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ABSTRACT

In order to study the effect of oxygen-enriched combustion technology on the temperature field and NOx
emission in the continuous heating furnace, this paper studies the oxygen-enriched combustion of a pushing steel
continuous heating furnace in a domestic company. This study utilizes numerical simulation method, establishes
the mathematical models of flow, combustion and NOx generation combustion process in the furnace and analyzes
the heat transfer process and NOx generation in the furnace under different air oxygen content and different wind
ratio. The research results show that with the increase of oxygen content in the air, the combustion temperature in
the furnace rises significantly, and the emission concentration of NOx increases. Furthermore, the NOx emission
concentration is related to the proportion of primary and secondary air.
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1 Introduction

Currently, energy depletion and environmental pollution have emerged as global focal points. As
a national pillar industry characterized by high levels of energy consumption and pollution, the steel
sector exhibits low utilization rates of secondary energy and solid waste. In comparison to advanced
industrial nations, China’s steel industry demonstrates approximately 30% higher energy consumption
and an environmental protection index that is 10-30 percentage points lower. Analyzing key statistics
from January to October 2018 for steel enterprises reveals that under the condition of a 4.9% growth
in crude steel production, there was a year-on-year decrease of 0.9% in total energy consumption [1].
These findings indicate that while some progress has been made, significant efforts are still required
for China’s steel industry to effectively reduce its energy consumption and emissions.

The heating furnace is a specialized equipment employed for the purpose of heating materials
and workpieces. Being the foremost contributor to energy consumption and pollution in the iron and
steel industries, its waste of energy mainly arises from thermal losses. Statistical data reveals that a
substantial proportion of heat generated by industrial furnaces dissipates through flue gas emissions.
The estimate of an annual loss is equivalent to over 50 million tons of standard coal in China alone.
Consequently, implementing strategies for conserving energy and reducing consumption becomes
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imperative not only for cost reduction but also for bolstering the competitive edge among iron and
steel enterprises.

In terms of energy saving and emission reduction, oxygen-enriched combustion (OEC, Oxygen-
Enriched Combustion) technology has been applied in many fields such as large steel enterprises,
achieving significant effects of energy saving and emission reduction at present. European countries,
Japan, the United States, and Australia are actively researching and developing full oxygen combustion
technology. In terms of emission reduction, full oxygen or oxygen-enriched combustion can reduce the
NOxy content in the flue gas to a level close to zero, and full oxygen combustion technology has been
widely promoted and used in glass melting kilns.

Oxygen-enriched combustion technology refers to the utilization of air with a higher oxygen
content (21%) than ordinary air as a combustion enhancer to burn. The ultimate state of oxygen-
enriched combustion is pure oxygen combustion. Nitrogen not only remains uninvolved in burning
in the combustion process but also absorbs significant amounts of heat, thereby influencing both
the combustion process within the furnace and boiler pressure, leading to increased heat loss and
electrical power consumption from exhaust emissions. By increasing the oxygen content, the nitrogen
content in the combustion aid decreases accordingly, so lots of nitrogen-related issues can be solved
effectively. The enriched oxygen environment enhances fuel-oxygen contact, elevates flame tempera-
ture, reinforces radiation heat transfer in the furnace, and reduces gas volume within the combustion
chamber; hence developed countries refer to oxygen-enriched combustion technology as “resource-
creating technology”. However, it should be noted that NOy emission problems arise due to elevated
flame temperatures in oxygen-enriched combustion, which prompts research by some scholars [2,3].
oxygen-enriched combustion finds extensive applications in steel and nonferrous metal smelting [4],
glass manufacturing processes, garbage incineration [5], and various other industries. Furthermore, it
is also being studied in engines [0,7], cement decomposition kilns [&], fluidized beds [9], boilers [10],
and other equipment.

