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Abstract: Thermal efficiency is one of the important indices used to evaluate the operational energy
efficiency of hot blast stoves. In this study, a method for calculating the thermal efficiency of hot
blast stoves was developed based on simulation results. The working process of top combustion hot
blast stoves was numerically simulated through the established 3D fluid flow heat transfer model.
The system thermal efficiency of hot blast stoves was calculated according to the simulation data,
referring to the Chinese national standard, “measurement and calculation method of the heat balance
of blast furnace hot blast stove” (GB/T 32287-2015). In particular, a “segmented calculation and
accumulate by time” method was proposed based on the air supply curve to more precisely calculate
the heat carried away by the hot blast. The results indicate that when the burning air supply cycles
increased from 120 to 240 min, the thermal efficiency showed a trend of first decreasing and then
increasing, with the value ranging between 70.39% and 72.48%. The reason for the decrease in thermal
efficiency at a burning cycle of 150 min is explained based on heat transfer theory combined with the
structural characteristics of hot blast stoves. This study provides a convenient and effective method
for calculating the thermal efficiency of hot blast stoves, which helps us to evaluate and improve the
operating process of hot blast stoves.

Keywords: top combustion hot blast stove; thermal efficiency; numerical simulation; combustion; air
supply; heat transfer

1. Introduction

Hot blast stoves are critical assistive facilities for continuously providing high-
temperature air (over 1200 ◦C) to blast furnaces in the ironmaking process. This hot
air can promote pulverized coal combustion, reduce the coke ratio in ironmaking, and
improve the production efficiency of blast furnaces [1–3]. At the same time, hot blast stoves
are high-energy-consumption facilities, second only to blast furnaces. The amount of gas
required by hot blast stoves accounts for approximately 40% of the blast furnace gas output,
and their energy consumption can reach 25% of the total energy consumption [4]. Therefore,
improving the hot air temperature and reducing the energy consumption of hot blast stoves
are of great significance for blast furnace ironmaking. Research has shown [5] that for
every 100 ◦C increase in the outlet air temperature, the coke ratio of the blast furnace
can be reduced by 4–7%, the output can be increased by 3–5%, and the coal injection can
be increased by about 40 kg per ton of iron. In recent years, many research works have
been conducted to improve the hot air temperature of hot blast stoves. Zhang et al. [6]
used a CFD model that was developed to simulate the combustion and heat transfer pro-
cesses of top combustion hot blast stoves, creating a new record for the monthly average
hot air temperature of a large blast furnace. The furnace reached 1300 ◦C by combining
this with the multiple hot blast stove operation technologies that have been developed.
Zetterholm et al. [7] studied the influence of a new OxyFuel technique on the performance
of hot blast stoves based on a dynamic model of the hot blast stove system and proposed
that the blast temperature could be improved by increasing the cycle time of the hot blast
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stove system. Şahin and Morari [8] studied how to minimize the fuel usage of a hot blast
stove system in staggered parallel operation based on a model predictive control scheme
they designed. Zhong et al. [9] studied the heat transfer process of the regenerator of a
self-preheating system hot blast stove using simulation methods and analyzed the heat
exchange characteristics between the checker bricks and flue gas. They proposed to preheat
the combustion air through the self-preheating system, which can store more heat in the
regenerator and increase the air supply temperature. The research of Wei et al. [10] proved
that the dual goals of high air-temperature output and low NOx emissions from hot blast
stoves can be achieved by properly configuring the burner and regenerator grid bricks and
adopting technologies such as optimizing the flue gas flow field.

The hot-air temperature of hot blast stoves is closely related to the thermal efficiency.
Under the same burning conditions, the higher the hot-air temperature, the more effective
the heat output per unit time; and the higher the thermal efficiency. Therefore, thermal
efficiency is an important index for evaluating the operational energy efficiency of hot
blast stoves [11,12]. The thermal efficiency of hot blast stoves is affected by many factors,
including their structure, the gas type and composition, the inlet parameters of gas and
combustion-supporting air, and the performance of thermal insulation and heat storage
materials. In particular, the combustion state, flow field, and temperature field distribution
characteristics related to the structure directly affect the heat exchange efficiency between
the flue gas and the lattice bricks. In practical engineering, the thermal efficiency of hot
blast stoves is usually calculated according to the Chinese national standard “measurement
and calculation method of the heat balance of blast furnace hot blast stove” (GB/T 32287-
2015) [13]. The thermal balance is measured through a large amount of data collected
on site, and then the thermal efficiency is calculated according to the method specified
by the above standard. Undoubtedly, this is an accurate and reliable calculation method.
However, when using this method, manual measurement requires a large workload and a
long time and cannot be applied to the adjustment of the hot blast stove process during
operation. In addition, for hot blast stoves in the design stage, the data from on-site
testing are unavailable due to the lack of a physical hot air stove; so thermal efficiency
indicators cannot be used to evaluate the various design schemes of hot air stoves. The aim
of the present work is to explore a method to calculate the thermal efficiency of hot blast
stoves through simulation results without relying on on-site test data, making it possible to
evaluate the energy efficiency of the hot blast stove in operation and design.

