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Abstract: Gas boilers exhibit thermal inefficiency and unsatisfying pollutant emissions. In this study,
numerical simulations were conducted to examine the effect of humidified oxygen-enriched air on
methane combustion in a furnace and the effects of different premixed ratios of air on the temperature
field inside the furnace, intermediate product OH groups, component concentration distribution, and
pollutants. Although humidification of ambient air effectively reduced the flame center temperature
and mass concentration of the NOx generated during combustion in the furnace, the highest growth
rate of CO concentration at the furnace outlet was 18.6%. Humidification of oxygen-enriched air
increased the center temperature and outlet NO concentration of the furnace compared with those
during no oxygen enrichment, but the outlet CO concentration showed a decreasing trend, with
the highest decrease rate of 34.6%. This study determined an optimal CO-air premix ratio with a
moisture concentration of 50 g/kg dry air and an oxygen concentration of 23%. The air humidification
and oxygen enrichment technology proposed in this article provides a technical reference for low
nitrogen transformation of existing gas boilers.
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1. Introduction

In recent years, the challenges of thermal inefficiency and pollutant emissions in
gas boiler combustion have driven significant advancements in combustion technology
worldwide [1,2]. Various techniques such as staged combustion, flue gas recirculation,
premixed humidified combustion, flameless combustion, and catalytic combustion have
been explored [3]. Among these, premixed humidification and low-NOx combustion
technologies have garnered notable attention due to their potential in reducing pollutant
emissions and enhancing efficiency.

Zhang et al. [4] demonstrated through experimental and numerical investigations that
humidification in methane flames effectively reduces carbon particulate emissions. Yang
et al. [5] employed CFD modeling to analyze temperature distributions and NOx concen-
trations in methane and propane flames under varying humidity conditions. Their results
showed that moist air combustion significantly reduces nitrogen oxide formation. Shi
et al. [6] experimentally analyzed the influence of flue gas recirculation on the combustion
characteristics of methane/air mixtures and found that flue gas recirculation technology
effectively inhibits the generation of NOx. Zhang et al. [7] confirmed that the introduction
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of humidified air during combustion leads to a significant reduction in NOx emissions at
the furnace outlet.

However, while the reduction in NOx is promising, several challenges remain unre-
solved, particularly regarding the combustion stability and the increase in CO emissions.
Boushaki et al. [8] noted that increased air humidity reduces both the combustion rate and
flame temperature in the furnace chamber, potentially compromising combustion stability.
Furthermore, Ge et al. [9] observed that humidified air, while effective in reducing NOx
emissions, contributes to CO concentration fluctuations and incomplete combustion.

A key issue is finding the optimal balance between reducing NOx emissions and
maintaining combustion stability. Yang et al. [10] showed that increasing the excess air
coefficient can lower furnace and flue gas temperatures, while Wang et al. [11] compared
three diluents—excess air, flue gas, and water vapor—and found that excess air increases
NOx emissions at the stability limit in humidified combustion.

Although recent advances in oxygen-enriched combustion have shown promise for
improving combustion performance, particularly in terms of higher temperatures and
better fuel utilization [12], the trade-off between increased oxygen levels and the rise
in NOx emissions remains a challenge. Studies by Chen et al. [13] and Ying et al. [14]
have further emphasized the complexity of controlling flame propagation and combustion
kinetics under varying fuel compositions and oxygen enrichment conditions. Li et al. [15]
conducted a numerical investigation using computational fluid dynamics (CFD) to study
methane combustion and emissions in a natural gas-diesel dual-fuel engine. The focus
was on understanding how methane is consumed during different stages of combustion
and identifying the causes of unburned methane emissions. The innovative aspect of this
work was the use of CFD to visualize the spatial distribution of methane within the engine
cylinder for the first time, providing valuable insights into how methane emissions can
be reduced by improving fuel-air mixing and optimizing the pilot fuel injection system.
Perpignan et al. [16] focused on modeling pollutant emissions in flameless combustion
systems. Using a combination of computational fluid dynamics (CFD) and a chemical
reactor network (CRN), the study aimed to predict emissions like nitrogen oxides (NOx)
and carbon monoxide (CO) more accurately. The key innovation lies in integrating detailed
chemical reactions into the CRN, reducing computational cost while improving accuracy in
emission predictions compared to traditional CFD methods alone. This method enhanced
combustion efficiency and emission control. Erfan et al. [17] examined how different
turbulence models affect the simulation of swirling combustion. The researchers compared
three models: Reynolds stress model (RSM), spectral turbulence analysis, and the RNG k-¢
model. They found that RSM with the probability density function (PDF) approach was the
most accurate, especially for swirling flows. The study also looked at heat transfer, finding
that the discrete ordinate (DO) model was more precise than the P-1 model.

