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ABSTRACT 

MILD (Moderate or Intense Low-oxygen Dilution) 

combustion is a promising technology with low emissions 

and low noise. In this paper, a simplified chemical reactor 

network (CRN) based on the MILD combustion of 

methane was established to investigate the effects of inlet 

air temperature and steam addition on the realization of 

MILD combustion for humid air turbine (HAT). The 

results show that for the three typical conditions of the 

HAT cycle, the most suitable main combustion zone 

temperature is about 1700 K, which is most conducive to 

the realization of MILD combustion. The influence of 

steam dilution on the threshold recirculation ratio can be 

neglected, but it will increase the ignition delay time until 

reaching the critical value of steam content, which is 

beneficial to the complete mixing of flue gas and unburnt 

reactants. When the inlet air temperature increases from 

381 K to 881 K, the threshold recirculation ratio for MILD 

combustion decreases by 70%. The influence of the inlet 

air temperature on the threshold recirculation ratio for 

MILD combustion is dominant compared to the steam 

content. An atmospheric experiment of MILD combustor 

with parallel-jet arrangement was performed to study the 

effect of steam content on the realization of MILD 

combustion. For the adiabatic flame temperature of 1650-

1900 K, the NOx emissions are below 3 ppm (at 15% O2, 

dry) when the steam content varies from 0 to 0.2 kg/kg. 

For the steam content of 0.2 kg/kg, the reaction is widely 

distributed. The ultra-low emissions and distributed 

reaction zone shows the characteristics of MILD 

combustion. 

INTRODUCTION 

According to the report of Electric Power Research 

Institute, for natural gas, the part-load efficiencies of the 

Humid Air Turbine (HAT) cycle are higher than that of 

the combined cycles. For example, the efficiency of GE 

HAT cycle is 4% higher than that of the triple-pressure 

reheat cycle, and the efficiency of ABB HAT cycle is also 

4% higher than that of the combined cycle [1]. The 

humidification tower recovers medium and low-grade 

heat energy to generate humid air. Compared with the 

compressor, the volume flow rate of working fluid in the 

expander increases, resulting in an increase in the specific 

circulating power [2]. In addition, the excess heat can also 

be used for heating, which improves the flexibility of the 

system's thermoelectric ratio conditions. 

The steam dilution of the inlet air in the HAT cycle 

combustion chamber can inhibit the production of NO by 

reducing the concentration of O radical and increasing the 

concentration of OH radical[3-5]. However, higher steam 

content of humid air will lead to lower flame speed and 

longer reaction time, thus increasing the risk of blowing 

off under super-wet condition [6]. At the same time, 

compared with dry conditions, lower oxygen 

concentration and appropriate extension of the ignition 

time under wet condition are beneficial to the occurrence 

of MILD combustion. Through experiments, it has been 

found that MILD combustion can be realized under ultra-

wet condition, but there is no MILD combustion 

characteristic under low steam contents or dry air 

condition [7]. 
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MILD combustion is a promising technology with 

low emissions and low noise. The MILD combustion 

technology applied to the gas turbines is still in the 

research stage and has not been put into commercial 

application. MILD combustion is the subset of the high 

temperature air combustion (HiTAC) or high-temperature 

combustion technology (HiCOT). MILD combustion 

mainly limits the two factors of initial temperature and 

temperature rise, requiring the initial temperature of the 

reactants to be higher than the self-ignition temperature of 

reactants, while the maximum temperature rise of the 

reactants is less than the ignition temperature [8]. In 

addition, MILD combustion, flameless combustion (FC) 

and colourless distributed combustion (CDC) all have 

something similar in that they all require the distribution 

of the reaction zone to be dispersed, while the focus of 

flameless combustion and colourless distributed 

combustion is that the visible radiation light of 

combustion is obviously weakened, and no obvious flame 

front can be seen in the combustion chamber [9]. In the 

current definition of MILD combustion, in addition to 

Cavaliere and de Joannon et al. [8] using the initial 

temperature and temperature rise of the reactant, there are 

also some other methods, such as Rao and Levy et al. [6] 

used oxygen concentration in the reactant and the 

temperature rise of the reactant to define MILD 

combustion. The realization of MILD combustion 

requires the initial temperature of the reactant to be higher 

than its self-ignition temperature, and the oxygen 

concentration is less than or equal to 12%. This threshold 

value will change according to the actual working 

conditions. Once the oxygen concentration exceeds this 

limit, the combustion state will change to a lifted flame. 

