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A B S T R A C T

Converter gas is a valuable fuel in the converter steelmaking process, and NOx and CO emissions are high due to
the high temperature combustion and the absence of H2O vapor. The effects of H2O vapor concentration and the
inlet temperature of converter gas on NOx and CO emissions in the combustion are investigated by a detailed
chemical reaction mechanism. CO emission decreases sharply when CH2O,inlet increases from 0 to 0.4%. At
CH2O,inlet > 0.4% and Tinlet < 950 K, for the reduction of CO emission, the inlet temperature of converter gas is
predominant over that of H2O vapor in air. The inlet temperature of converter gas has noticeable influence on
NO emission at CH2O,inlet < 2%. With the increase of CH2O, inlet, NO emission first increases, then reaches a peak
value, finally decreases. At Tinlet > 1050 K and CH2O,inlet > 2%, NO emission noticeably decreases with
CH2O,inlet. In the presence of H2O, H and OH free radicals are easily formed, the reduction path of NO is as
follows: NO→NH/HNO→N2.

1. Introduction

After more than 60 years of steelmaking development, oxygen
converter steelmaking is generally divided into top-blowing, bottom-
blowing and mixed-blowing types [1,2]. One of the characteristics of
oxygen converter steelmaking is the production of converter gas. Con-
verter gas is a valuable fuel containing ~80% carbon monoxide (CO)
with high temperature (800–1900 K), but NOx and CO emissions are
high in the combustion due to the high temperature combustion and the
absence of H2O vapor [3].

Pin-Wei Li et al. [4] studied NOx emissions in fluidized bed com-
bustion, they found that lowering bed temperature by water addition
could reduce NOx formation. Farooq Sher et al. [5–7] studied the effect
of air staging at different injection locations on NOx emissions of utility
boiler, and the injection of the secondary air at the high location was
conducive to reduce NOx emissions. Daniel Pugh et al. [8] found that
free radical OH accelerated the oxidation of CO. Thus, the reduction of
NOx and CO emissions in combustion system is a complex process in-
volving flow mix and chemical reaction.

For converter flue gas containing ~80% CO, and increasing the
burnout efficiency of CO is more important at present, which makes
CO2 capture become easy to avoid the global warming [9,10]. In order
to reduce CO and NOx emissions during converter flue gas combustion,

Sen Li et al. [11,12] simulated the high-temperature converter gas
combustion by using the counter flow diffusion flame model with a
detailed chemical reaction mechanism, they found that NOx emissions
were related to air stoichiometric ratio and gas temperature, and the air
supply mode must be improved to effectively organize the mixing of off-
gas and air in the cooling stack. Le Cong T [13] and Huaming Dai et al.
[14] pointed out that water vapor inhibited the oxidation of hydrogen
and methane. Sen Li et al. [15] found that water vapor was crucial to
converter gas combustion, and the water vapor content in air was very
important in converter gas combustion system.

In steelmaking converter flue gas, water vapor concentration is 0,
water vapor content in air used in the combustion system is low, and
water vapor can’t be produced in the converter gas combustion.
Therefore, in order to improve the combustion efficiency of converter
gas, a certain amount of water vapor must be added in air. At present,
there are few reports about the effect of water vapor content of air on
CO and NOx emissions in converter gas combustion.

In order to realize high-efficient and clean combustion of converter
gas, the effects of water vapor and temperature on NOx and CO emis-
sions are investigated in the study. Non-premixed combustion of high-
temperature converter gas by adding water vapor in air is studied by a
detailed chemical reaction mechanism, the effects of water vapor con-
centration in air (0–5%) and converter gas temperature (823–1153 K)
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on CO and NO emissions are investigated, and the reaction paths of CO
oxidization and NO formation are analyzed.

2. Simulation model of converter gas combustion

2.1. Physical models

In the study, in order to prevent explosion and backfire, a typical
combustion device model with the turbulent non-premixed combustion
of coaxial jet is used. The combustion device is cylindrical furnace with
a length of 500mm and a diameter of 50 mm, which is shown in Fig. 1.
A co-flow burner is adopted, the inlet inner diameter of converter gas is
6.8 mm, air is fed into the furnace through an annular inlet, and the
inner diameter and outer diameter of the annular inlet are respectively
6.8 mm and 16.8 mm. In the simulation, Reynolds number (Re) of the
flue gas in the furnace is above 104, and the combustion belongs to
turbulent diffusion combustion.

Due to the symmetry of physical model and operating conditions, a
two-dimensional model is used to simulate the combustion. The grid is
a two-dimensional structural grid with sufficient grid independence to
satisfy 4999× 248 grid nodes (1234506 units). The boundary oper-
ating conditions are presented in Table 1.