In recent years, numerical studies have been widely used to simulate the performance of
specific components of hot blast stoves, such as burners and combustion chambers [14–17],
regenerators [18–20], and even entire hot blast stoves [21–27]. These studies have mainly
focused on the influence of the structure of hot blast stoves on the combustion, heat transfer,
and turbulent processes. However, research on the thermal efficiency of hot blast stoves
using numerical simulation has not been reported. Therefore, based on the top combustion
hot air stoves commonly used in the ironmaking industry, in this study, a 3D fluid flow
heat transfer model was established to simulate the working process of hot blast stoves.
According to the obtained simulation data and referring to the Chinese national standard
“measurement and calculation method of the heat balance of blast furnace hot blast stove”
(GB/T 32287-2015) [13], the system thermal efficiency of hot blast stoves was calculated.
The influence of the burning-air supply cycles on the thermal efficiency was analyzed.

2. Materials and Method
2.1. 3D Computational Model

Figure 1 shows the 3D calculation model of a top combustion hot blast stove equipped
with a 2350 m3 blast furnace in a steel plant. As indicated in Figure 1a, the physical model,
which was drawn using Solidworks 2023 software was constructed with four sections,
including the precombustion chamber, combustion chamber, regenerator, and furnace grill.
The main parameters of the model were as follows: the height of the stove was 46.9 m, and
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the bottom diameter of the combustion chamber was 8.8 m. The diameter and height of the
regenerator were 8.3 and 26 m, respectively [23].
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Figure 1. The 3D computational model of the top combustion hot blast stove: (a) physical model of
hot stove; (b) grid of nozzles; (c) grid of regenerator.

The grid model of the hot blast stove was completed using Ansys Workbench 19.2
software. Given the different media presented in the hot blast stove, the computational do-
mains were divided into the fluid domain (precombustion chamber, combustion chamber,
and furnace grill) and porous medium domain (regenerator), respectively. The fluid do-
mains were divided by a tetrahedral grid, and the regenerator was divided by a hexahedral
grid. The total number of grid cells was 1,320,464, and the number of nodes was 459,278.

2.2. Mathematical Model and Computational Method
2.2.1. Mathematical Model of Numerical Simulation

The numerical model was established based on the commercial CFD package Ansys
Fluent, and the corresponding mathematical models were selected for different computa-
tional domains of the hot blast stove.

• Turbulence Model

The realizable k− ε two-equation model was employed to simulate the turbulent flow
in the hot blast stove. The calculation equations are as follows [28,29]:
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where ρ,
→
v and µ represent the density, velocity vector, and dynamic viscosity of the

fluid, respectively. k and ε represent the turbulence kinetic energy and dissipation rate,
respectively. t represents time, Gk represents the turbulence kinetic energy. σk and σε

represent the Prandtl numbers for k and ε, respectively. In the present study, the values of
the k− ε mole parameters were used: C1ε = 1.44, C2ε = 1.9, σk = 1.0 and σε = 1.2.
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• Combustion Model

The eddy dissipation model was used to handle the combustion process of the fluid.
The model assumes that the rates of chemical reaction are relatively fast compared to the
turbulent mixing rate, that is, the speed control step of the combustion reaction is turbulent
mixing. Therefore, the final reaction rate can be determined by the mass fraction of reactants
and products. Net rate Ri,r of component i produced by reaction r depends on the smaller
one in the following two expressions:

Ri,r = ϑ′i,r Mw,i Aρ
ε

k
minR

(
YR

ϑ′R,r Mw,R

)
, (3)

and

Ri,r = ϑ′i,r Mw,i ABρ
ε

k

∑
p

Yp

N
∑
j

ϑ
′′
j,r Mw,j

, (4)

where ϑ′i,r and ϑ
′′
i,r represent the stoichiometric coefficients of the reactant and product,

respectively, in chemical reaction r for component i. Mw,i the molecular weight, ρ the
mixture density, N the number of species in the system. YR and Yp represent the mass
fractions of the reactant R and the product P, respectively. Empirical constants A = 4.0 and
B = 5.0.