In the research on oxygen-enriched combustion technology for heating furnaces using numerical
simulation methods, numerous scholars have conducted extensive investigations and achieved some
results. Schluchner et al. [11] discovered that oxygen-enriched combustion can be potentially applied
in industrial reheating furnaces (e.g., stepped beam reheating furnace) preheating, heating, and heat
uniformity processes to enhance productivity and reduce the material loss caused by scale formation.
Prieler et al. [12] conducted steady-state simulations on the reaction flow and heat conduction of billets
in air combustion and oxygen-enriched combustion (25% O, and 75% N,) by using the CFD method.
The research found that the heat flux of the billet is 200 kW lower by oxygen-enriched combustion
than by air combustion when the billet is heated to the same temperature. Han et al. [13] analyzed
the efficiency of both air fuel combustion and oxygen-enriched fuel combustion in heating furnaces,
revealing that total heat transfer was 1.5 times higher for oxygen-enriched combustion across all billets
compared to air combustion conditions. Additionally, In the study of using CFD to predict the heating
characteristics of billet in a step-by-step heating furnace, Pricler et al. [14] proposed a new iterative
numerically efficient heating furnace solution strategy. The gas phase combustion applies steady state
simulation, while the transient heat transfer of the billet uses a separate transient simulation. This
method is considered a good alternative to the region model, which calculates radiative heat flux
and convection by using an empirical correlation of assumed region temperatures and heat transfer
coefficients or to compute simultaneous transient simulations of demanding gaseous combustion and
load heating. This study provides a basis for future simulation of blast furnaces under oxygen-enriched
conditions with oxygen content up to 25%. Mayr et al. [15] found that the efficiency of laboratory-scale
furnaces increased from 46% under air combustion to 76% under pure oxygen combustion with the
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increase of oxygen concentration in the oxidizer. Studies on industrial heating furnaces also show the
beneficial effect of enriched oxygen in the oxygenizer. When the oxygen concentration in the oxidizer
reaches 25%, the heat input can be reduced by 8%, while the heat flux of the load remains almost
unchanged [16,17].

Numerical simulation technology is an effective method for studying the temperature field inside
the furnace. Emadi et al. [18] developed a mathematical heat transfer model to study the heating
characteristics of steel billets in a heating furnace. They found that by increasing the surface emissivity
from 0.7 to 0.95, the residence time can be reduced by 5%. Chen et al. [19] developed a slab temperature
model based on the finite difference method. By optimizing the reheating process, the average residence
time in the furnace of the slab was reduced by 13 min, and the throughput rate in the furnace was
increased by 9.72%. Jang et al. [20] established a heat transfer model for steel billets based on a two-
dimensional finite element (FEM) model and obtained the temperature distribution of the steel billets
during reheating. Prieler et al. [21] studied a natural gas stepper furnace for heating steel billets. A
new numerical method was adopted to predict the gas-phase combustion, heat transfer, and transient
heating characteristics of steel billets in the furnace. Wang et al. [22] conducted numerical simulations
of thermal fluid dynamics phenomena in heating furnaces. The heating characteristics of the slab in a
heating furnace were studied using the Finite Volume Method (FVM). The temperature distribution
considering the motion of the slab in the heating furnace was obtained through unsteady calculations.
ANSYS FLUENT software was used to numerically simulate the radiation of walls and gases. More
scholars have proposed a new method for studying the reheating process of slab in a walking beam
heating furnace by combining a three-dimensional computational fluid dynamics (CFD) model with
a two-dimensional heat transfer model [23-27]. A comprehensive three-dimensional CFD model has
been established inside the industrial slab heating furnace to calculate flow characteristics, combustion
process, and multimodal heat transfer phenomena. A two-dimensional heat transfer model for the
slab reheating process was established based on the finite difference method. The simulation results
of the three-dimensional CFD model provide detailed heat transfer boundary conditions for the two-
dimensional heat transfer model. Under typical heating furnace operating conditions, slab tests were
conducted, and the test results were used for calibration of the two-dimensional model. The results
indicate that the three-dimensional CFD and two-dimensional heat transfer models can effectively
predict the reheating process of the slab [28—30].

