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Abstract: Based on the three-dimensional (3D) steady-state CFD numerical simulations conducted
previously on an industrial Kalugin top combustion hot blast stove, a two-dimensional (2D) transient
CFD numerical model for a single channel (hole) of a column of checker bricks in the regenerator of
the same hot stove was established in the present work. The average mass flowrate and temperature
of the flue gas flowing into the checker brick holes during the combustion period predicted by the 3D
model were used as the inlet boundary conditions of the 2D model. Inside the hole of the checker
bricks, processes of fluid flow and heat transfer of the flue gas during the combustion period and
those of cold air during the hot-air-supply period were simulated using the 2D model for multiple
operation cycles (combustion and hot-air-supply periods) of the hot stove, enabling rapid predictions
of hot-air temperature under different operating conditions. The simulation results show that when
the fuel gas flowrate and air consumption coefficient during the combustion period are controlled
within the range of 80,000–100,000 Nm3/h and 1.02–1.28, respectively, a hot-air temperature in the
range from 1273 ◦C to 1295 ◦C can be obtained during the hot-air-supply period. Applying this
optimized operating condition to the industrial hot stove investigated in this study can achieve
significant effects of reducing fuel gas flowrate by 8.6% and increasing hot-air temperature by 32 ◦C.
In addition, a regression analysis on the numerical simulation results and the data measured from
the industrial hot stove yields a roughly linear relationship between the dome temperature during
the combustion period and the hot-air temperature during the hot-air-supply period, that is, the
hot-air temperature would be increased by about 16 ◦C for every increment of 10 ◦C in the dome
temperature, for instance. Therefore, the influences of the operating parameters on heat transfer
characteristics in the regenerator and on hot-air temperature obtained in the present work provide
a useful reference for guiding the hot stove operation optimization to achieve significant energy
saving and emission reduction through facilitating more efficient combustion to minimize fuel gas
consumption in steel plants.

Keywords: Kalugin top combustion hot blast stove; CFD numerical simulation; operation
optimization; hot-air-temperature prediction

1. Introduction

The hot blast stove is one of the important components of the blast furnace ironmaking
process. Kalugin [1,2] first proposed the concept of a top combustion hot blast stove. In
recent years, many researchers have made technological improvements and practices on
hot blast stoves. Xiang and Peng [3] carried out renovations and improvements on the top
combustion gas heating stove and summarized the ideas and methods for renovations.
Wang et al. [4] proposed using the design of the Kalugin hot blast stove burner to achieve
long-term stable operation of the burner. Wei et al. [5,6] developed a high-air-temperature
and low-nitrogen-combustion technology, achieving the goal of low nitrogen oxide emis-
sions. Zhu [7] renovated the top combustion hot blast stove by increasing the weight of the
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heat accumulator so that the air supply temperature of the hot blast stove is increased and
the coke ratio of the blast furnace and the cost of pig iron are reduced. Li [8] and Xu [9]
proposed a way to increase air temperature and reduce consumption in hot blast stoves,
which can also reduce the coke ratio and save production costs.

