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ABSTRACT 

Increasingly stringent regulations limit the pollutant 

emission of heavy-duty gas turbines over the entire load 

range from start-up to baseload. Due to the low emission 

of axial stage combustion technology and MILD 

conditions provided by the primary flue gas, axial stage 

MILD combustion is expected to further lower emissions 

and become more popular. However, the state of MILD 

combustion is easy to destroy when the load decreases. 

The load range of MILD combustion is affected by the 

gas turbine operating strategy and the axial stage 

strategy. 

Therefore, taking the F-class gas turbine as an 

example, the present study calculated the combustor 

parameters of two common partial load operation 

strategies: the IGV strategy and the fuel-only strategy. A 

staged MILD model is established by Chemkin software, 

and parametric research was carried out to analyze the 

effects of pressure, temperature, and mass flow on 

thermodynamics and chemical kinetics. Subsequently, 

the fuel and air distribution in the variable load process 

is studied to achieve MILD combustion in a large load 

range. Finally, a novel method of re-staged in the 

secondary stage is proposed, which enables both 

operating strategies to achieve MILD combustion from 0 

loads to baseload.  

Keyword: MILD combustion, Axial stage, Variable 

load range. 

INTRODUCTION 

Heavy-duty gas turbines will play an increasingly 

important role in future energy systems due to their 

small size, high flexibility, and both power generation 

and power peak shaving function [1]. The design of the 

traditional gas turbine low-pollution combustion system 

mostly limits the baseload or partial high load to satisfy 

the emission. Nevertheless, emissions increase 

substantially and dramatically as the load declines [2, 3]. 

Consequently, the low emissions in the full load range 

are the design direction of new gas turbine combustion 

systems. 

Low pollution is mainly achieved by regulating the 

NOx generation rate in the space location and the 

accumulation in flue time of the combustion chamber 
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[4]. The axial staged reduces the accumulated amount of 

NOx by distributing a part of the fuel to the secondary 

stage, reducing the residence time of the fuel in high-

temperature zones. In the axial staged technology, the 

primary stage generates a large amount of flue gas, 

diluting and mixing the oxidant injected in the secondary 

stage. By controlling the temperature of the mixture to 

be higher than its auto-ignition temperature, and the 

secondary temperature rising below the auto-ignition 

temperature, the second stage satisfies the conditions of 

MILD combustion [5]. The large dilution of flue gas 

reduces the oxygen concentration, resulting in a lower 

temperature and temperature gradient in the reaction 

zone. The chemical reaction is moderate, preventing the 

formation of local thermal NOx, and the appearance is 

flameless [6]. Hence, combined with the axial stage and 

the MILD combustion technology, the axial staged 

MILD combustion (see Figure1) can control the 

generation rate and accumulation of NOx both spatially 

and temporally, promising lower emission [7]. 

 
Figure 1. Schematic of Axial Staged MILD Combustion 

There are currently few studies on axial staged 

MILD combustion. Sidey et al. [8] designed a cross-jet 

MILD combustion experiment for CH4, which is a 

typical axial staged MILD combustion, but the 

experiment focused on the relationship between the 

flame shape and the size of the reaction zone and the 

oxygen concentration, while did not study the 

distribution relationship between stages. Zheng et al. [9, 

10] established an axial staged CRN model and 

performed an atmospheric pressure experimental 

validation, which showed that the fuel distribution 

relationship and the mixing degree of the primary flue 

gas and the secondary injection mixture are critical for 

reducing emissions. Zhao et al. [11] proposed an axial 

two-stage lean premixed MILD combustor, the fuel is 

both axial and radial staged, which allows more heat to 

support secondary premixed gas ignition. At atmospheric 

pressure, the range of the secondary equivalent ratio is 

reduced to 0.2-0.5, and the secondary stage realizes 

MILD combustion of ultra-low emissions. Huang et al. 

