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Abstract: In this study, a series of experiments were conducted on a testing facility and a real-scale
furnace, for analyzing the nitric oxide (NO) emission reduction. The effects of the temperature,
oxygen concentration, and amount of secondary combustion air were investigated in a single-burner
combustion system. Additionally, the NO-reduction rate before and after combustion modifications
in both the burner and furnace air-staged combustion were evaluated for a real-scale reheating
furnace. The air-to-fuel equivalence ratio (λ) of individual combustion zones for the furnace was
optimized for NO reduction without any incomplete combustion. The results indicated that the NO
emission for controlling the λ of a single-zone decreased linearly with a decrease in the λ values
in the individual firing tests (top-heat, bottom-heat, and bottom-soak zones). Moreover, the multi-
zone control of the λ values for individual combustion zones was optimized at 1.13 (top-preheat),
1.0 (bottom-preheat), 1.0 (top-heat), 0.97 (bottom-heat), 1.0 (top-soak), and 0.97 (bottom-soak). In this
firing condition, the modifications reduced the NO emissions by approximately 23%, as indicated by
a comparison of the data obtained before and after the modifications. Thus, the combined application
of burner and furnace air-staged combustions facilitated NO-emission reduction.

Keywords: reheating furnace; low-NOx burner; combustion modification; staged combustion; coke
oven gas; NOx emission

1. Introduction

In the iron and steel industry, improving the energy efficiency and reducing air pollu-
tant emissions are major topics of interest. With the rapid development of the iron and steel
industry, the energy consumption and the level of emissions are increasing annually [1–3].
In particular, reheating furnaces are the main energy- and emission-intensive equipment
used in the hot rolling process (producing final steel products from semi-finished materials)
and significantly affect the energy consumption and emitting detrimental gases such as
CO2, SO2, and NOx [4–7]. These emissions are generated because reheating furnaces for
thermal input use fossil fuels such as coke oven gas (COG) or mixed gases in the integrated
steel plant based on the blast furnace and natural gas (NG) or liquefied petroleum gas
(LPG) in the mini steel plant based on the electric arc furnace [8,9]. Moreover, there has
been tremendous pressure on the iron and steel industry to restrict pollutant emissions; in
particular, NOx emissions from steel-production plants must be controlled to satisfy strin-
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gent regulations. This is a worldwide issue because the production of steel is constantly
increased by China and other developing countries [10].

In the Seoul metropolitan area (SMA), which includes Seoul metropolitan city, Incheon
metropolitan city, and Gyeonggi-do, South Korea, the Korean government implemented
special measures in the 1990s to improve the air quality [11]. Nevertheless, because the
level of air pollutants in the SMA is 1.7–3.5 times higher than those in other mega cities
(New York, London, and Osaka etc.) in the world, the “Special Act on the Improvement
of Air Quality in SMA” was enacted in 2003 and enforced in 2005 [12,13]. Additionally,
to reduce and manage the emissions from industrial facilities, a project to support the
installation of low NOx burners was introduced, and the cap-and-trade system (CATS)
for the air pollutants in the SMA was started in 2007 [11]. The CATS for the air pollutants
in the SMA allocates yearly emission allowances for NOx and SOx to large facilities,
requiring them to keep their emissions within the allowances and trade any surplus
allocations [14]. In the Incheon works of Hyundai Steel Company (HSC), South Korea,
the annual allowance for NOx emissions is 348 tons/year by 2017, and the emissions
must be reduced to 195 tons/year by 2022. The NOx emissions from the four reheating
furnaces at the Incheon works account for 90% of the total emissions. For these reasons,
research on NOx-emission reduction in reheating furnaces was initiated into the combustion
modification through the burner and furnace air-staged combustion presented herein.

To satisfy the above NOx emission limits, technologies such as primary methods (air-
staged combustion, reburning, flue gas recirculation, the use of low-NOx burners, etc.) and
secondary methods (selective catalytic reduction, selective non-catalytic reduction, steam
injection, etc.) have been widely used for combustion-related applications [15–20]. Among
the existing methods, air-staged combustion is one of the most efficient and attractive
technologies for reducing NOx emissions, because of its low installation and operation
costs. Hence, this study focuses on combustion modifications using burner and furnace
air staged combustions for NOx-emission reduction in reheating furnaces, without any
additional investment.