In addition, more and more researchers have attempted to apply numerical simulation
methods to optimize the operation of hot blast stoves. Chen et al. [10] used numerical sim-
ulation methods to find that the distribution of cold air in the regenerator can be improved
by changing the position of the baffle plate in the grate region and the distribution of the
holes on the baffle. Zhong et al. [11] conducted numerical simulations on the heat transfer
phenomenon in a self-preheating hot blast stove’s regenerator. Their research results indi-
cate that using the self-preheating process and with combustion of a low-calorific-value
fuel gas can achieve hot air temperatures of about 1200 ◦C. Zhao et al. [12] established a
three-dimensional mathematical model of a top combustion hot blast stove and analyzed
the influence of the mixed burning of coke oven gas in different proportions on the internal
temperature field and hot-air temperature of the hot blast stove. Chen et al. [13] used C
language programming to conduct one-dimensional and two-dimensional simulations on
the regenerator of a hot blast stove and predicted the temperature distributions in radial
and vertical directions in the regenerator and their relationship with operating parameters.
Hwang et al. [14] analyzed the heat transfer of multi-layer refractory bricks using finite
element software ANSYS 13 APDL and obtained the radial temperature distribution of the
refractory bricks. Zheng and Huang [15] simplified the heat transfer in the regenerator of
a hot blast stove to that occurring in a single channel of checker bricks and established a
model to predict the outlet flue gas temperature during the combustion period and the
outlet hot-air temperature during the hot-air-supply period. Compared with the data from
a production hot blast stove, the calculation results have a relatively small error, which
verifies the validity of the single-channel numerical model. Gan et al. [16] calculated the
temperature and stress distribution during the operation of the hot blast stove using a 3D
thermodynamic and thermomechanical model. Yu [17] studied the influences of physical
parameters (such as thermal conductivity and specific heat capacity, etc.) and geometric
parameters (such as the number and diameter of channels and roughness of the channel
wall, etc.) of checker bricks on heat transfer efficiency through carrying out numerical
simulations. Chen et al. [18] used Fluent 18 software to establish a three-dimensional
mathematical model of flow, heat transfer, combustion, and radiation for a new type of
annular burner of top combustion hot blast stoves. The combustion process in the stove
was calculated at different combustion chamber heights, and the flow, concentration, tem-
perature fields, and flame shape in the combustion chamber were analyzed. Wen et al. [19]
performed numerical simulations on the flow and heat-transfer processes in the regener-
ator under variable operating conditions. They proposed a critical hot air volume that is
suitable for hot air supply duration. By assuming the regenerator of a top combustion
hot blast stove to be a porous medium body in numerical simulations, Hou and Luo [20]
found that the distribution of flue gas on the top surface of the regenerator becomes more
uniform after improving the structure of checker bricks. Zhu et al. [21] and Zhang et al. [22]
used CFD simulation technology to optimize the structure of the burner and heating wall,
respectively. Zhou [23] used CFX 15 software and a simplified modeling method to predict
the status of the heat storage in checker bricks in the regenerator of a hot blast stove and
obtained the optimal burning method for heating the checker bricks. Chang et al. [24]
established a mathematical model for gas flow and heat transfer in a top combustion hot
blast stove and analyzed the flow, temperature, and concentration fields inside the stove
body. Huang and Lv [25] conducted numerical solutions on two non-equilibrium energy
equations describing the transient heat transfer process in a top combustion hot blast stove
and obtained results that are helpful for selecting appropriate parameters for operating
that hot stove. To solve the phenomenon of uneven temperature distribution on horizontal
levels in the regenerator of a traditional top combustion hot blast stove, Zhang et al. [26,27]
carried out numerical simulations on the hot stove with the design of a conical throat so as
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to increase the flue gas flowrate to the regenerator and alter the flow pattern, and eventually
effectively lift the temperature of hot air with prolonged supply time. Zetterholm et al. [28]
used the finite difference approximation method to establish a mathematical model of heat
transfer in a hot blast stove during its operation to evaluate the performance of the hot
blast stove. Park et al. [29] established a finite-element-based CFD model to predict the
temperature and stress fields of an internal combustion hot blast stove. By using CFD
simulation methods, Wang et al. [30] analyzed the distribution characteristics of the flow,
CO concentration, and temperature inside three top combustion hot blast stoves with a top
injection of combustion air and compared with those inside a traditional top combustion
hot blast stove.

So far, research on hot blast stoves reported in the literature has studied heat transfer
characteristics between checker bricks and gas only for a specific operation period (either
the combustion period or hot-air-supply period), without evaluations based on actual
hot stove combustion operation requirements; therefore, there is a lack of systematic
numerical simulation investigations on the full operation period (both the combustion
period and hot-air-supply period) of hot blast stoves and those numerical simulation
methods based on transient three-dimensional models cannot provide quick predictions
on hot-air temperature. In addition, the numerical simulation results reported so far also
lack verification with data measured from actual hot blast stoves in steel plants. Therefore,
in the present work, based on the actual operation requirements of an industrial Kalugin
top combustion hot blast stove, a three-dimensional steady-state CFD model for the whole
stove body—developed previously [31]—is combined with a two-dimensional transient
CFD model—established in the present work for a single channel of checker brick column in
the regenerator of the same hot stove to conduct numerical simulations on the Kalugin top
combustion hot blast stove during a full operation cycle—so as to identify optimal operating
conditions that have less fuel gas consumption while meeting the requirements for hot air
supply. Furthermore, the accuracy of the present numerical simulation method is verified
by applying the practical data measured from the industrial hot blast stove mentioned
above. In addition, the present simulation method of the combined implementation of
the three-dimensional steady-state model with the two-dimensional transient model can
efficiently simulate multiple and consecutive operation cycles of the hot blast stoves and
ultimately achieve rapid predictions on hot-air temperature, providing references for
operation optimization of these industrial hot blast stoves.