Yaojie Tu et al. [10] divided MILD combustion into 

conditional MILD combustion and unconditional MILD 

combustion, while the boundary of the division is whether 

the oxygen concentration exceeds a threshold value. The 

former needs to meet both the initial temperature and the 

temperature rise at the same time, while the latter only 

needs to satisfy the initial temperature higher than the self-

ignition temperature. 

Since the MILD combustion reaction zone is 

distributed and dispersed, it can be modelled by the 

perfectly-stirred reactors (PSR) [8]. By establishing a 

chemical network model (CRN) for MILD combustion, it 

is more clear to know the influence of equivalence ratio, 

pressure, fuel distribution on NOx emissions[11, 12]. 

Enough gas recirculation is the fundamental condition for 

the realization of MILD combustion. Huang et al.[11] has 

established a CRN model to study the threshold 

recirculation ratio of hydrogen and syngas to achieve 

MILD combustion. Whereas the threshold recirculation 

ratio for natural gas MILD combustion under humid air 

conditions is still unclear, which is necessary for the 

design of combustor in the HAT cycle. 

In this paper, a CRN model for MILD combustion 

based on parallel jets of methane was established first. 

Based on the importance of flue gas recirculation for the 

realization of MILD combustion, the effects of inlet air 

temperature and steam addition on the threshold 

recirculation ratio for MILD combustion were studied 

numerically. Subsequently, an atmospheric experiment of 

a model combustor with parallel-jet arrangement was 

performed to validate the effect of steam content on the 

realization of MILD combustion. 

METHODOLOGY 

CRN model of MILD combustion 

By decoupling the MILD combustion process into 

two areas of flue gas generation and blending, a chemical 

reaction network model as shown in Fig. 1 is established. 

The PSR represents the flue gas generation area, and the 

mixer represents the blending area. It is assumed that the 

recirculated flue gas and unburned reactants are 

completely blended first, and then enter the PSR reactor. 

The gas recirculation ratio R is defined as: 

1g
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R

m m



 

(1) 

Where, mg1 is the mass flow rate of recirculated flue 

gas; ma is the mass flow rate of humid air; mf is the mass 

flow rate of methane. 

 

Figure 1. Schematic of MILD combustion 

In the paper, the criterion of MILD combustion 

adopts the definition of Cavaliere et al.[8]: the initial 

temperature of the reactants Tmix is higher than the self-

ignition temperature Tig and the maximum temperature 

rise of the reactants ΔTmax is lower than the self-ignition 

temperature Tig, Tmix≥Tig≥ΔTmax. Tmix represents the outlet 

temperature of the Mixer. Δ Tmax represents the 

temperature rise in the PSR, which can be obtained by the 

difference between the inlet and outlet temperature of PST 

reactor. Tig represents the self-ignition of mixture in the 

Mixer, which can be obtained by the closed homogeneous 

batch reactor (CHBR). According to the definition of self-

ignition temperature[13, 14], when the temperature 

satisfies the conditions, if the temperature continues to 

rise, the curve between the final temperature and the 

initial temperature of the reactant will reach the higher 

branch of the S-shaped curve, and the chemical process 

can be self-sustaining[8]. The residence time of PSR and 

CHBR is 40 ms and 1s respectively. In the simulation 

process, the flue gas recirculation ratio is gradually 

increased until Tmix≥Tig≥ Δ Tmax is satisfied, and the 

recirculation ratio is considered to be the threshold 
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recirculation ratio for MILD combustion. The simulation 

was performed by using the Chemkin-PRO package and 

GRI 3.0[15] mechanism was used as the chemistry 

mechanism for all conditions. 

Table 1 shows the typical operating conditions of the 

combustion chamber in the HAT cycle. In order to reduce 

the flow change caused by humidification, the sum of air 

mass flow and steam mass flow is kept unchanged. The 

main difference between the three typical conditions is the 

change in the steam content and temperature of the inlet 

air. H001 and H002 represent two extreme cases 

respectively, while the inlet air of H001 case is heated and 

humidified at the same time. The inlet air of H003 case is 

only heated, which is almost the same as that of H001 

case. 