[12] designed an axial staged MILD burner with a swirl 

primary stage and a cross-jet secondary stage. The 

swirling flue gas mixing process with the reactants was 

enhanced. The CRN calculation studied the effect of the 

staged ratio on ignition characteristics and found that a 

high staging ratio is conducive to the establishment of 

MILD combustion. The atmospheric pressure 

experiments showed that the axial staged MILD 

combustion can reduce emissions to a lower level. In 

addition, Sharma et al. [13] proposed a can-type axial 

staged MILD burner with geometrically induced 

enhanced internal circulation, and completed 

experiments with different air injection schemes under 

atmospheric pressure. The pattern of MILD combustion 

was observed by OH* chemiluminescence, and NOx and 

CO emissions were measured to be below 8ppm and 

25ppm, respectively. 

According to the above research work, it can be seen 

that the research on axial staged MILD combustion 

mainly focuses on the flow conditions and structural 

forms to achieve a mild environment within a confined 

load range under atmospheric pressure. However, the gas 

turbine operates in a high-pressure environment, the 

combustion chamber pressure and inlet flow change with 

the change of load, which has a great impact on MILD 

combustion by affecting thermodynamics and chemical 

kinetics. At present, there is no literature to study the 

realization conditions of axial staged MILD combustion 

in combination with the actual variable load 

characteristics of gas turbines unit, especially 

considering the specific strategies. Therefore, this paper 

takes the PG9351FA gas turbine as an example, 

establishes a combined cycle variable working condition 

model, and calculates the parameters of the combustion 

chamber in the variable load process under two 

adjustment strategies. Then an axial staged MILD 

combustion CRN model is established to study the fuel 

and air distribution of MILD combustion in the variable 

load. In our previous work, the fuel and air distribution 

have been shown to be an important factor in realizing 

MILD combustion under atmospheric pressure 

experiments [9]. The current study is further present to 

investigate the possibility of achieving MILD 

combustion in a large load range using axial staged 

MILD combustion technology in real gas turbine 

operation. To achieve MILD combustion from 0 loads to 

baseload, a re-staged secondary stage method is 

proposed. 

METHODOLOGIES 

CONTROL STRATEGIES FOR GAS TURBINE 

UNITS 

The combined cycle model of the gas turbine is not 

specified in this paper and the establishment of the 

model refers to the literature [14, 15]. There are many 

adjustment strategies for variable load units. This paper 

selects two common strategies including the inlet guide 

vane (IGV) strategy and the fuel-only strategy, as 

follows: 

1. IGV strategy. The IGV is fully opened to 

generate the baseload. During the load reduction, the 

IGV angle is adjusted to ensure the turbine inlet 

temperature T3 is constant as the design operating 
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condition while the turbine exhaust temperature T4 

progressively increases. When the T4 increases to the 

maximum value, ensure that the maximum value of T4 

remains consistent, and the IGV angle continues to be 

changed until the IGV is adjusted to the maximum. Then 

the IGV angle is retained constant, and only the fuel to 

be adjusted as the load declines [14]. The IGV strategy is 

a common regulation method for heavy-duty gas 

turbines [16, 17]. 

2. Fuel-only strategy. The airflow remains constant, 

and only the fuel flow reduces during load reduction. 

 

CRN MODELING OF THE AXIAL STAGE MILD 

COMBUSTION 

Figure 2 shows a simplified axial staged MILD 

combustion model, directly constructing two sequential 

PSRs to represent the reaction between the two stages, of 

which PSR1 represents the primary stage, and PSR2 

represents the secondary stage. The total residence time 

is set to 25ms concerning the typical residence time of 

gas turbines [7], and each stage is identical at baseload. 

This model differs from our previous model [9] by 

omitting the post-flame region of the PFR simulation as 

emission characteristics are no longer studied. When the 

mixture undergoes MILD combustion, the temperature 

field is uniform. Doan et al. [18] investigated the DNS 

data and found that autoignition is the main combustion 

mode of MILD combustion. The mixture fraction 

characteristic scale is similar to the chemical scale, the 

mixture fraction stratification causes the ignition delayed 

time gradient, and the reaction kinetics limit the progress 

of MILD combustion. These characteristics indicate that 

the PSR model is suitable for simulating premixed 

MILD combustion. Huang et al. [12] also studied axial 

staged MILD combustion by establishing two-stage 

PSRs. The composition and temperature of the mixture 

enter the CHBR (Closed Homogeneous Batch Reactor). 