• Radiation Model

In this study, the discrete ordinates (DO) model was selected to model the radiative
heat transfer inside the hot blast stove. The DO model is used for complex geometries
because it adopts discrete coordinates to track the radiation rays in the entire calculation
domain. The radiative transfer equation can be written as [30,31]
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→
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where
→
r ,
→
s and

→
s ′ represent the position, direction and scattering direction vectors, respec-

tively. α, σS and n represent the spectral absorption, scattering, and refractive coefficients,
respectively. I represents the radiation intensity, T represents the local temperature, Φ
represents the phase function, Ω′ represents the solid angle, and σ represents the Stefan-
Boltzmann constant.

• Porous Media Model

The porous media model was adopted to study the heat exchange process between
the checker bricks in the regenerator and high temperature flue gas and air. For a single
phase flowing through porous media, the momentum and energy conservation equations
can be shown as

∂
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∂
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+∇ ·
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v
(

ρ f E f + P
)]

= ∇ ·
(

ke f f∇T −∑
i

hi
→
J i

)
, (7)

where γ represents the porosity, β and C2 represent the viscous and inertia resistance
coefficients, respectively; E f and ES represent the total fluid and solid medium energy,
respectively; ρ f and ρS represent the densities of the fluid and solid, respectively; ke f f
represents the effective conductivity [32].
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2.2.2. Calculation Method of the Thermal Efficiency

The thermal efficiency of hot blast stoves refers to the percentage of their output heat
and the input heat of fuel combustion, which can be divided into system thermal efficiency
and body thermal efficiency. The former represents the ratio of the effective heat output
of hot blast stoves to the input heat, while the latter represents the ratio of the total heat
output of hot blast stoves to the input heat. Because the total heat output includes the
heat loss of hot air pipes, the heat dissipation of the furnace body, and the heat removed
by the cooling water, the system thermal efficiency truly reflects the utilization rate of the
effective heat of hot air stoves. While the body thermal efficiency reflects the effective heat
utilization rate of hot blast stoves, it also partially expresses the heat loss rate. In the present
study, the focus was on the system thermal efficiency of hot blast stoves. According to the
Chinese national standard “measurement and calculation method of the heat balance of
blast furnace hot blast stove”, the calculation formula is:

η =
Q′1 −Q4

Q−Q4
× 100%, (8)

where Q′1 represents the heat brought out by the hot air, Q4 represents the heat brought in
by the cold air, and Q is the sum of heat received by the hot blast stove, namely

Q = Q1 + Q2 + Q3 + Q4, (9)

where Q1 represents the chemical heat generated by the gas combustion. Q2 and Q3 repre-
sent the physical heat brought in by the fuel and combustion supporting air, respectively.
The calculation formulas for each heat are introduced below.

Q1 = Vm · τr ·QDW , (10)

where Vm represents the amount of gas used, τr represents the combustion period time, and
QDW is the low calorific value of gas, which means the heat released by the water vapor in
the combustion products cooled to 20 ◦C after the unit volume of gas is completely burned.
For the blast furnace gas composed of various gases, the calculation formula is as follows:

QDW = qCO ϕCO + qH2 ϕH2 + · · · , (11)

where qCO, qH2 and ϕCO, ϕH2 are, respectively, the calorific value and volume fraction of
each component in the gas.

Q2 = Vm · τr · (cm · tm − cme · te), (12)

where tm and te are, respectively, the average temperatures of the fuel and the environment;
cm and cme are the average specific heat capacities of the fuel at tm and te, respectively.

Q3 = Vm · τr · Ls
n · (ck · tk − cke · te), (13)

where Ls
n represents the actual air volume required for burning 1 m3 of gas, tk represents

the average temperature of the air; ck and cke are the average specific heat capacities of the
air at tk and te, respectively.

Q4 = Vf · β · (1− L f ) · τf · (c f · t f − c f e · te), (14)

where Vf represents the flow rate of the cold air, τf represents the air supply time, β
represents the comprehensive correction coefficient of air volume, t f represents the average
temperature of the cold air, L f represents the air leakage rate of hot blast stove. c f and c f e
are the average specific heat capacities of the cold air at t f and te, respectively.