2.2. Combustion model

A non-premixed laminar flamelet model is used to simulate the
turbulent flame. The laminar flamelet is included in the turbulent flame
using the static Probability Density Function (PDF) method [16]. For
adiabatic systems, the species mass fraction in the laminar flamelet is
completely parameterized by f and χst, mean species mass fraction and
temperature in the turbulent flame can be determined from the PDF of f
and χst as [17]

∫ ∫=ϕ ϕ f χ p f χ dfdχ¯ ( , ) ( , )st st st

where ϕ is a representative scalar, such as a species mass fraction,
temperature, or density.
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s
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where χst – scalar dissipation at f= fst; as – characteristic strain rate; fst
– stoichiometric mixture fraction; erfc−1 – inverse complementary error
function.

In the non-premixed combustion model, the turbulent diffusion
flame is considered as an ensemble of laminar flamelets, and chemical
reactions and heat transfer occur in a thin layer [18]. The combustion
of converter gas usually occurs in the flamelet region of turbulent
combustion, which makes the flame model suitable for turbulent

diffusion flames [19,20]. To take into account the turbulence effects,
the realizable standard k–ε turbulence model is used [21,22].

2.3. Model validation

In the combustion simulation, a detailed chemical reaction me-
chanism containing 114 elemental reactions of 37 components is
adopted [23]. In order to validate the detailed mechanism, the moist
CO combustion experiment was performed by Allen in a large diameter
flow reactor, the initial mole fractions of CO and H2O were 5.8×10−3

and 1.1× 10−4, respectively. The experimental results were compared
with the simulation results, and the results were in good agreement
with each other, as shown in Fig. 2 [23].

3. Result and discussion

3.1. Effects of water vapor concentration and the inlet temperature of the
converter gas on CO emission

The influences of inlet temperature (Tinlet) of converter gas and
water vapor concentration (CH2O,inlet) in air on the CO emission are
studied, and the result is shown in Fig. 3. CCO,outlet, and CNO,outlet are the
mean concentrations of CO and NO at the furnace outlet. CCO,outlet de-
creases sharply when CH2O,inlet increases from 0 to 0.4%, but the effect
of CH2O,inlet on the CO emission is negligible at CH2O,inlet > 0.4%. The
result indicates that water vapor has significant promoting effect on CO
oxidization by increasing CH2O,inlet when CH2O,inlet is too low. At
CH2O,inlet > 0.4% and Tinlet < 950 K, for CO oxidization, Tinlet is pre-
dominant over CH2O,inlet, and increasing temperature can effectively
improve CO oxidization (see Fig. 3).

3.1.1. Effect of water vapor concentration in air on CO emission
Fig. 4 shows CO oxidization reaction pathways in the absence/

presence of H2O, where flame temperature reaches the maximum value

Fig. 1. Schematic of simulated combustion fur-
nace.

Table 1
Boundary operating conditions [1].

Concentration of the
converter gas

Gas inlet
velocity

Air inlet
velocity

Excess air
coefficient

Converter gas
temperature

65% CO 34%
CO2

1%
N2

20m/s 20m/s 1.05 823–1153 K

Fig. 2. Comparison between experiment and simulation results [23].
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at the centerline of furnace. In the absence of H2O, CO reacts directly
with the O free radical and O2 to form CO2, the contribution rates of O
and O2 in the CO oxidization reactions are respectively 75% and 25%
(see Fig. 4a), and the corresponding chemical reaction equations are as
R1 and R2:

CO+O·=CO2 (R1)

CO+O2=CO2+O· (R2)

O free radical is only formed at high temperature, the reaction rate
is low, thus CO is difficult to be combusted completely in the absence of
H2O.

In the presence of H2O, CO oxidization mainly depends on the fol-
lowing reactions:

H2O=H·+OH·. (R3)

CO+OH·=CO2+H· (R4)

H2O is decomposed to generate OH free radical, OH plays a very
important role in CO combustion, and CO is more easily oxidized by OH
than O (see Fig. 4b).

Fig. 5 shows the effect of CH2O,inlet on the distribution of OH free
radical in flame at Tinlet = 873 K. In Fig. 5, d represents the furnace
diameter, R represents the furnace radius, X represents furnace length,
and X/d and R/d represents dimensionless dimension. The results in-
dicate that OH concentration obviously increases with the increase of
CH2O,inlet. The concentration profiles of OH free radical at the centerline
of the furnace are plotted in Fig. 6 at CH2O,inlet = 0.06–0.32% and
Tinlet = 923 K. With the increase of CH2O,inlet from 0.06% to 0.32%, and
the maximum value of OH concentration increases from 244 ppm to
584 ppm. Therefore, increasing CH2O,inlet can accelerate CO oxidation
by providing sufficient OH free radical (see R3 and R4), and CO
emission sharply decreases with the increase of CH2O,inlet (see Fig. 3) at
CH2O,inlet < 0.4%. Thus, OH free radical assists complete combustion of

CO, and CO emission finally decreases. As known from Fig. 6, the in-
crease of OH concentration slows down at higher CH2O,inlet, OH free
radical reaches equilibrium state (see R3), thus effect of CH2O,inlet on the
CO emission is negligible at CH2O,inlet > 0.4% (see Fig. 3).