Studies involving a single-burner test and testing facilities (but not tests in real-scale
reheating furnaces) are described as follows. Teng [21] investigated the effect of air-staged
combustion in burners on NOx emission reduction and achieved an approximately 60%
reduction by controlling the combustion air injection ratios between primary and secondary
proportions. Jaafar et al. [16] investigated air-staged combustion for NOx reduction in an
oil burner system and reported a reduction of 30% in the case of air staging compared to
with the case without air staging. Cheong et al. [22] investigated for different values of
thermal input, injection diameter, and global equivalence ratio in a propane-air premixed
combustion system. They concluded that the effects of the temperature, equivalence
ratio, recirculation rate, and residence time should be systematically considered when
optimizing the combustion furnace for NO-emission reduction. Lukáč et al. [17] and
Zajemska et al. [20] performed combustion experiments for NOx reduction in several
combinations of air staging, fuel reburning, and flue gas-recirculation. In both studies, the
simultaneous application of different types of primary methods has been proved additional
NOx reduction.

More practical studies on primary methods for NOx-emission reduction in real-scale
reheating furnaces have also been conducted. Abuluwefa and Alnaas [23] measured the
NOx emissions in a billet steel reheating furnace at the Libyan Iron Steel Company. They
found that the NOx concentration in the flue gases depended on the air-to-fuel equivalence
ratio (λ) set in the oil-fuel combustion operations. Cheng et al. [24] also demonstrated
that the O2 concentration in the furnace could be stably minimized for reducing the scale
loss of the heated slab and the NOx emissions in the reheating furnaces of China Steel
Corporation (CSC). Teng and Huang [19] reported that the NOx emissions increased with
the λ values of the combustion in reheating furnaces, and the research was conducted
at CSC in Kaohsiung, Taiwan. They concluded that the λ value should be kept low to
suppress NOx formation on the premise of totally complete combustion in the system.
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The aforementioned studies indicated that the reduction in NOx emission of reheating
furnaces primarily depends on the applications of the primary method, in terms of the
burner and furnace air-staged combustion with the properly controlled oxygen concentra-
tion. Studies investigating NOx-emission reduction for reheating furnaces in real, on-site
furnaces are very scarce [19,23,24]. Furthermore, it is still necessary to perform systematic,
planned research involving single-burner tests and real-scale reheating furnaces. Thus, the
present study primarily focused on these specific aspects, including modifications to the
combustion atmosphere near the burner, with different secondary combustion air (SCA),
and the λ values were modified for individual combustion zones in the reheating furnace.
The NO-emission reduction performance before and after combustion modification was
evaluated for a real-scale reheating furnace using effectively controlled λ values at Incheon
works of Hyundai Steel Company (HSC).

2. Materials and Methods
2.1. Single-Burner Combustion Tests

Single-burner combustion experiments were conducted using a 3 MWth gas-fired
furnace at the energy experimental test building of Dangjin works of HSC, as shown in
Figure 1. The design and operation of the furnace have been described in a previous report
on fuel-pulsed oscillating combustion [25]. The effective dimensions of the combustion
chamber, which was lined with a 0.3 m-thick ceramic block, were 7 m (length × 1.8 m
(width) × 1.8 m (height). The ignited flame was observed through six pairs of diametrically
opposed 0.15 m round ports. The furnace top-wall temperature was measured using
R-type thermocouples. The axial distances of the probes from the burner port were 0.7 (Z1),
1.15 (Z2), 2.05 (Z3), 2.5 (Z4), 2.95 (Z5), 3.4 (Z6), and 3.85 m (Z7). The combustion products
were exhausted from the furnace through a 0.7 m-diameter pipe bent at 90◦, which was
vented to the stack. For the combustion experiments, an air-staged low-NOx burner
designed for firing a mixed gas such as COG was used. For the burner nozzle shown in
Figure 1, the fuel and air were supplied separately. The primary combustion air (PCA)
entered the chamber through an axial swirler with a vane angle of 25◦, and SCA was
supplied by six distributed holes.
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The COG was composed of 57.48 vol% H2, 23.27 vol% CH4, 7.48 vol% N2, 6.39 vol% CO, 

Figure 1. Schematic of the 3-MWth gas-fired furnace used for single-burner combustion tests.