Despite these advances, the gap in current research lies in fully optimizing the air
premix ratio for oxygen-enriched and humidified combustion in industrial gas boilers.
Most studies focus either on reducing NOx emissions or improving combustion stability,
but few have effectively balanced both objectives. Furthermore, the combined effect of
oxygen enrichment and air humidification on NOx, CO, and soot emissions, particularly
under varying premix ratios, remains underexplored.

This study aims to fill this gap by conducting a numerical simulation of oxygen-
enriched combustion with air premixing and humidification to identify the optimal air
premixing ratio. By analyzing the interactions between combustion temperature and pollu-
tant emissions (NOx, CO, and soot), this work provides valuable insights into the low-NOx
transformation of gas boilers. The findings offer a practical strategy for reducing emissions
while maintaining combustion stability, addressing the dual challenge of environmental
impact and energy efficiency in industrial applications.
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2. Mathematical Model and Boundary Conditions
2.1. Geometric Models and Control Equations

A simplified representation of the gas boiler structure was adopted, focusing on a
half-axisymmetric model of the cylindrical combustion chamber for 3D simulation, as
shown in Figure 1. The fuel is introduced through the central nozzle of the burner, which
has a length of 0.02 m and a diameter of 0.002 m. The surrounding annular region supplies
the secondary gas, which mixes with the methane fuel before combustion occurs. The main
geometry parameters are listed in Table 1.

Furnace outlet

=

0.15m

- N~ X Axis of symmetry

Figure 1. Boiler structure.

Table 1. The main geometry parameters.

Parameter Value
Gas inlet length/m 0.02
Gas inlet diameter/m 0.002
Air inlet length/m 0.003
Air inlet diameter/m 0.002
Boiler length/m 0.45
Boiler diameter/m 0.15

The general form of the Eulerian transport equation used was as follows [18,19]:
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where p is the calculating fluid density, kg/m?, ¢ is the universal dependent variable, I,
is the diffusion coefficient, S, is a source term, and x, r,  are axial coordinates, radial
coordinates, and circumferential coordinates, respectively. u, v, w are the components of
the velocity vector in the x, r, 6 directions respectively, m/s. When ¢ = 1land I'y = 0, the
relationship is the continuity equation. When ¢ = u, v, w, it is the momentum equation
corresponding to the x, r, 6 directions, respectively. ¢ = k is the turbulent kinetic energy
equation, and ¢ = ¢ is the turbulent flow energy dissipation rate equation. ¢ = f is the
conservation equation of components. ¢ = h is the energy equation. K is turbulent energy,
¢ is turbulence dissipation, f is the mass fraction, %, and & is the enthalpy value, J/kg.