As the required outlet temperature is 1325.15 K, 

according to the previous experimental experience, it is 

difficult for the MILD combustor to ensure stable 

combustion and low NOx emissions (<15 ppm@15%O2) 

at this temperature. Therefore, the actual main reaction 

temperature will be higher than the outlet temperature by 

air cooling. In order to realize MILD combustion, it is 

necessary to select the appropriate main reaction 

temperature. In addition, it is necessary to calculate the 

threshold recirculation ratio of MILD combustion under 

the three working conditions, which can be used as a 

reference index for combustion chamber design. 

Table 1. Typical operating conditions of 
combustion chamber in HAT cycle 

Case  Tin p Tout 

 kg/kg K MPa K 

H001 0.19 778.15 0.7 1323.15 

H002 0 543.15 0.7 1323.15 

H003 0 797.15 0.7 1323.15 

Experimental Setup 

To validate the effect of steam content on the 

realization of MILD combustion, an atmospheric 

experiment was performed. The model combustor is 

shown in Fig. 2. The MILD combustion model combustor 

was originally designed to be ignited by a swirl pilot [16]. 

Previous experimental works have demonstrated that for 

the equivalence ratio of 0.63 and the inlet air temperature 

of 293 K, the whole spatial region OH intensity 

distribution is dispersed and reaction occurs in the whole 

volume at dry air and atmospheric conditions, which are 

the characteristics of the MILD combustion. In order to 

eliminate the influence of the central swirling air, the swirl 

pilot was removed in the present study. The combustion 

chamber is composed of a quartz glass tube with an inner 

diameter of 120 mm, a thickness of 2.5 mm and a height 

of 450 mm. Four main nozzles are positioned on a 

concentric circle with a diameter of 80 mm. The main 

nozzle exit diameter is 8 mm and the air channel of the 

main nozzle is annular, the exit diameter of the fuel 

injector is 1 mm. The distance of the main nozzles into the 

combustor liner is 15 mm. The main fuel is injected from 

four holes into the main nozzle. The centre line of the fuel 

hole is perpendicular to the plane of the fuel hole exit, and 

the fuel cross jets make the fuel and air mixed before the 

mixture entering the combustion chamber. Due to the 

limited length of the premixed tube, the fuel / air mixture 

at the nozzle outlet is partially premixed. In addition, 

because the reactants do not react immediately at the 

nozzle outlet, there is still some time and space for 

mixing. In this article, the effect of blending uniformity 

with combustion characteristics is not considered. 

 

Figure 2. Schematic drawing of model MILD 
combustor 

The volume flow rate of air is measured by the glass 

rotameters (LZB-40, Measuring range: 6-60 m3/h, 

Accuracy grade: ±1.5% FS). The fuel is methane with a 

purity of 99.9%. It is also measured by the glass 

rotameters (LZB-15, Measuring range: 0.6-6 m3/h, 

Accuracy grade: ±2.5% FS). Saturated steam is produced 

by an electric heating boiler with a rated pressure of 0.7 

MPa and a rated steam mass flow rate of 50 kg/h. The 

volume flow rate of steam is measured by the vortex flow 

meter (DY015, Measuring range: 0-15.24 m3/h, Accuracy 

grade: ±1.0%). 

The Y-type probe is placed at the outlet of the 

combustion chamber to sample and collect the flue gas. A 

commercial portable gas analyser Testo® 350 is used to 

measure global emission levels on a dry basis. The 

measurement accuracy of O2 is 0.2% (absolute value), and 

the measurement accuracy of CO, NO, and NO2 is 5% of 

measurement value. The CO, NO and NO2 measurements 

were corrected to 15% O2 concentration for the 

convenience of direct comparisons at different operating 
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conditions. During the experiment, air volume was 64 

Nm3/h and changing the steam volume to achieve 

different steam contents (Ω=0-0.2 kg/kg). A K-type 

thermocouple with an uncertainty of 2 K is installed on 

the air inlet pipe near the combustor to detect the inlet 

temperature.  