As a fuel, the COG from coke oven batteries in the Dangjin works of HSC was used.
The COG was composed of 57.48 vol% H2, 23.27 vol% CH4, 7.48 vol% N2, 6.39 vol% CO,
3.4 vol% C2H4, 1.75 vol% CO2, and 0.23 vol% O2, as shown in Table 1. The net calorific
value (NCV) of the COG was 17.37 MJ/Nm3, and the stoichiometric air-to-fuel ratio was
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4.2. For studying the effect of the SCA ratio on the NO reduction, three test cases were
considered. Cases A1–A3 represent 20%, 40%, and 90% SCA and 80%, 60%, and 10% PCA,
respectively. In test cases A1–A3, the thermal input based on the NCV was 0.87 MWth, with
a COG fuel flow rate of 180 Nm3/h. The variation in the thermal input was ~0.03 MWth,
and the corresponding error was ~3%. Even though the amount of SCA was changed
according to the variation of cases A1–A3, the total amount of combustion air without
preheating was kept the same for all the cases. The combustion experiments involving
SCA variations were controlled by regulating the O2 concentration to ~4.1%, which was
measured at the furnace exit. For investigating the effect of the O2 concentration on the NO
emission, the SCA ratio was kept constant at 20% (case A1) while the O2 concentration at
the furnace exit was controlled in the range of 0.25–4.1%. The error of the O2 concentration
maintained at the furnace exit was ~9.8%.

Table 1. Fuel composition of the COG and operating conditions for the single-burner combus-
tion tests.

Fuel Composition (Vol%) COG

H2 57.48
CH4 23.27
N2 7.48
CO 6.39

C2H4 3.4
CH2 1.75
O2 0.23

NCV (MJ/Nm3) 17.37
Stoichiometric air-to-fuel ratio (-) 4.21

Operating Conditions Case A1 Case A2 Case A3

SCA (%) 20 40 90
Thermal input (MWth) 0.87 ± 0.02 0.87 ± 0.02 0.87 ± 0.02

Controlled O2 (%) 0.25 ± 0.02 – 4.1 ± 0.4 4.1 ± 0.4 4.1 ± 0.4

The O2, CO2, CO, and NO concentrations were measured at the furnace exit using a gas
analyzer (ZKJ series, Fuji Electric, Tokyo, Japan). The NO2 concentration was also measured,
however, the value was less than 3% of the NOx (sum of NO and NO2) concentration.
Generally, NOx emissions from combustion are mainly in the form of NO, and thus NO2
values were not considered in this study. The gas samples were extracted through a
sampling probe with a heating-type sampling line and then fed into mist filters to separate
the drain and remove dust and mist. The measurements were performed at 5-min intervals,
with a sampling rate of 2 Hz. Then, the mean values were computed. The NO emission
was normalized with respect to the standard of the O2 concentration (i.e., 11%) in gaseous
fuel flames, using the following relation: NO (ppm) @11% O2 = measured NO (ppm) ×
(21% − 11% O2)/(21% − measured O2%).

2.2. Field Tests of Reheating Furnace

Figure 2 shows a longitudinal section of the large structural mill furnace at Incheon
works of HSC and photographs of the ignited flames. The furnace, which had a nominal
capacity of 200 tons/h, heats beam blanks and large blooms. It has six individual firing
zones: top-preheat, bottom-preheat, top-heat, bottom-heat, top-soak, and bottom-soak.
Materials are charged into the furnace from the charge table and gradually heated as they
travel through the preheat, heat, and soak zones in sequence. In contrast, the combustion
products’ flows are reversed, and their concentrations are measured before they reach the
heat exchanger and at the stack. There are 50 burners in total: four pairs of regenerative
burners are installed in the bottom-preheat zone, and 18 side burners and 24 axial burners
are installed in the bottom- and top-fired zones, respectively. The photographs in Figure 2
show the side burner flames in bottom-fired zones and the axial burner flames in top-fired
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zones. The burners are fired with NG and hot air. The preheated combustion air is ~550 ◦C.
The temperature inside the furnace is 1150–1250 ◦C.
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Figure 2. Schematic of the walking beam furnace at HSC’s heavy structural mill and photographs of ignited flames for axial
and side burners.

Commercial NG was used as the fuel, which comprised 92.88 vol% CH4, 5.36 vol%
C2H6, 1.06 vol% C3H8, 0.49 vol% C4H10 (iso + normal), 0.19 vol% N2, and 0.02 vol%
C5H12 (iso + normal), as shown in Table 2. The NCV of the NG was 38.41 MJ/Nm3, and
the stoichiometric air-to-fuel ratio was 10.15. Case B1 was the test condition with a SCA
of 30% and the air-to-fuel equivalence ratio (λ), as shown in Table 2. Test cases B2–B4
were considered to investigate the combined effects of the SCA ratio and λ. The overall λ
values, which ranged from 1.02 to 0.95, decreased for cases B2–B4, while the SCA ratio was
maintained at 70%. If the SCA ratio exceeds 70%, the flame length will be long enough to
directly touch the materials. Therefore, we fixed the SCA ratio at 70% because the increased
flame length will directly influence the temperature homogeneity of the materials. During
these field tests, the thermal input based on the NCV ranged from 50 to 60 MWth.
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Table 2. Fuel composition of commercial NG and field test conditions.