2. Development of a Two-Dimensional Transient CFD Model for a Single Channel of
Checker Bricks in the Regenerator of a Hot Blast Stove
2.1. Assumptions

1. Two-dimensional axisymmetric transient fluid flow and heat transfer;
2. The fluid flow and heat transfer inside each hole of the checker bricks are the same,

and thus, the heat flow through the middle interface between the holes is zero;
3. During the combustion period, the phenomenon of residual fuel gas combustion is

ignored;
4. The “change-over” operation of the hot blast stove from the combustion period to the

hot-air-supply period, and vice versa, is neglected.

2.2. Governing Equations

In this study, the two-dimensional transient CFD model for a single channel of checker
bricks in the regenerator of a Kalugin top combustion hot blast stove is developed through
numerically solving the following partial differential equations.

1. Continuity Equation:

∂ρ

∂t
+∇·(ρu) = 0 (1)

2. Momentum Equation:
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∂(ρu)
∂t

+∇·(ρuu) = −∇p +∇·[(µ + µt)(∇u + (∇u)r)] (2)

3. Standard k-ε turbulence equations:

∂(ρk)
∂t

+∇·(ρuk) = ∇·
[(

µ +
µt

σk
∇k

)]
+ Pk − ρε (3)

∂(ρε)

∂t
+∇ · (ρ→u ε) = ∇ ·

[(
µ +

µt

σε

)
∇ε

]
+ C1ε

ε

k
Pk − C2ερ

ε2

k
(4)

µt = Cµρ
k2

ε
(5)

4. Energy Equation:

∂(ρh)
∂t

+∇ · (ρuh) = ∇ ·
(

λe f f∇T
)

(6)

where, ρ is the density, kg/m3; u the velocity vector, m/s; p the pressure, Pa; µ the
molecular viscosity, Pa·s; µt the turbulent viscosity, Pa·s; k the turbulent kinetic energy,
m2/s2; ε the dissipation rate of turbulent kinetic energy, m2/s3; σk the turbulent Prandtl
number for turbulent kinetic energy; σε the turbulent Prandtl number for the dissipation
rate of turbulent kinetic energy; Pk the rate of production of turbulent kinetic energy, W/m3;
h the enthalpy, J/kg; T the absolute temperature, K; λeff the effective thermal conductivity,
W/(m·K).

2.3. Model Geometry and Computation Grids

Figure 1 shows the three-dimensional geometry of the industrial Kalugin top com-
bustion hot blast stove being simulated in this study and the computation grids defined
for the two-dimensional CFD model of a single channel of checker bricks in a regenerator.
Among them, the geometry for establishing the three-dimensional steady-state CFD model
of the hot blast stove, shown in Figure 1a, has been described in detail elsewhere [31]. In
the two-dimensional geometry for the CFD model of a single channel of checker bricks in a
regenerator, shown in Figure 1b, the thickness (13 mm) of the solid region (i.e., a cylindrical
wall) is calculated from the average volume of the surrounding solid part that is heated
and cooled by gases in each hole of the checker bricks. That is, the solid volume of each
checker brick is divided by the total number of holes in that brick and is then converted
into an equal volume of a cylindrical wall. Table 1 provides the materials used in each
region of the computation domain for the two-dimensional CFD model of a single channel
of checker bricks defined in Figure 1b.