RESULTS AND DISCUSSION  

1.Effects of main reaction temperature 

In order to select the appropriate temperature of the 

main reaction zone, the threshold recirculation ratio was 

calculated for the three typical conditions of combustion 

chamber in HAT cycle in Table 1. The equivalent ratios 

corresponding to different steam contents and inlet 

temperature under the same adiabatic flame temperature 

were calculated by CHEMKIN Pro. During the 

simulations, the fuel flow rate was adjusted to achieve the 

corresponding equivalent ratios according to different 

cases. Are shown in Fig. 3, with the increase of adiabatic 

flame temperature, the threshold recirculation ratio for 

MILD combustion first decreases and then increases. The 

most suitable main combustion zone temperature is about 

1700 K, which is most conducive to the realization of 

MILD combustion. 

 

Figure 3. Threshold recirculation ratio of MILD 
combustion with adiabatic flame temperature 

In order to explain the above phenomenon, the case 

of H001 will be taken as an example. As shown in Fig. 4 

(a), for the adiabatic flame temperature of 1600 K and 

1700 K, the key to realizing the MILD combustion is that 

the temperature of mixture Tmix is higher than self-ignition 

temperature Tig, while the maximum allowable 

temperature rise ΔTmax is much less than Tig. When the 

adiabatic flame temperature increases, the temperature of 

the mixture increases accordingly, but the self-ignition 

temperature does not change significantly, causing the 

intersection of the self-ignition temperature and the 

mixing temperature to move in the direction of lower 

recirculation ratio. However, as shown in Fig.5 (b), when 

the adiabatic flame temperature rises to 1800K, the key to 

achieving MILD combustion is that Tig≥ΔTmax, while the 

temperature is far greater the Tig. The higher adiabatic 

flame temperature also increases the maximum allowable 

temperature rise ΔTmax, causing the intersection of the 

self-ignition temperature and the maximum allowable 

temperature rise to move in the direction of higher 

recirculation ratio. 

 In addition, it is found that under the same adiabatic 

flame temperature, the threshold recirculation ratio of 

H002 case is the highest due to the smallest inlet air 

temperature. By comparing the case of H002 and H003, it 

can be found that humidification at different adiabatic 

flame temperatures slightly increases the threshold 

recirculation ratio.  

 

（a）Tad=1600/1700 K 

 

（b）Tad=1800/1900 K 

Figure 4. Ignition temperature/mixed 
temperature/maximum allowable temperature 
increases with recirculation ratio, H001 case 
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2.Effects of inlet air temperature and steam 
content 

In order to further analyze the influence of steam 

content and inlet air temperature on the realization of 

MILD combustion, calculations were carried out with an 

adiabatic flame temperature of 1789 K as an example. The 

steam content varies from 0 to 0.4 kg/kg and the inlet air 

temperature varies from 381 to 881 k. As shown in Fig.5, 

as the inlet air temperature of humid air increases, the 

threshold recirculation ratio is significantly reduced. For 

the inlet air temperature of 381 K, the threshold 

recirculation ratio is about 0.5. When the inlet air 

temperature is 881 K, the threshold recirculation ratio is 

reduced by 74% to about 0.13. The higher inlet air 

temperature is conducive to MILD combustion, which is 

also the core of the HiCOT or HiTAC. The influence of 

steam dilution on the threshold recirculation ratio can be 

neglected for the steam content of 0-0.4 kg/kg. The 

maximum fluctuation amplitude of the threshold 

recirculation ratio caused by steam dilution is 0.03. The 

influence of the inlet air temperature on the threshold 

recirculation ratio for MILD combustion is dominant 

compared to the steam content. 

 

Figure 5. Threshold recirculation ratio of MILD 
combustion with inlet air temperature; Tad=1789 

K. 

In addition, with the increase of inlet air temperature, 

the trend of threshold recirculation ratio with steam 

content has changed significantly. With the increase of 

steam content, the threshold recirculation rate for MILD 

combustion first decreases and then increases for the inlet 

air temperature of 381 K. To explain the above trend of 

threshold recirculation ratio, figure 6(a) shows that the 

change of self-ignition temperature, mixed temperature, 

maximum allowable temperature with recirculation ratio 

under different steam contents (0-0.24 kg/kg). As the 

recirculation ratio increases, the temperature of the 

mixture Tmix gradually increases while the maximum 

allowable temperature rise ΔTmax gradually decreases. 

