2
displays the mean temperatures of scrap in the two types of preheating furnaces with
identical preheating durations but varying initial gas velocities. Six datasets are referenced
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to compute and compare the heat absorption capabilities between vertical and horizontal
preheating furnaces.
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Figure 8. Temperature of scrap at different times in two types of preheating furnaces at the same gas
velocity. (a) Temperature of scrap preheated for 600 s in a horizontal furnace. (b) Temperature of
scrap preheated for 900 s in a horizontal furnace. (c) Temperature of scrap preheated for 1200 s in a
horizontal furnace. (d) Temperature of scrap preheated for 600 s in a vertical furnace. (e) Temperature
of scrap preheated for 900 s in a vertical furnace. (f) Temperature of scrap preheated for 1200 s in a
vertical furnace.
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Figure 9. Temperature of scrap at different gas velocities in two types of preheating furnaces at
the same time. (a) Temperature of scrap in the horizontal furnace when gas velocity is 5 m/s. (b)
Temperature of scrap in the horizontal furnace when gas velocity is 7 m/s. (c) Temperature of scrap
in the horizontal furnace when gas velocity is 9 m/s. (d) Temperature of scrap in the vertical furnace
when gas velocity is 5 m/s. (e) Temperature of scrap in the vertical furnace when gas velocity is
7 m/s. (f) Temperature of scrap in the vertical furnace when gas velocity is 9 m/s.
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Table 1. Comparison of average scrap temperatures at different times in two types of preheating
furnaces at the same gas velocity.

The Temperature of the Scrap The Temperature of the Scrap

Time/s in the Horizontal Furnace/°C in the Vertical Furnace/°C
600 405 547
900 513 806
1200 730 874

Table 2. Comparison of average scrap temperatures at different gas velocities in two types of
preheating furnaces at the same time.

The Temperature of the Scrap The Temperature of the Scrap

Initial Velocity/m/s in the Horizontal Furnace/°C in the Vertical Furnace/°C
5 376 432
7 509 801
9 555 915

Each layer comprises approximately 100 scrap tubes, totaling approximately 15.8 tons.
The specific heat capacity of the scrap is assumed to be 0.46 kJ/(kg-°C). The gas flow rate is
9.22 kg /s, and the calorific value is approximately 2.0 MJ/kg. The heat absorbed by the
scrap in two types of furnaces is calculated using the specific heat capacity formula, as
illustrated in Tables 3 and 4. The heat absorbed by the scrap in two types of furnaces is
calculated using the specific heat capacity formula, as specified in Tables 3 and 4.

Table 3. Heat absorption of scrap at different times in two types of preheating furnaces at the same
gas velocity.

The Heat Absorption of The Heat Absorption of
Time/s Scrap in the Horizontal Scrap in the Vertical
Furnace/M] Furnace/M]
600 2761 4448
900 3547 7020
1200 6683 7406

Table 4. Heat absorption of scrap at different gas velocities in two types of preheating furnaces at the
same time.

The Heat Absorption of The Heat Absorption of
Initial Velocity/m/s Scrap in the Horizontal Scrap in the Vertical
Furnace/M] Furnace/M]
5 2550 3430
7 3518 6140
9 3852 7050

Tables 3 and 4 clearly demonstrate that the heat absorption efficiency of scrap in the
vertical furnace exceeds that in the horizontal furnace by a significant margin. In particular,
at a gas velocity of 9 m/s and a preheating time of 600 s, the vertical furnace achieves
peak waste heat recovery efficiency, absorbing an additional 202 MJ/t of scrap compared to
the horizontal furnace under identical conditions, the maximum waste heat recovery rate
of the vertical furnace is 57%. In the horizontal preheating furnace, scrap steel exhibits a
heat absorption efficiency of 35%, whereas in the vertical furnace, this efficiency increases
notably to 63%.
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4. Conclusions

Numerical simulations were performed to investigate the preheating of scrap using
both horizontal and vertical furnaces. The research examined how varying preheating
durations and initial gas velocities impact the surface and core temperatures of the scrap.
The following conclusions emerged from the study:

1.  The preheating temperature of scrap increases with increased gas velocity; however,
the rate of temperature rise decreases progressively under these conditions. In practi-
cal production environments with limited preheating time, appropriately increasing
gas velocity can effectively raise the preheating temperature of scrap.

2. Increasing the horizontal furnace preheating time from 600 s to 1200 s results in the
average surface temperature of scrap rising from 405 °C to 730 °C. Similarly, extending
the vertical furnace preheating time from 600 s to 1200 s raises the surface temperature
of scrap from 547 °C to 874 °C. Likewise, elevating the horizontal furnace gas velocity
from 5 m/s to 9 m/s increases the surface temperature of scrap from 376 °C to 580 °C,
while increasing the vertical furnace gas velocity from 5 m/s to 9 m/s boosts the
surface temperature of scrap from 432 °C to 905 °C.

3. In the traditional horizontal furnace heating process, measures must be taken to
restrict heating duration and exhaust gas velocity to avoid localized overheating
of scrap steel, which can result in melting and adherence. As a result, during a
600 s preheating cycle, the core temperature of scrap steel typically ranges between
200 °C and 500 °C, leading to suboptimal preheating efficiency. The vertical furnaces
address these concerns effectively by promoting a more even temperature distribution
throughout preheated scrap steel, thereby yielding superior outcomes.

4. With an initial gas velocity of 9 m/s and a preheating duration of 600 s, the maximum
waste heat recovery rate of the vertical furnace is 57%. The average temperature of
scrap within the vertical furnace surpasses that of the horizontal furnace by 325 °C,
absorbing an additional 202 MJ of heat per ton of scrap. In the horizontal preheating
furnace, scrap steel exhibits a heat absorption efficiency of 35%, whereas in the vertical
furnace, this efficiency increases notably to 63%.
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