2.4. Boundary and Initial Conditions

The boundary and initial conditions of the two-dimensional CFD model of a single
channel of checker bricks are given in Table 2. In addition, Figure 2 shows a calculation
block diagram that depicts the simulation strategy of the present work, which reads:

1. Firstly, execute the previously developed three-dimensional steady-state CFD model
(3D model for short) of the whole hot blast stove to simulate the combustion period
of operation to predict the average temperature of flue gas entering the regenerator
(i.e., the average temperature at the top surface of the regenerator);

2. Secondly, taking the average temperature of the flue gas entering the regenerator
predicted by the 3D model as the boundary condition for the flue gas flow inlet (AF)
and the initial temperature of the checker bricks being set to 27 ◦C (room temperature)
as the initial condition, the two-dimensional transient CFD model (2D model for short)
of a single channel of checker bricks is executed to simulate the start-up phase of
the hot blast stove. Then, the checker bricks are gradually heated up by the high-
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temperature flue gas until the temperature of the checker bricks at the flue gas outlet
section (BD, i.e., the bottom of the regenerator at the stove’s grate level) reaches 390 ◦C.
This heating-up phase is termed the “combustion period of 1st operation cycle”;
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Table 1. Definition of computational domain of single-channel two-dimensional transient CFD model
of checker bricks in regenerator (c.f., Figure 1).

Region Region Name Region
Type Material

ABCHGF Gas flow channel in checker brick Fluid Flue gas (a) or air (b)

FGJE Upper section of regenerator Solid Silica checker brick

GHIJ Middle section of regenerator Solid Mixed region of silica and
fireclay checker bricks

CDIH Lower section of regenerator Solid Fireclay checker brick
(a) For combustion period; (b) For hot-air-supply period.

3. Thirdly, taking the checker brick temperature distribution at the end of the “combus-
tion period of 1st operation cycle” as the initial condition, changing the BC boundary
into the inlet of cold air at room temperature (27 ◦C), and changing the AF boundary
into the outlet, run the 2D model to simulate the heat exchange process between cold
air and hot checker bricks in the hot-air-supply period, which is termed the “hot-air-
supply period of 1st operation cycle”;

4. Fourthly, taking the checker brick temperature distribution at the end of the “hot
air supply period of 1st operation cycle” as the initial condition, changing the AF
boundary as the inlet of flue gas with its average temperature (also predicted by the
3D model) as the boundary condition of this inlet, and changing the BC boundary into
the outlet, proceed to run the 2D model to simulate the heat exchange process between
the hot flue gas and the “cold” checker bricks, which is termed the “combustion period
of 2nd operation cycle”;

5. Fifthly, taking the checker brick temperature distribution at the end of the “combustion
period of 2nd operation cycle” as the initial condition, changing the BC boundary
into the inlet of cold air at room temperature (27 ◦C), and changing the AF boundary
into the outlet, continue to run the 2D model to simulate the heat exchange process
between cold air and hot checker bricks in the hot-air-supply period, which is termed
the “hot-air-supply period of 2nd operation cycle”;

6. Lastly, repeat the calculations in steps (4) and (5) to simulate the processes of heating
(combustion period) and cooling (hot-air-supply period) in the following third, fourth,
and fifth, etc., operation cycles of the hot blast stove.

Tables 3 and 4 provide, respectively, the operating conditions (termed as Cases A,
B, and C) of the combustion period and the hot-air-supply period of the hot blast stove
investigated in the present work. The combustion period operation is divided into two
phases: the “main combustion phase” (50 min) and the “thermal retention phase” (30 min).
In addition, corresponding to the different operating conditions of the combustion period,
the same operating conditions as given in Tables 3 and 4 are used in the thermal retention
phase and the hot-air-supply period. Table 5 presents the 3D model’s predicted average
temperature of the flue gas entering the regenerator corresponding to Cases A, B, and C in
both the main combustion phase and the thermal retention phase [31], which are used as
the inlet boundary conditions of the 2D model (c.f., Figure 2).

2.5. Numerical Solution of Governing Equations

In the present work, the ANSYS Fluent CFD 13 software package [32] was used to
numerically solve the governing equations expressed as Equations (1)–(6). The partial
differential equations are discretized using the control volume method and solved by means
of the SIMPLE algorithm. The equations of turbulent kinetic energy and its dissipation
rate are discretized with the first-order upwind difference scheme, and those equations
describing continuity, momentum, and heat transport are discretized with the second-order
upwind difference scheme.
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Table 2. Boundary conditions of single-channel two-dimensional transient CFD model of checker
bricks in regenerator (c.f., Figure 1).