In this context, the simulation research of oxygen-enriched combustion in the continuous rolling
furnace is carried out in this paper, and the combustion process, temperature change, and NOx
generation change in the furnace with oxygen-enriched combustion technology are emphatically
studied. Based on the establishment of a mathematical model for the thermal process in the furnace,
the oxygen-enriched combustion in the furnace is comprehensively analyzed and studied in this paper.

2 Physical Model and Mathematical Model
2.1 Physical Model

The object of this paper is a pushing steel continuous heating furnace of a company. The heating
furnace can be divided into preheating section, heating section, and heat uniform section from the
temperature control. The furnace width is 12 m, and the furnace height is between 1.6 and 2.2 m.
Along the furnace length, symmetrical burners are arranged on both sides of the furnace for mutual
jet combustion heating. The burner adopts a low NOx mixed gas flame-controlling burner, and the
distance between the burner and the burner is 2 m. The combustion air of the burner is supplied
through central air, primary air, and secondary air. The primary air adopts the way of swirl, and the
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proportion of primary air and secondary air can be adjusted. The furnace uses mixed gas as fuel, and
the composition of mixed gas is shown in Table 1.

Table 1: Main component of mixed gas

Composition CH, CcO CO, H, N, 0O,
Volume fraction/% 10.9 16.1 15.3 24.9 32.7 0.1

This paper selects a set of burners in the soaking zone of the pushing-type continuous heating
furnace for simulation calculation. The furnace height is 2 m and the burners are in the center of the
furnace wall. Fig. 1 shows the heating furnace and the structural sketch of the calculation area. As can
be seen from Fig. 1, the furnace width direction of the soaking zone is symmetrical along the center, so
only half of the furnace width direction is taken in the calculation process, and the symmetric surface
is set as the symmetric boundary condition in the calculation in FLUENT.
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Figure 1: Schematic diagram of geometric model of heating furnace research section

2.2 Mathematical Model

The mathematical models established in this paper are based on the basic conservation equation,
combined with experimental techniques and theoretical analysis techniques, with the purpose of
application, the basic conservation equation is moderately simplified, and the physical process is more
specifically described in mathematics. Based on the continuity equation, momentum conservation
equation, and energy equation, the mathematical models used in this paper are mainly the RNG bi-
equation model, eddy dissipation (EBU) model, discrete ordinates (DO) model, and NOy generation
model. In the combustion process of the burner studied in this paper, gas, and air are mixed and
burned after being injected into the furnace, so it belongs to non premixed combustion. The non
premixed combustion model is very commonly used in calculating turbulent diffusion flames in
rapid chemical reaction systems. Meanwhile, as the combustion model does not require solving the
component transport equation, the chemical reaction calculation part is also completed in the pre PDF.
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2.3 Boundary Conditions
2.3.1 Determination of Inlet Boundary Conditions

In the model studied in this paper, there are three air mass flow inlet boundaries and one gas
mass flow inlet boundary. According to the field data, the mass flow of gas inlet is 726 m*/h, and the
temperature is 20°C; the central air supply to the burner accounts for 3% of the total air volume, and
the proportion of primary air and secondary air can be adjusted. The mass flow of the air inlet is
calculated according to the air consumption coefficient (1.06) and the oxygen content in the air, and
the temperature is 520°C.

2.3.2 Determination of Export Boundary Conditions

Pressure outlet boundary conditions are adopted, and the pressure value of the outlet is given
as one atmosphere. The reflow gas at the outlet is the flue gas after complete combustion, and its
temperature is set as the average temperature of the gas in the furnace.

2.3.3 Determination of Boundary Conditions of Furnace Wall

The tangential velocity of the fluid on the solid wall satisfies the condition of no slip velocity,
and the normal velocity satisfies the condition of no penetration. The furnace wall is treated according
to the thermal conductive solid boundary condition, and the inner lining surface is treated according
to the second type of boundary condition, namely the equal heat flow boundary condition. The heat
flux density is calculated according to Eq. (1).