2.2. Numerical Methods

A realizable k-¢ two-equation model with a scalable wall function was chosen to
simulate turbulence. The discrete ordinates (DO) model was employed for radiative heat
transfer. All wall boundaries were set as adiabatic, non-slip conditions. The steady-state
diffusion flame model from the non-premixed combustion framework was selected for the
fuel and oxidizer interaction. A simplified methane gas-phase chemical reaction mechanism
was assumed [20,21]. Gas-phase kinetics and thermodynamic data were imported into
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Fluent using Chemkin. The NOx formation was modeled using both the thermal NOx and
prompt NOx mechanisms (F2-F8). For soot modeling, the two-step soot model in Fluent
was employed, accounting for the interaction between soot and radiation [22].

The relevant reactions were as follows:

Thermal NOx formation:

O+ N, +NO + N )

N + O, = NO + O 3)

N + OH — NO + H 4)

Prompt NOx formation:

CH + N, — HCN + N )

N + O, = NO + O (6)

HCN + OH — CN + HO (7)

CN + O, = NO + CO 8)

2.3. Mesh Independence Validation

CFD commercial software was utilized for meshing the burner (Figure 2). To predict
the combustion characteristics more accurately inside the boiler, local mesh refinement
was applied at the fuel and air inlets, while boundary layer meshing was implemented
along the furnace walls. Coarser mesh was used in other regions to optimize computational
efficiency. The computational domain was discretized and analyzed for grid independence.
The following five grid cell counts were considered: 176,393, 192,761, 206,351, 225,127,
and 262,090. The grid independence verification results are shown in Figure 3. When
the number of cells was increased to 206,351, the average temperature at the furnace
outlet remained essentially constant, indicating grid independence. Therefore, to balance
computational efficiency and accuracy, 206,351 cells were chosen for the final calculation.

Figure 2. Detailed mesh of the model.
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Figure 3. Peak temperature inside the furnace at different grid numbers.

2.4. Initial and Boundary Conditions

The simulation process utilized a velocity inlet as the inlet boundary condition, with
the mole fractions of fuel and air determined based on different equivalence ratios. The
outlet boundary condition was defined as a pressure outlet. Adiabatic boundary conditions
were applied to the front and rear wall surfaces corresponding to the inlet and outlet of the
combustion chamber. When considering heat transfer, both radiation and convective heat
transfer between the combustion chamber walls and the surrounding environment were
accounted for.

The pressure-based COUPLED algorithm was employed to solve the governing equa-
tions and calculate the flow field. To improve gradient calculations, an element-based
approach was used, incorporating least squares, standard pressure, and second-order
upwind schemes for momentum, species components, and energy equations. The specific
boundary conditions are listed in Table 2. High-purity oxygen (with a purity exceeding
95%) was generated using a pressure swing adsorption (PSA) system. This oxygen was
blended with air in controlled ratios to produce a combustion-supporting gas with the
desired oxygen concentration. The mixture was introduced into the furnace along with the
fuel, where combustion occurred similarly to conventional combustion systems, completing
the heat transfer process. The simulation conditions, including 11 different air humidity
ratios and oxygen concentrations, are summarized in Table 3.

Table 2. Boundary and initial conditions of the calculation model.

Velocity/ Turbulence Hydraulic
Boundary Parameter Temperature/K (s Intensity/% Diameter/m
Air inlet Velocity (m/s) 373 0.2 10 0.144
Gas inlet Velocity (m/s) 373 64 10 0.002
Wall No slip 300 - - -

Pressure outlet

Gage pressure (MPa) 300 - 10 0.3
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1.58 x 103
141x10*
1.24 x10*
1.06x10*
8.92x10%
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3.73x10*
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Case 1

Table 3. Eleven humidity ratios of air and oxygen concentration.