Due to the higher specific heat capacity of H2O, as the 

steam content increases, the specific heat capacity of the 

flue gas increases, which results in higher temperature of 

mixture. Under the same adiabatic flame temperature 

condition, the maximum temperature riseΔTmax decreases 

as the mixing temperature Tmix increases. The above 

factors result in a smaller recirculation ratio to meet 

Tmix≥Tig≥ Δ Tmax when the steam content increases. 

However, when the steam content increases to 0.24 kg/kg, 

the self-ignition temperature drops significantly. At this 

time, the judgment of MILD combustion is mainly 

determined by the intersection of the maximum 

temperature riseΔTmax and the self-ignition temperature 

Tig, Tig≥ΔTmax.  

For the inlet air temperature of 681 K, as the steam 

content increases, the threshold recirculation ratio 

increases first and then decreases. As shown in Fig. 6(b), 

the key to achieving MILD combustion is that the self-

ignition temperature Tig is lower than the temperature of 

mixture Tmix due to the lower ΔTmax. As mentioned 

above, the self-ignition temperature first increases and 

then decreases with the steam content. As the steam 

content increases, the self-ignition temperature increases 

so that the intersection point moves to the higher 

reticulation ratio accordingly. When the critical steam 

content (Ω=0.4 kg/kg, Φ=0.97) is reached, the self-

ignition temperature will drop significantly, which leads 

the intersection point to lower reticulation ratio.  

 

(a) Tin=381 K 
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(b) Tin=681 K 

Figure 6. Ignition temperature/mixed 
temperature/maximum allowable temperature 
increases with recirculation ratio; Tout=1789 K. 

The ignition delay time is an important parameter for 

the design of the combustion chamber. The characteristic 

of MILD combustion is that sufficient ignition delay time 

is required to ensure the dispersion of the reaction zone 

instead of being only in the narrow flame front like 

conventional combustion systems. Figure 7 shows the 

ignition delay time with steam content under the same 

adiabatic flame temperature of 1789 K and the inlet air 

temperature of 381 K. The recirculation ratio is set as 0.6, 

which is over the threshold recirculation ratio for the case. 

The ignition delay time τig is defined as the time from the 

start of ignition to the temperature of the reactant reaching 

the maximum value. As the steam content increases, τig 

first increases until the critical value of steam content is 

reached, which is conductive to the complete blending of 

flue gas and unburnt reactants. When the steam content is 

0.24 kg/kg, the ignition delay time drops rapidly. The 

main reason is the competition between oxygen 

concentration and the equivalence ratio. It has been found 

by experimental research that the ignition delay time τig 

decreases with growth of the equivalence ratio Φ for lean 

mixtures (Φ < 1) and the higher oxygen concentration 

results in the decrease of τig[17]. As steam content 

increases, oxygen concentration decreases, leading to an 

increase in ignition delay time. In addition, at the same 

adiabatic flame temperature, the increase in steam content 

also increases the equivalence ratio. When the steam 

content is 0.24 kg/kg, the corresponding equivalent ratio 

is 0.99. At this time, the promotion effect of the 

equivalence ratio on the ignition delay time is dominant, 

which results in a sudden drop in the ignition delay time. 

As the inlet temperature increases, the ignition delay time 

decreases rapidly. In addition, due to the influence of both 

the oxygen concentration and the equivalent ratio, the 

ignition delay time at higher inlet temperature also has an 

inflection point. For the inlet temperature of Tin=881 K 

and the steam content of Ω=0.4 kg/kg, the corresponding 

equivalence ratio is only 0.8. At this time, the influence of 

oxygen concentration on the ignition delay time is still 

dominant, making the ignition delay time and the steam 

content have a positive proportional relationship. 

 

Figure 7. Ignition delay time with steam content 

（Tad=1789 K, R =0.6） 

3.Experimental verification 

In order to validate the effect of steam content on the 

realization of MILD combustion, an atmospheric 

experiment was performed on flame characteristics under 

different steam content (0/0.1/0.15/0.2 kg/kg). The inlet 

air temperature of dry and humid air was kept 381 K. 