Boundary Boundary Name Boundary Type Boundary Condition

AB Checker brick hole center axis Symmetrical axis Zero flux

AF Flue gas inlet (a) or hot air outlet (b) Inlet (a) or outlet (b) Constant mass flowrate and temperature (a)

or pressure (b)

BC Flue gas outlet (a) or cold air inlet (b) Outlet (a) or inlet (b) Constant pressure (b) or mass flowrate and
temperature (b)

CD End face of checker brick at
regenerator bottom Wall Adiabatic wall face

EF End face of checker brick at
regenerator top Wall Adiabatic wall face

FHGHC Inner wall face of checker brick hole Wall Conjugate heat transfer between fluid and
solid and non-slip to fluid

EJID Outer wall face of equivalent
cylinder of checker brick Wall Adiabatic wall face

(a) For combustion period; (b) For hot-air-supply period.

Table 3. Operating conditions for simulation in combustion period.

Main Combustion Phase Thermal Retention Phase

Operation
Case Fuel Gas Flowrate Combustion Air

Flowrate Time Fuel Gas Flowrate Combustion Air
Flowrate Time

(Nm3/h) (Nm3/h) (min) (Nm3/h) (Nm3/h) (min)

A 120,000 65,000 50 30,000 24,000 30
B 100,000 65,000 50 30,000 24,000 30
C 80,000 65,000 50 30,000 24,000 30

Table 4. Operating condition for simulation in hot-air-supply period.

Cold Air Flowrate
(Nm3/h)

Temperature
(K)

Time
(min)

300,000 300 60

Table 5. Three-dimensional steady-state CFD model predicted average temperatures of flue gas
entering the regenerator together with operating conditions for different simulation cases [31].

Operation Phase in Combustion
Period Main Combustion Phase Thermal Retention

Phase

Simulation Case A B C A, B, C

Fuel gas flowrate (Nm3/h) 120,000 100,000 80,000 30,000
Combustion air flowrate (Nm3/h) 65,000 65,000 65,000 24,000

Air consumption coefficient 0.85 1.02 1.28 1.24
Average temperature of flue gas (◦C) 1258 1327 1297 1270

3. CFD Simulation Results and Discussion

As mentioned earlier, the strategy of combining the three-dimensional steady-state
CFD model with the two-dimensional transient CFD model proposed in this work can
achieve efficient simulation of multiple consecutive operation cycles of the hot blast stove.
Except for the first operation cycle, which is the start-up stage of heating the hot blast stove,
the second operation cycle and all subsequent ones can be considered the normal status of



Metals 2023, 13, 1623 9 of 17

hot stove operation. Therefore, the following sections discuss the simulation results of the
second operation cycle obtained using the CFD models developed in the present work.

3.1. Influences of Operating Parameters on the Heat Transfer Characteristics in the Regenerator of a
Kalugin Top Combustion Hot Blast Stove

1. Example of Model Predictions on Heat Transfer Characteristics in Regenerator

As an example, we first analyze the CFD simulation results under the operating condi-
tion of Case A (c.f., Tables 4 and 5). Under this operating condition, the CFD simulation
results for the combustion period and the hot-air-supply period of the whole second opera-
tion cycle are shown in Figures 3 and 4, respectively. Figure 3 is the CFD-model-predicted
contour diagram indicating the evolution of temperature distribution in the checker bricks
in the regenerator with the time during the combustion period under the operating condi-
tion of Case A. As seen from this figure, the checker brick temperature as a whole gradually
becomes higher over time. During the main combustion phase, due to heating by high-
temperature flue gas with a large flowrate, the checker brick temperature rises obviously,
with the high-temperature zone expanding downwards (defined as the area where the
temperature is above the 1173 ◦C contour line, for instance). During the thermal retention
phase, however, due to the relatively low temperature of the flue gas with a significantly de-
creased flowrate, the checker brick temperature distribution essentially remains unchanged,
generally fulfilling the aim of holding the heat content in the regenerator with a small
amount of fuel gas consumption. Figure 4 shows the CFD-model-predicted evolution of
checker-brick temperature contours in the regenerator with time during the hot-air-supply
period for the same operation conditions (Case A). It can be seen from this figure that under
the cooling effect of cold air, the checker brick temperature drops gradually over time, and
the high-temperature zone as defined above gradually contracts upwards.
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Figure 5 shows the distribution curves of the checker bricks and the gas temperatures
along the height direction of the regenerator during the full operation cycle of the hot blast
stove under the operation conditions of Case A. It can be seen from this figure that, during
both the combustion period and the hot-air-supply period, the temperature variation extent in
checker bricks becomes larger and larger downwards, as shown in Figure 5a,c. The fireclay
brick section experiences the largest thermal variations while the silica-brick section withstands
the least thermal fluctuations, and the heating and cooling amplitudes of the mixed-brick
section sit in-between. During the thermal retention phase (i.e., from the 60th minute to the
80th minute), the checker bricks continue to heat up but to a rather limited extent with the
temperature rise at the bottom of the fireclay brick section being only 25 ◦C, indicating that
the thermal retention operation has achieved the goal. Figure 5b shows the variation in flue
gas temperatures over time during the combustion period. Due to the exchange of heat with
the checker bricks whose temperature keeps increasing, the temperature of the flue gas at the
outlet gradually increases but the highest outlet flue gas temperature is 358 ◦C, which is well
below the temperature limit of 390 ◦C set for safety reasons in the grate and pillar region of
the hot blast stove. Figure 5d shows the CFD-model-predicted evolution of air temperature
distribution along the height direction of the regenerator with time during the hot-air-supply
period. As seen, although gradually decreasing over time, the hot-air temperature at the outlet
still keeps above 1200 ◦C during the whole hot-air-supply period.
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2. Comparison of Heat Transfer Characteristics for Different Operating Conditions