Combustion
. - : Fuel Velocity
Case Humidity Ratio of O, Concentration (ms1
Air (g/kg dry air) (vol %)
1 7 21% 64
2 21 21% 64
3 42 21% 64
4 50 21% 64
5 75 21% 64
6 100 21% 64
7 125 21% 64
8 150 21% 64
9 50 22% 64
10 50 23% 64
11 50 24% 64

3. Numerical Simulation Results
3.1. Combustion Characteristics and Nitrogen Reduction Effect of Air Humidification

Temperature is a key indicator of the combustion process within the furnace cham-
ber [23]. Figure 4 presents the combustion temperature distribution at various air humidity
ratios. Although the overall characteristics of the temperature distribution remained similar
across the different humidity levels, the high-temperature region was consistently con-
centrated near the central axis of the furnace chamber. As the humidity ratio increased,
the temperature in this high-temperature region gradually decreased. For instance, at a
humidity ratio of 7 g/kg dry air, the highest combustion temperature reached 1756 K, while
the furnace outlet temperature was 1388 K (Figure 4). When the humidity ratio increased
to 150 g/kg dry air, the peak combustion temperature dropped to 1689 K, with the outlet
temperature decreasing to 1266 K. The overall temperature reduction from Case 1 to Case
8 was 3.8%. This reduction is attributed to the heat absorbed by the water vapor during
evaporation, as water vapor has a higher specific heat capacity compared to oxygen and
nitrogen. Consequently, humidifying the air lowers the central flame temperature, which
indirectly reduces the intensity of the chemical reactions within the furnace chamber.

1 1 1 T 1 e L

Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8
Figure 4. Regional distribution of temperature under different humidity ratios of air.

Cloud view of CO distribution with different excess air factors.

In the combustion study, the combustion reaction zone contained a large amount of
OH radicals. The OH radical density can be used to characterize the flame reaction zone
and its reaction characteristics, which can subsequently be used to diagnose the combustion
effect [24]. The distribution of the OH radical mass fraction under different humidity
ratios of air is shown in Figure 5. The concentration of OH radicals in the formation
zone increased gradually with the humidity ratio of air. This was observed because the
reaction in which water vapor is mainly involved generates a larger amount of OH radicals
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(Equations (2) and (3)) with increasing humidity ratio of air, which affects the consumption
of OH, thereby increasing the concentration of OH inside the boiler.

O+H, = H+OH (9)

H+0,=0+O0H (10)

Case 1

Case 1

Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8
Figure 5. Regional distribution of OH group mass fraction under different humidity ratios of air.

Current research on boiler emission pollutants indicates that approximately 90% of the
NOx produced in turbulent jet flames is in the form of NO [25-28]. Figure 6 illustrates the
thermal NOx generation rate at various humidity ratios of air. The generation rate of ther-
mal NOx in the high-temperature zone at the center of the combustion flame decreased as
the moisture content in the air increased. In Case 1, where the air had the lowest humidity
ratio, the center of the combustion flame exhibited the darkest regions, indicating the high-
est thermal NOx generation rate. This stratification in NOx generation occurred because the
combustion temperature in the furnace reached levels that promote thermal NOx formation.
At a humidity ratio of 7 g/kg dry air, the peak NOx generation rate in the furnace chamber
was 5.88 x 107¢ kg/ (m? s). However, as the humidity ratio increased to 150 g/kg dry air,
the maximum NOx generation rate dropped to 1.47 x 10° kg/(m?® s). This confirms that
the NOx generation rate decreases as the air’s moisture content increases, likely due to the
cooling effect of water vapor, which reduces the peak combustion temperatures that drive
thermal NOx formation.

Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8
Figure 6. Regional distribution of thermal NOx under different humidity ratios of air.

Figure 7 presents the NO concentration at the outlet under varying air humidity
ratios. NO, being the primary component of NOx in gas boilers, forms as a result of the
high-temperature reaction between nitrogen and oxygen, particularly under conditions of
oxygen enrichment. As illustrated, NO emissions decrease by approximately 70% when the
air humidity ratio increases from 1.7% to 19.4%, with a noticeable delay in the outlet NO
concentration. The primary reason for this reduction is the introduction of humidified air
into the combustion zone, where the water vapor mixes with the fuel. As the humidity ratio
rises, the peak flame temperature decreases significantly, which suppresses thermal NOx
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formation and leads to a reduction in NO emissions at the outlet. This clearly demonstrates
the advantages of humidified combustion in minimizing NOx emissions.