Fuel Composition (Vol%) NG

CH4 92.88
C2H6 5.36
C3H8 1.06
C4H10 0.49

N2 0.19
C5H12 0.02

NCV (MJ/Nm3) 38.41
Stoichiometric air-to-fuel ratio (-) 10.15

Test Cases Case B1 Case B2 Case B3 Case B4

SCA (%) 30 70 70 70
Total Thermal input

(MWth) 59.67 56.98 51.82 49.71

Air-to-fuel equivalence ratio (λ) (-), zone’s thermal input ratio (%)
Top-preheat zone 1.04, 16.09 1.1, 13.82 1.1, 17.05 1.1, 17.34

Bottom-preheat zone 0.95, 12.98 1, 10.46 1, 14.78 1, 18.67
Top-heat zone 1.03, 22.73 1, 24.86 0.95, 19.79 0.9, 20.09

Bottom-heat zone 1.03, 23.47 1, 25.93 0.95, 23.45 0.9, 22.34
Top-soak zone 1.03, 10.9 1, 11.69 0.95, 10.28 0.9, 8.79

Bottom-soak zone 1.03, 13.83 1, 13.24 0.95, 13.24 0.9, 12.77
Overall (λ) 1.02 1.02 0.98 0.95

The concentrations of O2, CO2, CO, and NO were measured before the gas reached
the heat exchanger and at the stack using a flue-gas analyzer (Testo 350 series, Testo SE
& Co. KGaA, Titisee-Neustadt, Germany), as shown in Figure 2. The gas samples passed
through two silica-gel driers. The measurement error associated with the Testo 350 was
±0.8% for the O2 concentration throughout the measurement range (0–25%), ±5 ppm for
the NO concentration in the range of 0–99 ppm, and ±5% for the NO concentration in the
range of 100–1999 ppm.

3. Results and Discussion
3.1. Effects of Operating Conditions such as O2 Concentration in Flue Gas and SCA on
NO-Emission Reduction in Single-Burner Combustion

Figure 3 shows the sample time traces of the COG flow rate, furnace temperature
measured at Z4 (see Figure 1), and species concentrations of O2 and NO at the furnace exit
for test case A1 in Table 1. During the combustion test of case A1, the SCA ratio, COG flow
rate with the thermal input, and O2 concentration were maintained at 20%, 180 Nm3/h
with 0.87 MWth (without combustion air preheating), and 4%, respectively. Because there
were no heat sinks in the furnace, e.g., a water-cooling system or inserted steel materials, it
was difficult to maintain the furnace temperature; thus, the single-burner combustion test
was limited to ~1200 ◦C at Z4. As shown in Figure 1, the furnace top-wall temperatures
measured at Z1–Z7, increased over time, and the maximum value was approximately
1150 ◦C at Z4 after 160 min. The NO concentration increased with the furnace temperature,
because the NO generation in combustion is mainly based on thermal mechanisms [26].
Another main contributor to the NO generation in COG flames is the fuel-NO generation
mechanisms [27]. Therefore, the maximum NO concentration was 72 ppm at the furnace
temperature of 1150 ◦C. For a similar thermal input (0.87 MWth), furnace temperature
(1150 ◦C), and O2 concentration (4%) at the furnace exit, the value obtained for the COG
fired flame (72 ppm) was approximately twice that for an NG fired flame (37 ppm) reported
by Jang et al. [25].
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Figure 3. Measured data (fuel, temperature, O2, and NO) with respect to time for the conditions of
20% SCA, 0.87 MWth, and 4% O2 at the furnace exit.