The proceeding section mainly presents the numerical simulation results under oper-
ating conditions of Case A, as an example, showing the distributions of the checker brick
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and gas temperatures along the height direction of the regenerator and their evolution
over time. The simulation results obtained in this study under the operating conditions of
Cases B and C also exhibit similar distribution patterns to those in Case A but the variation
extent in the checker brick and gas temperatures are markedly different. Therefore, in this
section, quantitative analyses of the heat transfer characteristics in the regenerator of the
hot blast stove under different operating conditions are presented through comparing their
differences so as to identify the optimal operating conditions for the hot blast stove.

Figure 6 shows the comparisons of the checker-brick temperature distribution in the
regenerator at the beginning (0 min), the end of the combustion period (80th min), and the
end of the hot-air-supply period (140th min) under different operating conditions in the
second operation cycle. It can be seen from this figure that, during the combustion period,
the high-temperature zones (above 1173 ◦C isotherm) in the regenerator under the operating
conditions of Cases A, B, and C expand downwards by 1.85 m, 2.25 m, and 1.94 m, respectively,
and the average temperature in the silica-brick section of regenerator increased to 1160 ◦C,
1209 ◦C, and 1187 ◦C, respectively. During the hot-air-supply period, those high-temperature
zones in the regenerator under the operating conditions of Cases A, B, and C contract upwards
by 3.50 m, 3.87 m, and 3.81 m, respectively, and the average temperature in the silica-brick
section of the regenerator decrease to 1063 ◦C, 1102 ◦C, and 1082 ◦C, respectively.

Figure 7 shows the checker-brick temperature distributions along the height direction
in regenerator at the end of combustion period under operating conditions of Cases A, B,
and C. As seen from this figure, in the lower sections of the regenerator (i.e., fireclay brick
and mixed-brick sections) there are little differences in temperature under different operating
conditions but more obvious temperature differences exist in the silica-brick section that
will eventually dominate the air temperature during the hot-air-supply period. The higher
the temperature in the silica-brick section, the higher the hot-air temperature. Figure 7 also
indicates that, in the silica-brick section, the temperature is the highest under the operating
conditions of Case B, followed quite closely by that in Case C, whereas Case A gives the lowest
brick temperature; therefore, the operating conditions of Cases B and C would be optimal.