Mass fraction of Pollu

457x10° \ §
4.11x10°
3.66x10°¢

3.20x10°

2.74x10% Case 1 Case 2 Case 3 Case 4

2.28x10°

1.83x10°¢

1.37x10°

9.14x107 .
457%107 1.
ol00 Case§ Case 6 Case 7 Case 8 o=

Figure 7. Regional distribution of NO concentration at the outlet under different humidity ratios of air.

Although air humidification technology effectively reduces the average NO concen-
tration at the furnace outlet, it inevitably leads to incomplete combustion and reduced
stability [29]. Figure 8 illustrates the CO concentration at the outlet under different air
humidity ratios. As the humidity ratio of the air increased, the CO concentration at the
furnace outlet also rose. When the humidity ratio was 20 g/kg dry air, the CO mass
fraction at the outlet was 0.0458%. At a humidity ratio of 100 g/kg dry air, the CO mass
fraction increased to 0.0512%. A sharp increase in CO concentration was observed when
the humidity ratio reached 50 g/kg dry air, with the highest growth rate of 18.6%. This rise
can be attributed to the impact of oxygen concentration and residence time in the furnace
on CO formation. As the humidity ratio increased, the oxygen concentration in the furnace
decreased, leading to a reduction in the flame temperature at the combustion center. At the
same time, the increased flow velocity shortened the fuel’s residence time in the furnace,
hindering the complete oxidation of CO and resulting in incomplete combustion. Conse-
quently, a humidity ratio of 50 g/kg dry air was identified as the upper limit for stable gas
boiler operation. Further increases in the humidity ratio were found to compromise the
stability and efficiency of the boiler [30-32].

0.058

0.056 | —@— CO mass fraction at furnace outlet °

0.054 |- /
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©
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0044 " 1 " 1 " 1 1 1 L 1 L 1 " 1 n
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The humidity ratio of air/ (g/kg)
Figure 8. Regional distribution of CO concentration at the outlet under different humidity ratios of air.

3.2. Combustion Characteristics of Air Humidification and Oxygen Enrichment

The optimal air premix ratio must be determined to ensure complete combustion in
the furnace chamber, maintain stable boiler operation, and reduce NO emissions at the
furnace outlet. To achieve this, a humidity ratio limit of 50 g/kg dry air was set, and the
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effect of oxygen enrichment on combustion performance was investigated. Figures 9 and 10
present the impact of varying air oxygen concentrations on furnace temperature and NO
emissions at a humidity ratio of 50 g/kg dry air.

2200
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Figure 9. Effect of changes in air oxygen concentration (50 g/kg dry air) on the temperature.
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Figure 10. Effect of changes in air oxygen concentration (50 g/kg dry air) on the variation of NO.

The temperature and NO concentration within the furnace increased as the air oxygen
concentration rose. Specifically, at oxygen concentrations of 21%, 22%, 23%, and 24%, the
maximum axial temperatures in the furnace chamber were 2005 °C, 2037 °C, 2085 °C, and
2133 °C, respectively. The corresponding temperature increases compared to unenriched
conditions were 1.6%, 2.3%, and 2.3%, respectively. This increase in temperature is due to
the higher oxygen concentration enhancing combustion efficiency, leading to more complete
combustion and elevated furnace temperatures, which in turn promote the formation of
thermal NOx and result in higher NO emissions at the furnace outlet.

As the oxygen concentration rose from 21% to 22%, 23%, and 24%, the NO emissions
increased by 22%, 33%, and 32.7%, respectively. This highlights the trade-off between
increasing oxygen and humidity in the air. While a higher humidity ratio effectively
reduces NO emissions in the furnace, increasing the oxygen concentration conversely
boosts NO formation due to the higher combustion temperatures.