2134+4,\" (273 +1\ 125
qi_4.18[4.188{( 100 )—( 00 ) + K (1, — 1) ()

Here ¢ is the blackness of the furnace surface, taking 0.8; ¢, is the ambient temperature, taking
20°C; t, is the average surface temperature of the furnace wall, taking the ambient temperature plus
80°C and 20°C for the top and side walls, respectively; K is the coefficient, taking 2.8 and 2.2 for the
top and side walls, respectively.

After calculation, the approximate heat flux density of the furnace top is —1230 W/m?, and the
heat flux density of the side wall is —800 W/m?.

2.3.4 Determination of Billet Boundary Conditions

Assuming that the bottom of the furnace is the upper surface of the billet, as a wall surface, the
tangential velocity of the fluid should also meet the no slip velocity condition, and the normal velocity
to meet the no penetration condition. In addition, the first type of boundary conditions, namely
isothermal boundary conditions, are adopted. According to the field data, the temperature is set at
1200°C, and the surface blackness is set at 0.8.

2.4 Mesh Generation

Fig. 2 shows the grid of the calculation area generated by Gambit software. The burner has a
complex and irregular structure, with large variations of cross-sectional dimensions and drastic flow
changes. Encrypted structured grids are used for these parts. Structured hexahedral grids are used for
the nozzle and combustion area, which gradually become sparse with the development of flow. The
grid generation of the entire heating furnace geometry model is completed according to the above
method, with a total number of about 700,000 grid nodes.
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Figure 2: Schematic diagram of calculating grid division of heating furnace

3 Analysis of Simulation Results

Considering only the combustion characteristics with the air oxygen content ranging from 21%
to 35%, the simulation conditions used are shown in Table 2, and the air consumption coefficient is
taken as 1.06. Primary air refers to the airflow supplied at the center of the burner, mainly used to
stabilize the combustion flame. The secondary air is distributed around the periphery of the burner
and diffuses with the fuel in the center for combustion. Wind ratio refers to the ratio of primary and
secondary air volume.

Table 2: Simulated condition

Solution Oxygen content Amount of Volume of air

. : /0 f 1 3 h
in air/%o uel/(m’/h) Total flow Central wind  Ratio of

rate/(m’/h) ratio/% primary and
secondary air
21 726 1517.00 3% 1:1
1:3
1:5
1:7
25 726 1274.28 3% 1:1
1:3
1:5
1:7
30 726 1061.90 3% 1:1
1:3
1:5
1:7
35 726 910.20 3% 1:1
1:3
1:5
1:7

O 00 0 O D AW N -
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3.1 Comprehensive Analysis of Combustion Process in Furnace

Fig. 3 shows the flow field trace chart and characteristic surface velocity distribution cloud chart’s
change law with the variation of oxygen content in the air under different primary and secondary air
ratios. As can be seen from the trace map, the symmetrical arrangement of the burners on both sides
of the furnace wall causes the airflow in the furnace to produce the effect of counter-injection at the
central symmetrical surface, thus producing a certain reflux effect on the airflow in the furnace. In
addition, due to the gas suddenly getting into the large space through the entrance, on the one hand,
the flow direction needs to be expanded, and on the other hand, the wall pressure will also form a part
of the reflux gas. These reflux gases improve the distribution of airflow and temperature in the furnace
and the mixing of gas components to some extent and make a part of high-temperature products reflux
to the flame root, which helps stabilize the flame.