Figure 8 shows the variations in the outlet hot-air temperature with time under the differ-
ent operating conditions during the hot-air-supply period. Due to the continuous absorption
of heat from checker bricks by air over time, the checker-brick temperature gradually drops so
that its heating capacity to air gradually weakens. As a result, the outlet hot-air temperature
gradually becomes lower. Furthermore, Figure 8 also depicts that the operating conditions of
Cases B and C maintain the outlet hot-air temperature significantly higher than Case C does,
and thus, should be considered the optimum operating conditions for the hot blast stove.
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3.2. Verification of Numerical Simulation and Operation Optimization

In order to verify the results of the numerical simulation and the effect of operation
optimization using the CFD models established in this work, the operational data from an
industrial Kalugin top combustion hot blast stove were collected. Comparisons between
the numerical simulation results and the collected actual operational data are shown in
Figures 9 and 10. Figure 9 illustrates the influence of the air consumption coefficient
on the dome temperatures measured from the industrial hot blast stove before and after
operation optimization and those predicted using the three-dimensional steady-state CFD
model, previously reported by the authors [31], which is quoted here for convenience of
discussion. Figure 10 illustrates a similar effect of the air consumption coefficient during
the combustion period on the outlet hot-air temperature during the hot-air-supply period,
both measured from the industrial hot blast stove and predicted by means of the numerical
simulation strategy depicted in Figure 2. Both figures indicate that variations in the dome
temperature and the hot-air temperature essentially synchronize with each other. They all
first increase with the air consumption coefficient to maximum levels and then decrease
with further increasing the air consumption coefficient. The highest dome temperature and
hot-air temperature occur when the air consumption coefficient approaches 1, reflecting
that when the air consumption coefficient is controlled to around 1 during the combustion
period, the highest temperature of hot air can be obtained during the air-supply period.
In addition, both the dome temperature and the outlet hot-air temperature predicted by
the CFD models are close to the measured ones, which demonstrates that the numerical
simulation method proposed in this study, as shown in Figure 2, is generally reliable.



Metals 2023, 13, 1623 13 of 17

Furthermore, according to the data collected from the industrial hot blast stove shown
in Figures 9 and 10, details of which were tabulated and published elsewhere [31], the aver-
age fuel gas flowrate during the combustion period was decreased from 106,488 Nm3/h
(corresponding to an average air consumption coefficient of 0.79) before operation opti-
mization to 97,310 Nm3/h (corresponding to an average air consumption coefficient of
1.27) after operation optimization with a reduction in fuel gas flowrate of 8.6%; and the
average hot-air temperature during the hot-air-supply period was lifted from 1146 ◦C
before operation optimization to 1178 ◦C after operation optimization with a temperature
increase of 32 ◦C. Therefore, a significant saving of fuel gas—while maintaining a high
enough hot-air temperature for blast furnace ironmaking—was achieved.
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supply period.

Figure 11 shows the relationship between the dome temperature during the combus-
tion period and the hot-air temperature during the hot-air-supply period, measured from
the industrial hot blast stove before and after optimization, and those predicted using CFD
simulation. As seen, the hot-air temperature roughly linearly increases with the increase
in the dome temperature. Through regression analysis on all the data shown in Figure 11,
a linear regression correlation of the form y = 1.6072x − 819.4 is obtained that shows, for
instance, if the dome temperature is increased by 10 ◦C, the hot-air temperature could be
lifted by about 16 ◦C. It is worth noting here that although the regression correlation coeffi-
cient is not so high (R2 = 0.4467), the CFD simulation results postulate that, on the basis
of the present operation optimization of the hot blast stove, further increasing the dome
temperature can likely lead to even higher hot-air temperatures. This finding provides
a reference basis for further operation optimization of the hot blast stove and, therefore,
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the numerical simulation results in the present work provide practical guidance for the
operation of industrial Kalugin top combustion hot blast stoves.
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3.3. Analysis of Model Simulation Efficiency