Figure 11 illustrates the variations in CO concentration and soot mass fraction at
the furnace outlet under different oxygen concentrations, with the humidity ratio fixed
at 50 g/kg dry air. As the oxygen concentration increased, the CO concentration at the
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furnace outlet showed a declining trend, with reduction rates of 7.9%, 12%, and 14.7%,
respectively, which enhanced the combustion stability and completeness.
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Figure 11. Effect of the variation in oxygen concentration (50 g/kg dry air) on the CO mass fraction
and soot mass fraction at the furnace outlet.

Conversely, the soot mass fraction increased with higher oxygen concentrations. This
is because the distribution of the soot volume fraction is significantly influenced by the
air’s oxygen content. The elevated oxygen levels intensified the diffusion of oxygen at key
positions, accelerating the combustion process and advancing the soot formation point.
Although higher oxygen concentrations reduced the CO mass fraction at the outlet, ensured
complete combustion, and kept the soot concentration within permissible atmospheric
emission standards, it also caused a slight increase in soot formation.

Based on these observations, the optimal air premixing ratio was determined to be a
50 g/kg dry air humidity ratio combined with 23% oxygen concentration, which balanced
efficient combustion with acceptable emission levels.

The increase in soot mass fraction at furnace outlet when oxygen concentration is
elevated can be attributed to several factors:

Flame temperature increase: Higher oxygen concentrations can lead to an increase
in flame temperature, which promotes the formation of soot precursors due to enhanced
pyrolysis of hydrocarbons. In certain regions of the combustion chamber, local oxygen
might still be insufficient to fully oxidize the increased soot formation.

Localized oxygen deficiency: Although the overall oxygen concentration is higher,
localized regions within the flame may experience oxygen deficiency due to incomplete
mixing or high flame temperatures, allowing for increased soot production in these areas.

Radiative heat loss: The elevated flame temperature caused by higher oxygen levels
increases radiative heat transfer, potentially leading to local cooling and less effective
oxidation of soot particles.

4. Conclusions

The results of this study have several future applications in industrial combustion
processes, particularly in optimizing gas boiler performance and reducing pollutant emis-
sions. The combination of air humidification and oxygen enrichment offers a feasible and
highly efficient method for achieving lower NOx emissions while maintaining combustion
stability, making it a valuable approach for the retrofit and upgrade of existing boiler
systems. The findings highlight practical solutions for improving gas-fired industrial boiler
efficiency and emission control. This approach can be applied to pollution control systems,
retrofitting older infrastructure, and supporting sustainable energy systems, such as hybrid
fuel combustion, aligning with environmental regulations, and reducing carbon footprints.
The specific results are as follows:
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(1) The humidity ratio of air effectively reduces the flame center temperature and the
NOx mass fraction generated during combustion in the furnace. When the humidity
ratio increases from 7 g/kg dry air to 150 g/kg dry air, the temperature and NOx
reduction rates reach 3% and 70%, respectively. However, the CO fraction at the
furnace outlet increases significantly, with the highest growth rate observed at 18.6%.
The maximum recommended humidity ratio of air is 50 g/kg dry air.

(2) The center temperature and NO concentration at the outlet are higher in an oxygen-
enriched furnace with air humidification compared to non-enriched conditions. When
the humidity ratio is 50 g/kg dry air and the oxygen concentration increases from
21% to 22%, 23%, and 24%, the temperature growth rates are 1.6%, 2.3%, and 2.3%,
respectively. Correspondingly, the NO concentration increases by 22%, 33%, and
32.7%. In contrast, the CO concentration at the furnace outlet decreases, with reduction
rates of 7.9%, 12%, and 14.7%, respectively.

(3) The optimal air premix ratio is determined to be a humidity ratio of 50 g/kg dry
air with an oxygen concentration of 23%. This combination ensures efficient fuel
combustion, prevents excessive NO concentration at the furnace outlet, and effectively
reduces the CO concentration at the furnace outlet.
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