3.1.2. Effect of the inlet temperature of the converter gas on CO emission
Fig. 7 shows the effect of Tinlet on CO distribution in furnace at

CH2O,inlet = 2%. As compared to CO combustion at Tinlet = 988 K, the
burnout of CO is delayed at Tinlet = 823 K. The increase of combustion
temperature can induce a large amount of OH free radical in flame [24].

Fig. 3. Effects of CH2O,inlet and Tinlet on CO emission.

(a) In the absence of H2O (b) In the presence of H2O

Fig. 4. Schematic diagram of reaction pathways for CO.

(a) at CH2O,inlet=0.06% 

(b) at CH2O,inlet=0.32% 

Fig. 5. Distributions of OH concentration in the furnace.

Fig. 6. The profiles of OH concentration at the centerline of furnace at different
CH2O,inlet.

(a) Tinlet= 823 K 

(b) Tinlet= 988 K 

Fig. 7. Distributions of CO concentration in the furnace.
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The distribution of OH free radical in flame at Tinlet = 823 K and 988 K
is provided in Fig. 8.

Increasing Tinlet accelerates the reaction rate of CO oxidization (see
R4), OH free radical is rapidly consumed. Thus the distribution of OH
free radical obviously shrinks when Tinlet increases in Fig. 8. OH free
radical concentration at the centerline of furnace is provided in Fig. 9 at
CH2O,inlet = 2% and Tinlet = 823–988 K.

Fig. 9 shows the profiles of OH concentration at the centerline of the
furnace at different Tinlet. The result indicates that Tinlet has no sig-
nificant effect on the maximum concentration of OH free radical. With
the increase of Tinlet, the maximum concentration of OH radical just
increases slightly, and the location of X/d corresponding to the peak
value of the OH free radical at the centerline of the furnace decreases.
The results mean that the height of the flame is lowered, and increasing
temperature accelerates CO combustion and results in the decrease of
the flame height.

Fig. 10 shows the effect of Tinlet and CH2O,inlet on the flame surface
height. Based on the highest OH radical concentration at the centerline
of the furnace, the flame surface height (Hf) is obtained [20].

Flame height increases with the increase of CH2O,inlet at a given
Tinlet, and it decreases noticeably with the increase of Tinlet (see Fig. 10).
With the increase of CH2O,inlet, the increase of flame height and OH
concentration enlarges combustion reaction zone and enhances CO
oxidization rate (see R4), thus CO emission is reduced (see Fig. 3). The
increase of Tinlet accelerates the reaction rate of CO oxidization (see
R4), OH free radical is rapidly consumed, flame height decreases (see
Fig. 10), and CO emission is reduced (see Fig. 3).

3.2. Effects of water vapor concentration and converter gas temperature on
NO emission

Fig. 11 shows the effects of CH2O, inlet and Tinlet on NO emission. NO
emission increases gradually with the increase of Tinlet, and Tinlet has
noticeable influence on NO emission at CH2O,inlet < 2%. With the in-
crease of CH2O,inlet, NO emission first increases, then reaches a peak
value, finally decreases. With the increase of Tinlet, the occurrence lo-
cation of the peak value moves to low CH2O, inlet, and the peak value
increases. At Tinlet > 1050 K and CH2O,inlet > 2%, NO emission no-
ticeably decreases with CH2O,inlet.

Fig. 12 shows the effects of CH2O, inlet and Tinlet on the maximum
flame temperature, and the results are similar to those of NO emission
(see Fig. 11). The maximum flame temperature increases gradually with
the increase of Tinlet. With the increase of CH2O,inlet, the maximum flame
temperature first increases, then reaches a peak value, and finally de-
creases. With the increase of Tinlet, the occurrence location of the peak
value moves to low CH2O, inlet, and the peak value increases.

The influence similarity of CH2O,inlet and Tinlet on NO emission and
the maximum flame temperature indicates that, CH2O,inlet and Tinlet di-
rectly influence flame temperature and result in the variation of
thermal-NO formation, thus the increase of Tinlet and the decrease of
CH2O,inlet promote thermal-NO formation and result in the increase of
NO emission (see Fig. 11). At CH2O,inlet < 2%, Tinlet has noticeable
influence on maximum flame temperature(see Fig. 12), because water

(a) at Tinlet =823 K 

(b) at Tinlet =988 K 

Fig. 8. Distributions of OH free radical.