The numerical simulation strategy proposed in this work, as shown in Figure 2, is
based on the assumption that the combustion reactions all reach chemical equilibrium
and that the flow and heat transfer within the fluids are in a steady state. The main
reasons for adopting this assumption have been detailed elsewhere [31]. Therefore, the
three-dimensional steady-state CFD model previously established for the whole stove
body is used to predict the temperature of flue gas entering the regenerator [31], which
serves as the inlet boundary condition for the presently established two-dimensional
transient CFD model for a single channel of checker bricks in the regenerator of the hot
blast stove. The main purpose of the present work is to improve the numerical simulation
efficiency so as to quickly predict the hot-air temperature. It would be ideal if three-
dimensional transient CFD simulations were performed for the entire operation cycle
of the hot blast stove but this would result in an unacceptable computation time. As
is well-known, compared to the three-dimensional transient numerical simulation, the
computation times required for the three-dimensional steady-state numerical simulation
and the two-dimensional transient numerical simulation are significantly reduced. Taking
the simulation for the combustion period of the hot blast stove as an example, a personal
computer (with hardware configuration of Intel Core i7, 8-core CPU, and a main frequency
of 2.3 GHz) was used for calculation and comparison. The results show that, for advancing
one minute of real hot blast stove operation, the computation time required for conducting
a three-dimensional transient numerical simulation is about 18 h, while that for conducting
a two-dimensional transient numerical simulation of a single channel of checker bricks is
only 0.0667 h. That is, the time of the two-dimensional transient simulation is only about
1/270 of the time for the three-dimensional transient simulation! Even taking into account
the time consumed for the three-dimensional steady-state numerical simulation (about
8 h), which is required only once (c.f., Figure 2), the simulation strategy proposed in this
study that combines the three-dimensional steady-state CFD model for the whole hot blast
stove with the two-dimensional transient CFD model of a single channel of checker bricks
has an efficiency that cannot be matched by the three-dimensional transient CFD model.
Therefore, considering the current trend of ever-improving computing power, it can be
foreseen that using the numerical simulation strategy proposed in this study (c.f., Figure 2)
could make real-time tracking simulation of hot blast stove operations become a reality.



Metals 2023, 13, 1623 15 of 17

4. Conclusions

1. When fuel gas and combustion air flowrates of the hot blast stove during the main
combustion phase are set at 120,000 Nm3/h and 65,000 Nm3/h, respectively, (cor-
responding to an air consumption coefficient of 0.85) the average temperature of
checker bricks in the silica-brick section of the regenerator at the end of the combus-
tion period is rather low (only 1160 ◦C), so the average hot-air temperature during
the hot-air-supply period is also relatively low (1235 ◦C);

2. On the basis of the above-mentioned operating conditions, when the fuel gas flowrate
is reduced to 100,000 Nm3/h (corresponding to an increase in the air consumption
coefficient to 1.02), the average temperature of the checker bricks in the silica-brick
section of the regenerator at the end of the combustion period is the highest (reaching
1209 ◦C). As a result, the average hot-air temperature during the hot-air-supply period
is also the highest (up to 1295 ◦C). Therefore, this operation significantly improves the
hot-air temperature level while reducing fuel gas consumption.

3. When further decreasing the fuel gas flowrate to 80,000 Nm3/h (corresponding to an
air consumption coefficient of 1.28), the average temperature of the checker bricks
in the silica-brick section of the regenerator at the end of the combustion period is
still high enough (1187 ◦C), leading to a relatively high average hot-air temperature
during the hot-air-supply period (1273 ◦C). Therefore, this operating condition can
further save fuel gas while ensuring the required level of hot-air temperature;

4. During the entire operation cycle of the hot blast stove, the extent of the checker brick
temperature fluctuation in the lower section of the regenerator is greater than that in
the upper section of the regenerator; however, the changes in operating conditions
only significantly influence the temperature of the silica-brick section of the regen-
erator at the end of the combustion period but have a relatively small effect on the
checker-brick temperature in middle and lower sections of the regenerator;

5. Controlling the air consumption coefficient within the range of 1.02–1.28 during
the main combustion phase of the hot blast stove can achieve the best effects on
combustion and heat transfer, which has been demonstrated by the measured dome
temperature and hot-air temperature from the industrial hot blast stove. In addition,
there is a roughly linear relationship between the dome temperature during the
combustion period and the hot-air temperature during the hot-air-supply period,
exhibiting that if the dome temperature is increased by 10 ◦C, for instance, it is
possible to increase the hot-air temperature by about 16 ◦C. Such a linear relationship
between the dome temperature and the hot-air temperature would play an important
role in guiding the operation of Kalugin top combustion hot blast stoves in steel
plants;

6. The data of the fuel gas flowrate and the hot-air temperature collected from the indus-
trial hot blast stove before and after operation optimization indicate a reduction in
fuel gas flowrate by 8.6% and an increase in the hot-air temperature by 32 ◦C, proving
that the numerical simulation strategy proposed in the present work can achieve the
goal of energy conservation and fuel consumption reduction while maintaining the
hot-air temperature level required for blast furnace ironmaking.
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