Q′1 = Vf · β · (1− L f ) · τf (chth − c f e · te), (15)
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where th represents the average temperature of the hot air, and ch is the average specific
heat capacity of the hot air at th.

2.3. Boundary Condition

In the combustion period, the inlet flow rate of the blast furnace gas was 11.83 × 104

Nm3·h−1, and the temperature was set at 423 K. Its composition is presented in Table 1 [23].
The inlet flow rate of combustion-supporting air was 7.74 × 104 Nm3·h−1, and the temper-
ature was set at 473 K. The two exhaust gas outlets were used as the pressure boundaries,
with a static pressure of 0 Pa. In the air supply period, the cold air was supplied at a flow
rate of 33.42 × 104 Nm3·h−1 at 473 K. The hot air outlet was set as a pressure boundary
with a static pressure of 0 Pa, and all the surface walls were considered to be as nonslip
walls. As shown in Figure 1c, the regenerator consisted of two layers of checker bricks, and
the physical parameters are listed in Table 2.

Table 1. Composition of blast furnace gas.

Component CO CO2 H2O H2 N2

Volume fraction ϕ 0.24 0.19 0.023 0.01 0.537

Table 2. Parameter of checker brick [33].

Checker Brick Density/(kg·m−3) Thermal Conductivity/(W·m−1·K−1) Specific Heat/(J·kg−1·K−1)

Silica brick 1900 0.93 + 0.0007 t 794.0 + 0.251 t
Clay brick 2070 0.84 + 0.00052 t 836.8 + 0.263 t

2.4. Grid Independence Study

The grid independence study was conducted to ensure the reliability of the computa-
tional model. Based on the model with a grid number of N = 1,320,464, two new models
were obtained by increasing and decreasing the number of grid cells by 20%, which were
called fine grid and coarse grid according to the size of grid density, respectively. The
combustion and air supply performance of three models were compared by numerical
simulations under the same calculation conditions.

Because the temperature of air supply is an important indicator for evaluating the
performance of hot blast stoves, the temperature curves of the hot air outlet of three stoves
(as shown in Figure 2) were chosen as the object of grid independence study. The simulation
results of six points in Figure 2 with an air supply temperature above 1000 ◦C are listed
in Table 3, where “Relative error” refers to the relative error compared to the benchmark
model. From Table 3, it can be seen that the change in grid number has little effect on
the simulation results (with a maximum relative error of 2.23%), indicating that the used
calculation model is independent of the grid.

Table 3. The results of grid independence study.

Grid Type Parameter Point 1 Point 2 Point 3 Point 4 Point 5 Point 6

Benchmark grid T (◦C) 1304 1294 1283 1248 1198 1110

Coarse grid T (◦C) 1296 1287 1268 1243 1177 1097
Relative error (%) 0.62 0.58 1.16 0.39 1.75 1.11

Fine grid T (◦C) 1320 1311 1296 1275 1211 1130
Relative error (%) 1.29 1.38 1.04 2.23 1.16 1.92
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Figure 2. Temperature curves of the hot air outlet of the stoves with different grid numbers.

3. Results and Discussion
3.1. Simulation Results of the Combustion and Air Supply Periods

To systematically study the influence of different operating conditions on the thermal
efficiency of hot blast stoves, simulations were conducted with burning-air supply cycles
of 120, 150, 180, and 240 min, and the temperature distribution under different conditions
was obtained during the combustion and air supply periods.

3.1.1. Temperature Distribution in the Combustion Period

Figure 3 shows the temperature distribution of the vertical sections of the hot blast
stove at the end of different burning-air supply cycles. As shown, the temperature of
the precombustion chamber was lower. This is because the gas and air nozzles were
layered up and down, respectively, and the two gases did not start to mix and burn until
they reached the lower part of the precombustion chamber. After the fuel gas entered
the neck, the temperature constantly increased as the combustion continued. However,
complete combustion only occurred in the combustion chamber, resulting in the maximum
temperature of 1642 K near the dome. In the regenerator region, the layered structure
of the temperature was mainly due to the upper part of the regenerator being close to
the heat source, generating a higher temperature region; in the middle and lower parts,
the temperature decreased gradually with the distance from the heat source and the
thermal barrier effect of the upper layer. As the furnace burning time increased, the high-
temperature zone of the regenerator gradually expanded, indicating that the thermal energy
stored inside also increased. This temperature distribution pattern directly affected the air
supply temperature and duration.
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3.1.2. Temperature Distribution in the Air Supply Period

The air supply period of the hot air stove began after the combustion period ended,
and the regenerator had stored enough heat energy. At this time, cold air entered the
regenerator from the bottom of the hot blast stove, absorbed heat through heat exchange
with the checker bricks, and became high-temperature hot air, which was transported to
the blast furnace for ironmaking. In engineering, the effective air supply time [22] and the
temperature distribution during this period are usually important indices used to evaluate
the performance of hot blast stoves.