10 20 30 40 S0 60 70 80 90 100
3 1,

(a) Flow field trace with wind ratio 1:1 (b) Velocity distribution on characteristic surface
with wind ratio 1:3

10 20 30 40 S0 60 70 80 90 100
21%

(c) Flow field trace with wind ratio 1:5 (d) Velocity distribution on characteristic surface
with wind ratio 1:7

Figure 3: Flow field track and characteristic surface velocity profile under different primary and
secondary wind ratio conditions
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Fig. 4 shows the CO concentration distribution cloud chart on the characteristic surface under
the conditions of 1:3 and 1:7 primary and secondary air ratios. As can be seen from the figure, the
combustion in the furnace is completely sufficient under different oxygen content in the air and
primary and secondary air ratios, which is basically consistent with the actual situation. The mixed
airflow of fuel and oxygen-rich air has a fierce combustion reaction just after entering the furnace. As
can be seen from the figure, the combustion is basically completed at the half of the furnace, and the
fuel entering the furnace is basically completely burned.
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(a) Primary and secondary air ratio 1:3 (b) Primary and secondary air ratio 1:7

Figure 4: CO concentration distribution diagram on characteristic surface

The average volume concentration of CO, in the heating furnace under different combustion
schemes. As can be seen from the figure, the content of CO, in the heating furnace increases with
the increase of oxygen content in the air, and the trend is very obvious. When the oxygen content in
the air increases to 35%, the average volume concentration of CQO, in the furnace increases by about
40% compared with that under conventional air combustion, which is very beneficial to the separation
and recovery of CO,.

3.2 Comprehensive Analysis of Temperature Field in Furnace

Fig. 5 shows the variation law of characteristic surface temperature distribution with oxygen
content in the air under different primary and secondary air ratios. The figure shows that the
temperature field distribution of different schemes is similar, and the temperature gradually increases
along the airflow direction, and then gradually decreases when it reaches a maximum value. This is
because the diffusion combustion process occurs, and the fuel is burned while it is mixed with air.
The high-temperature flue gas of combustion transfers heat to the unburned mixture, causing it to
combust. The heat released by the combustion reaction of the unburned mixture is much greater than
its heat absorption, so the heat released by the combustion reaction gradually increases until the fuel
as well as the CO produced by pyrolysis are burned out, and the temperature reaches the highest
value. Subsequently, as the high-temperature flue gas lost its heat source, and radiated heat to the
surroundings, the temperature of the flue gas decreased gradually.
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Figure 5: Temperature distribution diagram of characteristic surface under different primary and

secondary air ratios

As can be seen from Fig. 5, with the increase of oxygen content in the air, the furnace temperature
gradually rises, and the flame shape remains almost unchanged under different oxygen content in the
air. However, the temperature of the flame peak rises with the increase of oxygen content in the air,
and the high-temperature area in the flame center becomes more and more obvious, indicating that the
application of enriched oxygen improves the combustion rate of fuel and changes the heat dissipation
characteristics of the combustion field. However, the emergence of local high-temperature area in the
furnace is not favorable for enriched oxygen combustion.
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To better compare the furnace combustion conditions under different oxygen content, the highest
combustion temperature, highest furnace temperature, average furnace temperature, and uneven coef-
ficient of furnace temperature are used as comparison parameters. The uneven coefficient of furnace
temperature is defined as formula (2), which refers to the degree of deviation of gas temperature at
each position in the furnace from the average temperature. The greater the uneven coefficient is, the
greater the degree of deviation of gas temperature at each position in the furnace from the average
temperature is, that is, the worse the unevenness of temperature in the furnace is

1 /1 .

V=713 Z (T, = TV, (2)
Here T; and T,, respectively represent the temperature of each cell in the furnace calculation area

and the average temperature of the furnace calculation area, K, V; and V respectively represent the

volume of each cell in the furnace calculation area and the volume of the furnace calculation area, m>.

Fig. 6 shows the variation law of the above four parameters with the oxygen content in the air
under different one or two air ratio conditions. It can be seen from the figure that the maximum
temperature of combustion, the maximum temperature in the furnace, and the average temperature in
the furnace increase with the increase of the oxygen content in the air. There are two reasons for this:
on the one hand, with the increase of oxygen-rich concentration, the probability of collision between
gas molecules and oxygen molecules increases when gas and air are at the same mixing level, thus
accelerating the combustion reaction speed and shortening the flame. Compared with the long flame,
the heat released by the combustion reaction is released in a smaller space in a shorter time, and the
combustion temperature rises rapidly; on the other hand, the increase of oxygen-rich concentration will
reduce the amount of nitrogen carried in the air, so that the volume of flue gas generated eventually
decreases, and the flue gas can be heated to a higher temperature when the same combustion reaction
heat is released.