The effects of the furnace operating conditions, such as the furnace temperature at
Z4 and excess O2 concentration at the furnace exit, on the NO emission are presented in
Figure 4 for flames with a thermal input of 0.87 MWth and an SCA ratio of 20%. The NO
emission obtained at 4% O2 concentration in the flue gases increased linearly as the furnace
temperature increased from 874 to 1144 ◦C, as shown in Figure 4a. In the study of Hagihara
et al. [28] involving oxygen-enriched methane flames, similar NOx emission behavior was
observed, with a linear relationship between the temperature and NOx emission in the
furnace-temperature range of 1050–1450 ◦C. This is supported by a theoretical calculation
result [22] which showed that the NO emission from the combustion at 1327 ◦C increases
almost 6 times that at 1077 ◦C.
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As shown in Figure 4b, the NO emission depended on the excess O2 concentration
in the flue gas. When the O2 concentration in the flue gas ranged from 0.25% to 4.11%,
the NO concentration linearly increased from 60 to 78 ppm at the corresponding furnace
temperature ranging from 1207 to 1153 ◦C in Z4. The increasing rate of NO emission
in the O2-concentration range of 1–4% was 17.2%. This result is similar that obtained
by Malfa et al. [29], who observed an increasing rate of 19.4% in COG firing with an air
preheated temperature of 450 ◦C. In the study of Charon et al. [15] on oxy-NG flames, the
tendency of the NOx increment with an increasing O2 concentration in the flue gas was
clear below 4% O2, while the slope was smoother than that in the present study owing to
the impact of the lower flame temperature above 4% O2.

The concept of the air-staged combustion burner for NO-emission reduction in the
present study and the corresponding flame configurations are presented in Figure 5. When
using such an air-stage combustion burner, it is possible to reduce the combustion air
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flow rate supplied to the center of the burner nozzle (PCA) and increase the ratio of the
combustion air flow rate outside the burner nozzle (SCA). The visual flame images (side
views on the first window of Figure 1) obtained using a consumer camera (iPhone 7,
Apple Inc., Cupertino, CA, USA) for the case A1 and A3 flames are shown in Figure 5a,b,
respectively. For case A1, the flame was highly stabilized (attached) owing to the swirled
PCA (ratio of 80%); however, a lifted (detached) flame was observed for case A3. When the
amount of PCA was reduced, incomplete combustion occurred, because of the insufficient
combustion air in the primary combustion zone (PCZ), and the unburned fuel in this zone
flowed away from the burner in the form of combustion intermediates. In this process, the
flame temperature in the PCZ was reduced, and the production of NO was suppressed.
Then, the unburned fuel reacted and was burned completely with SCA supplied from the
outside of the burner nozzle. Thus, the observed flame in Figure 5b is longer than that
in Figure 5a.
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Figure 5. Flame configurations with the air-staged burner concept for NO emission reduction and visualized flame
photographs: (a) case A1 (20% SCA) and (b) case A3 (90% SCA).

Regarding the above NO reduction concept using burner air staging, the effects of the
SCA ratio on the NO emission at the furnace exit and the temperature distribution of the
furnace top-wall are presented Figure 6. The results of test cases A1–A3 were obtained after
130 min of firing with an O2 concentration of 4% in the flue gas. In all the test cases, the
temperature increased and decreased over the length of the furnace, and the cross point was
observed at a burner nozzle distance of approximately 2.3 m. In the PCZ before the cross
point, the temperature increased with the decreasing SCA ratio; conversely, it decreased in
the secondary combustion zone after the cross point. The NO emission decreased as the
SCA ratio increased. In particular, when the SCA ratio increased from 20% to 90%, the level
of NO emissions decreased from 69.43 to 43.52 ppm, and the reduction rate was 37.3%.
Jing et al. [30] and Li and Miao [31] obtained qualitatively similar results even though
their studies were conducted using pulverized coal-fired boilers. Near the burner, the
NOx concentration decreased and the gas temperature increased, with a decreasing PCA
ratio [30]. As the SCA ratio increased from 47% to 65%, the NO emission at the furnace exit
decreased monotonously from 294 to 210 ppm [31].
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3.2. NO-Emission Reduction Performance with Combustion-Zone Control of Air-to-Fuel
Equivalence Ratios in Reheating Furnace

Figure 7 shows the combustion modification concept of the reheating furnace at In-
cheon works of HSC based on the air-staged combustion with control of the air-to-fuel
equivalence ratios of individual combustion zones. The furnace air-staged combustion
intentionally unbalances the λ values in each combustion zone, thereby generating incom-
plete combustion in high-temperature combustion zones of the furnace, such as heating
and soaking zones, and supplying excess air (λ > 1.0) in the low-temperature combustion
zone (preheat) to induce complete combustion. This is similar to the burner air-staged
combustion, as shown in Figure 5, in that the combustion reaction is delayed according to
the oxygen concentration control and the thermal NOx generation is reduced as a result.
However, in contrast to burner air-staged combustion, in furnace air-staged combustion,
the entire furnace is used as a reactor. Furnace air-staged combustion, which is similar to
the concept investigated in the present study, was described in reports on NOx emission
and scale reduction by Jaafar [16], Sung et al. [32,33], Schwotzer et al. [34], and Thekdi [35].