During the experiments, the fuel flow rate was adjusted to 

achieve the same adiabatic flame temperature according 

to different cases. Figure 8(a) presents the images of the 

dry and humid air flames. Due to the shooting angle of 

view, the front and rear flames overlap. It can be 

intuitively found that at the same adiabatic flame 

temperature, as the steam content increases, the flame 

upstream of the combustion chamber gradually 

disappears. The photographs can be split into red, green 

and blue channels, and only the blue channel is displayed, 

indicating the CH* chemiluminescence near 430 nm[18]. 

As shown in Fig. 8(b), after channel filtering the 

photographs, the wall radiation of the quartz glass and the 

interference of external environmental light sources on 

flame imaging are well filtered out, making the auto 

fluorescence signal during the combustion process more 

obvious. The white dotted line in the figure represents the 

wall of the combustion chamber. As the steam content 

increases, the reaction distribution is significantly more 

diffuse, and the whole flame moves downstream of the 

combustion chamber. Although the aforementioned steam 

dilution has a limited impact on the threshold recirculation 

ratio, the decrease in oxygen concentration caused by 

humidification is also conducive to the realization of 

MILD combustion. For the adiabatic flame temperature of 

1750 K and the steam content of 0.2 kg/kg, the dividing 

line between the flames on the left and right has basically 
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disappeared and the reaction zone is widely distributed, 

which is more likely a MILD combustion.  

Figure 9 shows the NOx and CO emissions with 

adiabatic flame temperature under different steam 

content. It can be found that the steam dilution makes a 

negligible difference to the NOx emissions. As the steam 

content increases, the lower reaction concentration leads 

to lower CO oxidation rate slow. The addition of steam 

also increases the volume flow of the mixture, which 

reduces the reaction residence time. For the same 

adiabatic flame temperature, combining the above two 

factors makes CO emissions increase under higher steam 

content. For the adiabatic flame temperature of 1650-1900 

K, the NOx emissions are below 3 ppm (at 15% O2, dry) 

when the steam content varies from 0 to 0.2 kg/kg. 

 

(a) 

 

(b) 

Fig.8 Images of the dry and humid air flames; 
(a) original images; (b) blue channel filtered.  

 

(a) 
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(b) 

Fig.9 NOx and CO emissions with adiabatic 
flame temperature under different steam 

content  

CONCLUSIONS 

In this study, a CRN model for MILD combustion 

based on parallel jets of methane was established. The 

effect of steam contents, inlet air temperature on the 

realization of MILD combustion were studied 

experimentally and numerically. The results are 

concluded as follows.  

1) As the adiabatic flame temperature increases, the 

threshold recirculation ratio for MILD combustion first 

decreases and then increases. For the three typical 

conditions of the HAT cycle, the most suitable main 

combustion zone temperature is about 1700 K, which is 

most conducive to the realization of MILD combustion. 

2) The influence of steam dilution on the threshold 

recirculation ratio can be neglected for the steam content 

of 0-0.4 kg/kg. When the inlet air temperature increases 

from 381 K to 881 K, the threshold recirculation ratio for 

MILD combustion decreases by 70%. The influence of the 

inlet air temperature on the threshold recirculation ratio 

for MILD combustion is dominant compared to the steam 

content. As the steam content increases, ignition delay 

time first increases until reaching the critical value of 

steam content, which is beneficial to the complete mixing 

of flue gas and unburnt reactants. 

3) For the adiabatic flame temperature of 1650-1900 

K, the NOx emissions are below 3 ppm (at 15% O2, dry) 

when the steam content varies from 0 to 0.2 kg/kg. For the 

steam content of 0.2 kg/kg, the reaction distribution is 

significantly diffuse. The ultra-low emissions and 

distributed reaction zone shows the characteristics of 

MILD combustion. 

NOMENCLATURE 

 

CDC colourless distributed combustion 

CHBR closed homogeneous batch reactor 

CRN chemical reactors network 

FC flameless combustion 

HAT Humid Air Turbine 

HiCOT high-temperature combustion technology 

HiTAC high temperature air Combustion 

PSR perfectly stirred reactor 

p pressure 

Qa mass flow rate of dry air 

Qs mass flow rate of steam 

R recirculation ratio 

Tad adiabatic flame temperature 

Tin inlet air temperature 

Tig self-ignition temperature 

Tmix temperature of mixture 

ΔTmax maximum allowable temperature rise 

τig ignition delay time 

Φ equivalence ratio 

Ω steam content 
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