Fig. 9. The profiles of OH concentration at the centerline of furnace at different
Tinlet.

Fig. 10. Effects of CH2O,inlet and Tinlet on flame height (where, Hf/d represents
dimensionless dimension).

Fig. 11. Effects of CH2O,inlet and Tinlet on NO emission.
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vapor concentration is low, the concentration of OH radical is low, the
flame is prone to local high temperature. Thus, Tinlet has noticeable
influence on NO emission at CH2O,inlet < 2% (see Fig. 11).

The variation of flame temperature influenced by CH2O,inlet and Tinlet
effects OH free radical formation and CO oxidization (see R3 and R4),
thus CO emission decreases with the increase of CH2O,inlet and Tinlet (see
Fig. 3).

At Tinlet = 1103 K, the profiles of the main species at the centerline
of the furnace are shown in Fig. 13 and Fig. 14 at CH2O,inlet = 0 and
0.9%.

Figs. 13 and 14 show the profiles of the main species at the cen-
terline of the furnace at CH2O,inlet = 0 and 0.9%, respectively. At
CH2O,inlet = 0, the main intermediate species is only O free radical. At
CH2O,inlet = 0.9%, a large number of intermediate species are formed,
such as H, OH, and HNO. The reaction path diagrams of NO formation
in the absence/presence of H2O are respectively provided in Fig. 15,
where flame temperature reaches maximum value at the centerline of
furnace.

As shown in Fig. 15(a), in the absence of H2O, the corresponding
chemical reaction paths of NOx formation are as follows:

N2+O2=N2O+O· (R5)

N2+O·=N2O (R6)

N2O+O·=NO+NO (R7)

N2 reacts with O2 and O to form N2O, then N2O reacts with O to
form NO. Different from NO formation mechanism proposed by
Zeldovich [25,26], the intermediate species N2O is produced because of
the high temperature in the converter (~2370 K, see Fig. 12).

As shown in Fig. 15(b), in the presence of H2O, the corresponding
chemical reaction equations are R3, R8-R14.

NO+H·=NH·+O· (R8)

NO+OH·=HNO·+O· (R9)

HNO·+H·=NH·+OH· (R10)

HNO·+H·=NH2·+O· (R11)

NH2·+H·=NH·+H2 (R12)

NH·+NH·=N2+H·+H· (R13)

NH·+NO=N2+OH· (R14)

Due to the presence of H2O, a lot of H and OH free radicals are
formed, a large amount of NO is transformed into NH, HNO radicals,
and HNO radical is converted to NH and NH2 radicals and finally to N2.
Therefore, H free radical can reduce NO emission. This result is very
similar to that of Sen Li's previous study. In Sen Li’s study, in the pre-
sence of H2O, the formation of free-radical H is conducive to NO re-
duction. H2O has a complex effect on NO emission: at T < 1100 °C, NO
emission decreases with the increase of H2O content [15]. Thus, in-
creasing CH2O,inlet is conducive to reduce NO emission.

Fig. 12. Effects of CH2O,inlet and Tinlet on the maximum flame temperature.

Fig. 13. Concentration profiles of the main species at the centerline of the
furnace in the absence of water vapor.

Fig. 14. Concentration profiles of the main species at the centerline of the
furnace at CH2O,inlet = 0.9%.

(a) In the absence of H2O (b) In the presence of H2O 

Fig. 15. Schematic diagram of reaction pathways for NO formation/reduction.
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4. Conclusions

To realize high-efficient and clean combustion of converter gas, the
non-premixed combustion of high-temperature converter gas by adding
water vapor in air was simulated by the detailed chemical reaction
mechanism, the effects of water vapor concentration and converter gas
temperature on CO and NO emissions were investigated, and the re-
action paths of CO oxidization and NO formation were provided. The
following conclusions are drawn:

(1) At CH2O,inlet = 0–0.4%, H2O vapor has significant influence on CO
combustion, and CO emission decreases with the increase of
CH2O,inlet; at CH2O,inlet > 0.4% and Tinlet < 950 K, CO emission
noticeably decreases with the increase of Tinlet; at CH2O,inlet < 2%,
NO emission rapidly increases with Tinlet; at Tinlet > 1050 K and
CH2O,inlet > 2%, NO emission noticeably decreases with CH2O,inlet.

(2) In the presence of H2O vapor, CO is more easily oxidized by OH
than O, OH easily reaches an equilibrium with the increase of Tinlet,
a large amount of NO is transformed into NH, HNO radicals, HNO
radical is converted to NH and NH2 radicals, and NO is finally re-
duced to N2.

Based on the study, in the practical application, the reasonable
adjustment of CH2O, inlet and Tinlet can effectively reduce CO and NOx

emissions, and high-efficient and clean combustion of converter gas can
be realized.
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