Energies 2021, 14, x FOR PEER REVIEW 9 of 14 
 

 

3.2. NO-Emission Reduction Performance with Combustion-Zone Control of Air-to-Fuel 

Equivalence Ratios in Reheating Furnace 

Figure 7 shows the combustion modification concept of the reheating furnace at Incheon 

works of HSC based on the air-staged combustion with control of the air-to-fuel equivalence 

ratios of individual combustion zones. The furnace air-staged combustion intentionally un-

balances the λ values in each combustion zone, thereby generating incomplete combustion in 

high-temperature combustion zones of the furnace, such as heating and soaking zones, and 

supplying excess air (λ > 1.0) in the low-temperature combustion zone (preheat) to induce 

complete combustion. This is similar to the burner air-staged combustion, as shown in Figure 

5, in that the combustion reaction is delayed according to the oxygen concentration control 

and the thermal NOx generation is reduced as a result. However, in contrast to burner air-

staged combustion, in furnace air-staged combustion, the entire furnace is used as a reactor. 

Furnace air-staged combustion, which is similar to the concept investigated in the present 

study, was described in reports on NOx emission and scale reduction by Jaafar [16], Sung et 

al. [32,33], Schwotzer et al. [34], and Thekdi [35]. 

 

Figure 7. Concept of NO emission reduction for the reheating furnace using a staged combustion 

furnace with air-to-fuel ratio control of individual combustion zones. 

The effects of the SCA ratio and λ on the NO emissions in the reheating furnace were 

tested, as shown in Figures 8 and 9. Figure 8 shows the NO emissions obtained before gas the 

gas reached heat exchanger (2-s instantaneous values) and stack (5-min mean values) during 

modification of the SCA for test case B1 in Table 2. Clearly, the NO emission decreased with 

the increasing SCA ratio at both measurement locations, even though the values fluctuated 

during the test. The mean values of the NO emissions for short flames (SCA of 30%) and long 

flames (SCA of 70%) were 106 and 95 ppm, respectively. The reduction of the NO emission 

was 10.3% based on the value at the stack. For the test case with an SCA ratio of 70%, the NO 

emission formed in the PCZ was close to the minimum value for the entire combustion zone; 

the amount of NO emission at this location depends on the available O2 concentration [27]. 

These results are qualitatively consistent with the results of the single-burner combustion tests 

in Figure 6 and the combustion modification study of Teng [21]. 

 

Figure 8. NO emission reduction achieved by increasing the SCA ratio from 30% (before: short 

flame) to 70% (after: long flame); the λ values for the top-preheat, bottom-preheat, and four zones 

(heat and soak) are 1.04, 0.95, and 1.03, respectively. 

Figure 7. Concept of NO emission reduction for the reheating furnace using a staged combustion
furnace with air-to-fuel ratio control of individual combustion zones.

The effects of the SCA ratio and λ on the NO emissions in the reheating furnace were
tested, as shown in Figures 8 and 9. Figure 8 shows the NO emissions obtained before
gas the gas reached heat exchanger (2-s instantaneous values) and stack (5-min mean
values) during modification of the SCA for test case B1 in Table 2. Clearly, the NO emission
decreased with the increasing SCA ratio at both measurement locations, even though the
values fluctuated during the test. The mean values of the NO emissions for short flames
(SCA of 30%) and long flames (SCA of 70%) were 106 and 95 ppm, respectively. The
reduction of the NO emission was 10.3% based on the value at the stack. For the test case
with an SCA ratio of 70%, the NO emission formed in the PCZ was close to the minimum
value for the entire combustion zone; the amount of NO emission at this location depends
on the available O2 concentration [27]. These results are qualitatively consistent with the
results of the single-burner combustion tests in Figure 6 and the combustion modification
study of Teng [21].
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Figure 9. NO emission reduction achieved by controlling air-to-fuel equivalence ratios of individual combustion zones at a
fixed SCA ratio of 30%; the λ values for the top-preheat, bottom-preheat, and four zones (heat and soak) were fixed at 1.14,
1.05, and 0.95, respectively.