Figure 4 shows the temperature curve of the hot air outlet over time for different
burning-air supply cycles. The four curves had a similar variation rule; that is, the temper-
ature descended in a parabolic pattern. When the air temperature dropped to the lower
limit of the temperature required in the project, the air supply period ended. As shown
in Figure 4, the longer the furnace burning time, the higher the initial temperature of the
air supply, and the longer the effective air supply time. This result corresponded to the
temperature distribution in the combustion period.
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However, it is not enough to evaluate the performance of hot blast stoves solely based
on the effective air supply time and the air supply temperature distribution, as they do not
fully reflect the energy efficiency indicators of hot blast stoves. Only by simultaneously
considering the thermal efficiency of the hot blast stove, namely, the heat transfer effect and
the energy utilization efficiency, can the performance of hot blast stoves be comprehensively
evaluated. Therefore, it is helpful to improve the evaluation system of hot blast stoves
through calculating their thermal efficiency through numerical simulation methods.

3.2. Simulation Calculation of the Thermal Efficiency

Equations (8) and (9) calculate the thermal efficiency of hot blast stoves; the heats Q1,
Q2, Q3, and Q4 are easily calculated by substituting the input and output heat of hot blast
stoves obtained from the numerical simulation, as well as the relevant parameters, into
the corresponding formulas. However, the calculation of heat Q′1, carried away by the
hot air, is the key to the simulation methods. According to the Chinese national standard,
“measurement and calculation method of the heat balance of blast furnace hot blast stove”
(GB/T 32287-2015) [13], Q′1 is obtained by manually measuring the temperature, flow rate,
and other parameters at the hot air outlet and then using Equation (15). The temperature th
used in the calculation is the average temperature in the air supply period. As mentioned
earlier, the temperature decrease in the air supply process is not a linear change, and
in addition, the specific heat capacity of air is also a function of the temperature. If the
nonlinear factors are ignored in the calculation of Q′1, and the average temperature and
average specific heat capacity are used for calculation, this inevitably results in calculation
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errors. Therefore, in this study, a method of calculating Q′1 was developed based on the
temperature change over time curve in the air supply period.

3.2.1. The Calculation Method for Q′1
The calculation method for Q′1 can be summarized as “segmented calculation and

accumulate by time”, i.e., the air supply curve was divided into several sections based on
time, the heat carried by the hot air in each part was calculated separately, and then, it was
summed over time. The calculation process is as follows.

In the air supply curve shown in Figure 5, the six points, a–f, are the positions of the
nodes in the air supply process, where points a and f are, respectively, the starting and
ending points of the effective air supply time, and th,1, th,2, . . . , th,5 represent the average
temperature of each time section, respectively. In the figure, te is the ambient temperature.
According to Figure 5, the output heat Q′1i of each segmented section is calculated based
on the average temperature th,i of the area and the ambient temperature te, as well as their
corresponding specific heat capacities ch,i and c f e,i. By accumulating the heat output from
all sections, the heat carried away by the hot air Q′1 can be calculated. According to the
above scheme, the calculation Equation (15) of Q′1 is modified as

Q′1 = Vf · β · (1− L f ) ·
n
∑

i=1
τf ,i(ch,i · th,i − c f e · te)

= Vf · β · (1− L f ) · [τf ,1(ch,1 · th,1 − c f e · te) + τf ,2(ch,2 · th,2 − c f e · te)]

+ · · · · · ·+ τf ,n(ch,n · th,n − c f e · te)]

. (16)
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As can be seen from Equation (16), the larger the number of the nodes selected between
points a and f in Figure 5, i.e., the more the sections into which the air supply curve is
divided, the closer the average temperature in the interval is to the actual temperature,
and the closer the calculated value of Q′1 is to the actual value. Certainly, the amount of
simulation calculation is also higher. In other words, the heat Q′1 calculated by Equation (16)
can more accurately reflect the thermal conditions of hot blast stoves in actual operation,
and the thermal efficiency obtained from Q′1 has more practical application value.