In addition, it can be seen that the maximum combustion temperature and the average furnace
temperature show an approximate linear growth law with the oxygen content in the air, but the
maximum temperature’s increasing trend with the oxygen content in the air in the furnace gradually
slows down.

Furthermore, the difference between the highest temperature of combustion and the highest
temperature in the furnace also shows that during the operation of the reheating furnace, the highest
temperature of combustion occurs at the burner position, which makes the use of the burner in a harsh
environment, which is not conducive to the operation of the burner.

3.3 Comprehensive Analysis of NOy Generation in Furnace

Fig. 7 displays the NOy emission concentration values for different schemes. The concentration
mentioned here refers to the NOy emission concentration, which is corrected in dry flue gas with an
oxygen content of 11% under standard conditions. The calculation method is presented in formula (3).

0y T 11

9002 - 0/2
Here NO, represents the concentration of NOy in actual dry flue gas, ppm; ¢,, represents the
oxygen content in oxygen-enriched air; o, represents the oxygen content in actual dry flue gas.

NO, = NO, -
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As can be seen from the figure, when conventional air combustion is adopted, that is, when the
oxygen content in the air is 21%, the NOx emission concentration is the minimum. Therefore, with the
increase of the oxygen content in the air, the NOy emission concentration gradually increases and rises
exponentially. When the oxygen content in the air is 35%, the NOx emission concentration is about 10
times that of conventional air combustion. The reason for this phenomenon is that the NOy produced
by gas combustion is mainly thermal type, and the thermal type NOy rises exponentially with the
temperature. After the adoption of oxygen-enriched combustion, there is a relatively large increase in
the combustion temperature of the heating furnace, and the oxidizing atmosphere in the furnace is
strengthened. Therefore, the NOy emission will increase with the increase of the oxygen content in
the air.

The adoption of oxygen-enriched combustion technology will lead to an increase in NOy
emissions. Analysis shows that, on the one hand, due to the energy-saving effect of oxygen-enriched
combustion, under the condition of constant energy demand, NOy emissions can be reduced due to
the reduction of fuel consumption and flue gas amount. On the other hand, due to the high flame
temperature of oxygen-enriched combustion, the thermal NOx generation in gas flame is greatly
increased. Therefore, in general, after the adoption of oxygen-enriched combustion technology, the
total amount of NOy emissions is multiplied, at which time the combustion mode must be changed,
or other measures must be taken to reduce NO, generation.

In addition, when the ratio of primary air to secondary air is 1:1, the NOy emission concentration
is the largest, and then with the increase of secondary air, the NOy emission concentration gradually
decreases. This is also due to the increase of secondary air, making the combustion temperature of the
heating furnace reduce, resulting in the reduction of thermodynamic NOy generated in the furnace.
Generally, the simulation results show that staged combustion can effectively reduce NOx emissions.

4 Conclusion

(1) With the increase of oxygen content in the air, the velocity of gas in the furnace decreases and
the flame length tends to be shorter, but the combustion temperature in the furnace rises, which makes
the temperature distribution in the furnace more uneven, which is not conducive to the heating of the
billet, but also makes the burner operate in a more harsh environment, which will reduce the service
life of the burner.

(2) Oxygen-enriched combustion increases the emission concentration of NOx. When conven-
tional air combustion is changed into oxygen-enriched air combustion with 35% oxygen content, the
emission concentration of NOy increases by about 10 times. At this time, the combustion mode must
be changed, or other measures must be taken to reduce the generation of NOx.

(3) In staged combustion, the increase of secondary air volume can effectively reduce NOy
emissions.
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