To investigate the effect of the λ control for individual combustion zones on the NO
emission, the SCA was fixed at 30%. Figure 9 shows the NO emission obtained at two
different measurement locations (before the heat exchanger and stack). During the test, the
set values of λ in the top-preheat, bottom-preheat, and four zones (heat and soak) were
changed from 1.04, 0.95, and 1.03 to 1.14, 1.05, and 0.95, respectively. As shown in Figure 9,
the NO emission level was significantly reduced after the modification, although the overall
λ values before and after the modifications were similar (1.02 and 1.0, respectively). The
value was 106 ppm before the modifications and 84 ppm after the modifications, and the
corresponding NO-emission reduction was 20.8%. At this point, the O2 concentration
measured in the stack was 6.48% and 6.41 when the overall λ value was 1.02 and 1.0,
respectively. Interestingly, although both tests operated under stoichiometric conditions
for the combustion air and fuel supplied to the burner, the O2 concentration measured
in the stack was rather high. This can be explained by the infiltrated air from outside
into the furnace through the doors when they are opened for heated materials charge and
discharge. The O2 concentration in the stack increased with the decrease in furnace loads
(fuel flow rates) and the similar discussion with outside air infiltrations was reported in
refs. [19,24]. The thermal input ratio (heat and soak zones/entire zones) was approximately
70% both before and after the modifications. In the combustion zones of heat and soak, the
λ value was lower with O2-deficient atmospheres after modification than the value before
modification, as shown in Figure 7. Therefore, the level of NO emissions was reduced after
the modifications. Teng and Huang [19] obtained similar results. They reported that the
NOx emission level was reduced with a decrease in the λ values in the ranges of 0.8–1.05
for the heat zone and 0.8–1.25 for the soak zone, and the λ for the soak zone had a greater
effect on the NOx reduction than that for the heat zone.
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Figure 10 shows the combined effects of the overall λ values in the furnace and
the SCA ratios on the NO-emission reduction in the overall thermal-input range of
49.71–59.67 MWth with slightly different thermal inputs for individual combustion zones.
The overall λ value of case B1 for 30% SCA was 1.02 with different individual λ values
(top-preheat: 1.04; bottom-preheat: 0.95; others: 1.03). In cases B2–B4, as shown in Table 2,
the overall λ values decreased (ranging from 1.02 to 0.95) at a fixed SCA ratio of 70%,
and the λ values of the heat and soak zones also decreased, ranging from 1.0 to 0.9 at
fixed λ values of 1.1 for the top-preheat zone and 1.0 for the bottom-preheat zone. As
shown in Figure 10, the NO emission decreased with a reduction in the overall λ at a fixed
SCA ratio of 70%. The NO emissions for cases B1, B2, B3, and B4 were 111, 96, 79, and
70 ppm, respectively. The reduction in NO emission for case B2 compared with case B1
was 13.5%. The reduction increased for cases B3 and B4, and the maximum reduction was
36.9% for case B4, with an overall λ of 0.95 and different individual λ values (top-preheat:
1.1; bottom-preheat: 1.0; others: 0.9). However, the CO emission levels for cases B3 and B4
were hundreds of ppm, because the overall λ value was <1 and incomplete combustion
occurred in both test cases. According to the study of Jaafar [16], the CO emission level
increases as λ decreases for air-staged combustion. In the present firing tests, quantitative
data regarding the CO emission were not obtained. Because the incomplete combustion
operation of the reheating furnace at HSC is a violation of the operation instructions, we
simply checked whether any CO emission occurred. Thus, it was important to optimize
the λ values for the combustion zones of the furnace without the problem of incomplete
combustion (overall λ > 1.0), as shown in Figure 11.
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To investigate the effects of single- and multi-zone control of λ on NO emissions, the
overall λ and SCA ratio were maintained at 1.02 (complete combustion atmosphere) and
30%, without CO emissions. The individual λ values were also fixed (top-preheat: 1.1;
bottom-preheat: 1.0; top-heat: 1.0; bottom-heat: 1.03; top-soak: 1.0; bottom-soak: 1.0). The
firing tests were performed at decreasing λ values (from 1.03 to 0.95) in the order of the
top-heat, bottom-heat, and bottom-soak zones. Because the thermal input ratio in the
top-soak zone was approximately 10% (the lowest value among all the combustion zones),
this zone was not considered in the tests. As shown in Figure 11, in all three cases, the
NO emission level decreased linearly with a reduction in λ. The thermal input ratios for
the top-heat, bottom-heat, and bottom-soak regions were 22%, 24%, and 14%, respectively.
Thus, the effect of λ control on the NO emission was larger for the heat zones than for
the soak zone. To ensure complete combustion of the fuel in the furnace, the λ values of
the downstream combustion zones (preheat) were controlled with λ > 1.0, as shown in
Figure 7. Conversely, in the air-staged combustion furnace for NO-emission reduction, the
λ values in heat and soak zones whose thermal input ratio is approximately 70% should be
controlled with λ < 1.0 because reducing the λ in these zones can reduce the NO emissions,
as shown in Figure 11. Consequently, the multi-zone control of the λ values yielded the
lowest NO emission level, and the λ values for the six individual combustion zones were set
as 1.13 (top-preheat), 1.0 (bottom-preheat), 1.0 (top-heat), 0.97 (bottom-heat), 1.0 (top-soak),
and 0.97 (bottom-soak), without any incomplete combustions. The performance of the
NO-emission reductions before and after the combustion modifications in the reheating
furnace is summarized in Table 3. In this study, NO emission reduction of approximately
23% was achieved through the field test campaigns over approximately 6 months (January
to July 2016). Because the change in the O2 atmosphere inside the reheating furnace affects
the NOx emissions as well as the scale formation characteristics, further research may be
needed to focus on the scale formation and reduction characteristics with variations in
combustion atmospheres inside the reheating furnace. Nevertheless, this study suggests
that combustion modifications can be economically applied for burner and furnace air-
staged combustions in steel reheating furnaces, without additional equipment investments.