3.2.2. Simulation Calculation Process

Considering the 120-min burning-air supply cycle as an example, the calculation
process of the system thermal efficiency of hot blast stoves is introduced as follows. The
mass fraction and specific heat capacity of each component of gas are summarized in
Tables 4 and 5, respectively, the relevant parameters of the combustion air and cold air are
shown in Table 6, and the initial conditions of the hot blast stove are shown in Table 7.
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Table 4. Mass fraction of blast furnace gas.

Component CO CO2 H2O H2 N2

Mass fraction ω 0.2200 0.2737 0.0136 0.0007 0.4922

Table 5. Mass specific heat capacity of gas components.

Component CO CO2 H2O H2 N2

Specific heat capacity
ci/kJ·(kg·◦C)−1

tm = 150 ◦C 1.044 0.888 1.884 14.387 1.042
te = 20 ◦C 1.040 0.825 1.862 14.227 1.039

Table 6. Relevant parameters of the combustion air and cold air.

Calculation Coefficient Inlet Temperature and Specific
Heat Capacity Ambient Temperature and Specific Heat Capacity

Ls
n β L f tk

(
t f

)
/◦C ck

(
c f

)
/kJ·(m3·◦C)−1 te /◦C cke

(
c f e

)
/kJ·(m3·◦C)−1

0.6549 0.98 0.03 200 1.3085 20 1.2995

Table 7. Initial conditions of hot blast stove.

Type of Gas Flow Rate/(m3·s−1) Temperature/◦C

Gas 32.8611 (Vm) 150
Cold air 92.8333 (Vf) 200

The mass fraction ω of each component in Table 4 was calculated by volume fractions
ϕ (Table 1), and the formula is:

ωi = ϕi
Mi
M

, (17)

where Mi is the molecular weight of each gas component. M is the equivalent mass of gas,
which is expressed as

M =
n

∑
i=1

Mi ϕi = MCO ϕCO + MCO2 ϕCO2 + MH2O ϕH2O + MH2 ϕH2 + MN2 ϕN2 , (18)

The mass specific heat capacity of each component in an ideal state at different temper-
atures was obtained from the literature. From these data, the specific heat capacity at inlet
temperature tm = 150 ◦C and ambient temperature te = 20 ◦C was obtained by the linear
interpolation method (Table 5).

• Chemical Heat of Gas Q1: The calorific values of CO and H2 are 12,644 and
10,802 kJ·m3, respectively, according to Equations (10) and (11),

Q1 = Vm · τr ·QDW = Vm · τr · (qCO ϕCO + qH2 ϕH2)
= 32.8611× 2× 3600× (12, 644× 24% + 10, 802× 1%) = 74.3534× 107 kJ

.

• Physical Heat of Gas Q2: When Equation (12) is used to calculate Q2, it is necessary to
obtain the volume specific heat capacities cm and cme of the gas at the inlet and ambient
temperatures tm and te, respectively. The values were calculated from the mass specific
heat capacity ci in Table 5 and the density ρ0 of the gas under the standard state.
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Taking cm of the gas at tm = 150 ◦C as an example, the calculation process is:

M =
n
∑

i=1
Mi ϕi

= MCO ϕCO + MCO2 ϕCO2 + MH2O ϕH2O + MH2 ϕH2 + MN2 ϕN2

= 28× 24% + 44× 19% + 18× 2.3% + 2× 1% + 28× 53.7% = 30.55

,

ρ0 =
M

22.4
=

30.55
22.4

= 1.3638 kg ·m−3,

and

cm = (cm,COωCO + cm,CO2 ωCO2 + cm,H2OωH2O + cm,H2 ωH2 + cm,N2 ωN2) · ρ0
= (1.044× 0.2200 + 0.888× 0.2737 + 1.884× 0.0136 + 14.387× 0.0007

+1.042× 0.4922)× 1.3638
= 1.3928 kg/(m3·◦C)

.

Similarly, the gas volume specific heat capacity cme = 1.3655 kg/(m3·◦C) is obtained
at te = 20 ◦C. Then, Q2 is obtained from Equation (12):

Q2 = Vm · τr · (cm · tm − cme · te)
= 32.8611× 3600× 2× (1.3928× 150− 1.3655× 20)
= 4.2968× 107 kJ

.

• Physical Heat of Combustion Air Q3: According to Equation (13) and the data in
Table 6, the following is obtained:

Q3 = Vm · τr · Ls
n · (ck · tk − cke · te)

= 32.8611× 3600× 2× 0.6549× (1.3085× 200− 1.2995× 20)
= 3.6523× 107 kJ

.