Table 3. Fuel composition of commercial NG and field test conditions.

Item Before
Modification

After
Modification 1

After
Modification 2

SCA (%) 30 70 70
Total thermal input (MWth) 59.67 56.98 51.82

Individual λ

Top-preheat zone 1.04 1.1 1.13
Bottom-preheat zone 0.95 1.0 1.0

Top-heat zone 1.03 1.0 1.0
Bottom-heat zone 1.03 1.03 0.97

Top-soak zone 1.03 1.0 1.0
Bottom-soak zone 1.03 1.0 1.03

Overall λ 1.02 1.02 1.02
NO (ppm) @11% O2 110 97 85

NO reduction (%) - 11.8 22.7

4. Conclusions

This paper presents experimental studies on NO-emission reduction in a reheating
furnace through burner and furnace air-staged combustions. Combustion tests were
conducted using a single-burner combustion system and a real-scale reheating furnace at
HSC. The effects of the SCA ratio and air-to-fuel equivalence ratio (λ) on the NO emission
level were evaluated. The main results are summarized below:

(1) For the single burner combustion test, the NO emission reduction performance in-
creased with the SCA ratio, in accordance with the concept of the burner air-staged
combustion. The NO-emission reduction was 37.3% at firing with 90% SCA, because
of the reducing atmosphere generated in the PCZ. The flame at a higher SCA ratio
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was longer and was detached from the burner nozzle; thus, the temperature in the
PCZ was reduced.

(2) For the field test, the NO emission was reduced at the long flame, in accordance with
the single-burner experiments, and the NO emission level was reduced by 10.3% with
an increase in the SCA ratio from 30% to 70%. The overall λ control significantly
affected the NO-emission reduction, and the maximum reduction was 37% at an
overall λ of 0.95 with different individual λ values (top-preheat: 1.1; bottom-preheat:
1.0; others: 0.9). However, the optimum λ value should be adjusted with consideration
of complete combustion (overall λ > 1.0) of the fuel supplied. Thus, in the furnace
air-staged combustion, the λ values for the preheat zone and downstream combustion
zone should be controlled as λ > 1.0.

(3) With single-zone control of the λ values, the NO emission decreased linearly with
a reduction in the λ values for the individual firing tests (top-heat, bottom-heat,
and bottom-soak zones). Finally, the multi-zone control of λ for the six individual
combustion zones was yielded optimal values of 1.13 (top-preheat), 1.0 (bottom-
preheat), 1.0 (top-heat), 0.97 (bottom-heat), 1.0 (top-soak), and 0.97 (bottom-soak).
Under this firing condition, the NO-emission level was reduced by approximately
23% after the modifications for burner and furnace air-staged combustions.
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Abbreviations

CaseA Test conditions in single burner experiments with different secondary combustion air
CaseB Field test conditions with different secondary combustion air and air-to-fuel equivalence ratio
CATS Cap-and-trade system
COG Coke oven gas
CSC China Steel Corporation
HSC Hyundai steel company
LPG Liquefied petroleum gas
NCV Net calorific value
NG Natural gas
PCA Primary combustion air
PCZ Primary combustion zone
SCA Secondary combustion air
SMA Seoul metropolitan area
Z Axial distance from the burner port (m): Z1–Z7 (0.7–3.4 m)
λ Air-to-fuel equivalence ratio
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