• Heat Brought by Cold Air Q4: From Equation (14) and Table 6, Q4 is obtained:

Q4 = Vf · β · (1− L f ) · τf · (c f · t f − c f e · te)
= 92.8333× 60× 0.98× (1− 0.03)× 75× (1.3085× 200− 1.2995× 20)
= 9.3604× 107 kJ

.

• Heat Carried by Hot Air Q′1: According to the calculation method of given above, its
value is obtained by Equation (16):

Q′1 = Vf · β · (1− L f ) ·
n
∑

n=1
τf ,i(ch,i · th,i − c f e · te)

= Vf · β · (1− L f ) · [τf ,1(ch,1th,1,−c f e · te) + τf ,2(ch,2 · th,2 − c f e · te)
+ · · ·+τf ,n(ch,n · th,n − c f e · te)]

= 92.8333× 60× 0.98× (1− 0.03)× [1× (1.4447× 1304.9− 1.2987× 20)

+26× (1.4435× 1293.45− 1.2987× 20) + 30× (1.4351× 1221.5− 1.2987× 20)

+3× (1.4275× 1149.5− 1.2987× 20) + 15× (1.4262× 1138.0− 1.2987× 20)]

= 69.0123× 107 kJ

.

• Total Incoming Heat Q: From Equation (9), Q is obtained:

Q = Q1 + Q2 + Q3 + Q4

= (74.3534 + 4.2968 + 3.6523 + 9.3609)× 107

= 91.6634× 107 kJ

.
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• System Thermal Efficiency η: For the 120-min burning-air supply cycle of the hot blast
stove, the system thermal efficiency η is:

η =
Q′1 −Q4

Q−Q4
× 100% =

69.0123− 9.3604
91.6634− 9.3604

× 100% = 72.48%.

3.2.3. Influence of the Burning-Air Supply Cycles on Thermal Efficiency

Using the abovementioned thermal efficiency calculation method, the input and output
heat and the thermal efficiency of hot blast stoves with different burning-air supply cycles
were obtained; the calculation results are listed in Table 8. Figure 6 shows the corresponding
thermal efficiency curves.

Table 8. Relevant results of thermal efficiency calculation.

Time
/Min

Heat Quantity Q/107 kJ Thermal Efficiency
η/%Q1 Q2 Q3 Q4 Q′

1

120 74.3534 4.2968 3.6523 9.3604 69.0123 72.48
150 92.9418 5.3670 4.5613 11.4827 83.8899 70.39
180 111.5301 6.4403 5.4736 14.4158 102.5205 71.37
240 148.7068 8.5871 7.2981 19.0962 137.9696 72.22
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In this study, the computational model used in numerical simulations has been vali-
dated by on-site testing temperature data of the hot blast stove with an average error of
less than 1.5% [23]. The calculation method for thermal efficiency comes from the Chinese
national standards. Therefore, the thermal efficiency calculation results obtained from
simulations are credible and reliable.

As shown in Figure 6, the thermal efficiency was the highest in the 120-min burning-air
supply cycle. Then, it began to decrease, reaching the lowest point at 150 min, after which
it increased clearly. After 180 min, the thermal efficiency increased, but the range of change
decreased. The change law of thermal efficiency can be explained as follows. In the initial
stage of combustion, the unstable heat transfer process with a large temperature difference
and fast heat transfer rate occurred between the upper half of the regenerator and the
high-temperature flue gas from the combustion chamber. In addition to the convection
heat transfer, the regenerator in this area obtained additional radiation heat transfer from
the combustion chamber dome’s wall surface and the combustion products in the internal
space because of its proximity to the combustion chamber. This dual heat-exchange effect
showed a high thermal efficiency level during the 120-min burning-air supply cycle. When
the high-temperature flue gas further penetrated downward after 120-min cycles, it had to
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pass through the porous channel in the upper half of the regenerator to reach the lower half.
Therefore, the flow resistance was significantly increased, which affected the convection
heat-exchange efficiency. In addition, due to the blocking effect of the upper heat storage
body, the middle region was unable to obtain radiative heat transfer from the combustion
chamber, resulting in the heat exchange in this region entering a “bottleneck period” at
150 min; so, the heat efficiency was at its lowest point. When the combustion period
exceeded 150 min, the upper half of the regenerator completely entered stable heat transfer,
and a large amount of high-temperature flue gas continuously penetrated downward,
transferring more heat to the lower part of the middle region, gradually increasing the
thermal efficiency. The air supply curves in Figure 4 show that the longer the burning-air
supply cycles are, the higher the initial air supply temperature is. This is because the
air supply temperature is determined by the maximum temperature, the temperature
distribution and heat storage of the regenerator, and the temperature of the combustion
chamber in the initial stage of the air supply. The longer the combustion time is, the higher
the temperature of the combustion chamber is, the more fully the regenerator is heated by
the high-temperature heat source, and the higher the initial temperature of the air supply
is. However, the results in Figure 6 show that the thermal efficiency is the lowest in the
150-min burning-air supply cycle. This provides an additional reason to avoid the 150-min
burning-air supply cycle when establishing a multi-stove burning-air supply operating
system. In an actual project, the air supply temperature and thermal efficiency must be
considered simultaneously to achieve better results.

4. Conclusions

In this study, a calculation method for the system thermal efficiency of hot blast stoves
was proposed based on simulation data. The change rule of thermal efficiency in different
burning-air supply cycles was analyzed. The results are summarized as follows.

(1) The system thermal efficiency of hot blast stoves was calculated based on the simula-
tion data of combustion and air supply obtained via the ANSYS FLUENT method,
referring to the Chinese national standard “Thermal Balance Measurement and Cal-
culation Method for Blast Furnace Hot Stove”. In particular, we used a “segmented
calculation and accumulate by time” method based on the air supply curve to more
precisely calculate the heat carried away by the hot blast. As the numerical model used
in this study was validated using on-site test data, the thermal efficiency calculation
method is credible and reliable.

(2) The relationship between the thermal efficiency and the burning-air supply cycles
was analyzed. When the burning-air supply cycles increased from 120 to 240 min, the
thermal efficiency showed a trend of first decreasing and then increasing, with values
ranging between 70.39% and 72.48%. The reason for the decrease in thermal efficiency
at a burning-cycle of 150 min was explained based on heat transfer theory combined
with the structural characteristics of hot blast stoves.

(3) The thermal efficiency calculation method provides a convenient and effective means
for evaluating the energy efficiency of hot blast stoves. It has practical significance for
optimizing the design scheme and making real-time adjustments and improvements
in the operating parameters of hot blast stoves.
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Nomenclature

A, B Empirical constant
C2 Inertia resistance factor
C1ε, C2ε Constants in the k− ε two-equation
c f , c f e Average specific heat capacities of the cold air of t f and te
ch Average specific heat capacity of the hot air at th
ck, cke Average specific heat capacities of the air at tk and te
cm, cme Average specific heat capacities of the fuel at tm and te
E f Total fluid energy
ES Total solid medium energy
Gk Turbulence kinetic energy produced by mean velocity gradient
I Radiation intensity
k Turbulence kinetic energy
ke f f Effective conductivity
L f Air leakage rate of hot blast stove
Ls

n Actual air volume required for burning 1 m3 of gas
M Equivalent mass of gas
N Number of chemical species in the system
n Refractive coefficient
qCO, qH2 Calorific values of CO and H2 in the gas
Q Sum of heat received by the hot blast stove
Q1 Chemical heat generated by the gas combustion
Q′1 Heat brought out by the hot air
Q2 Physical heat brought in by the fuel
Q3 Physical heat of combustion air
Q4 Heat brought in by the cold air
QDW Low calorific value of gas
→
r Position vector
→
s Direction vector
→
s
′

Scattering direction vectors
T Temperature
t Time
tk Average temperature of the air
t f Average temperature of the cold air
th Average temperature of the hot air
tm Average temperature of the fuel
te Average temperature of the environment
Vf Flow rate of the cold air
Vm Amount of gas
→
v Velocity vector
YP Mass fractions of the product P
YR Mass fractions of the reactant R
Greek Symbols
α Absorption coefficients
β Viscous coefficients
γ Porosity
ε Dissipation rate
µ Dynamic viscosity of the fluid
Ω′ Phase function

ϑ′i,r
Stoichiometric coefficients of reactant in chemical reaction r for
component i

ϑ′′i,r
Stoichiometric coefficients of product in chemical reaction r for
component i

ρ Density
ρ f Fluid density
ρS Solid density
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σ Stefan-Boltzmann constant
σS Scattering coefficient
σk, σε Prandtl numbers for k and ε

τf Air supply time
τr Combustion time
Φ Phase function
ϕCO, ϕH2 Volume fraction of CO and H2 in the gas
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