On the reactor temperature versus time curve, the 

corresponding time of the maximum slop is the ignition 

delay time τ. Only the composition of the mixture enters 

the CHBR, given different reactor temperatures, on the 

maximum rector temperature versus rector temperature 

cure, the corresponding reactor temperature of the 

maximum slop is the autoignition temperature 𝑇𝑠𝑖  of the 

mixture. 

The flow rates of air and fuel entering the primary 

stage are 𝑚𝑎1 and 𝑚𝑓1, respectively. The flow rates of 

air and fuel entering the second stage are 𝑚𝑎2 and 𝑚𝑓2, 

respectively. The airflow staged ratio (AR) and the fuel 

staged ratio (FR) are defined as, 

𝐴𝑅 =
𝑚𝑎1

𝑚𝑎2+𝑚𝑎2
；𝐹𝑅 =

𝑚𝑓1

𝑚𝑓1+𝑚𝑓2
              (1) 

The temperature of the Mixer is 𝑇𝑚𝑖𝑥 , and the 

temperature rise ∆𝑇 is the difference between the outlet 

temperature of PSR2 and 𝑇𝑚𝑖𝑥 . Therefore, when the 

temperature relationship satisfies the condition: 𝑇𝑚𝑖𝑥 >
𝑇𝑠𝑖 , ∆𝑇 < 𝑇𝑠𝑖 , the MILD combustion is achieved. 

As we all know, the mixing time is generally less 

than 1 ms in actually staged combustion chambers [19]. 

In this study, τ is calculated by the full mixing of fuel-air 

and gas in Mixer under ideal conditions, which is the 

longest time to ignition. In fact, due to the non-

uniformity of mixing, the fuel is in a high temperature 

gas environment, τ is usually shorter than this calculated. 

The time scale of flow and chemical reaction are 

comparable in MILD combustion, i.e., from the 

perspective of chemical kinetics, it is considered that the 

τ of the secondary stage mixture needs to exceed 1ms. In 

order to ensure the combustion efficiency, it is also 

necessary to satisfy τ < 12.5ms, even if the secondary 

residence time is large enough, the maximum τ cannot 

exceed 25ms. 

 
Figure 2. Chemical Reaction Network Model for Axial Staged 

MILD Combustion 

RESULT AND DISCUSSION 

PARAMETERS OF VARIABLE LOAD 

VALIDATION 

The traditional PG9351FA gas turbine is selected as 

the research object. When it is running at the baseload, 

the pressure is 15.52 bar and the outlet temperature of 

the combustion chamber is 1394℃ [20]. Figure 3 shows 

the comparison between the simulation results and the 

literature [14]. It can be seen that the simulation results 

in this paper are consistent with the data given in the 

literature. Within the error range, the calculation results 

of variable load parameters are considered reliable. 
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Figure 3 Comparison of the Results with the Ref [14] 



 

4 

PARAMETERS 

The operating parameters of the combustion 

chamber under partial load are shown in Figure 4. In the 

IGV strategy, the T4 reaches a maximum and the IGV 

angle is adjusted to the maximum when the gas turbine 

load is reduced to 77.4% and 34.94%, respectively. 

Since then, as the load decreases, the trend of IGV 

strategy parameters is the same as that of the fuel-only 

strategy.  
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Figure 4 The Parameters of the Combustor in Variable Load 

PARAMETERS ANALYSIS  

During the Chemkin calculation, the GRI3.0 

mechanism file is selected [21]. When calculating the τ 

and 𝑇𝑠𝑖 , the end time of CHBR is a crucial parameter 

and is usually set to 1s [5]. It is obvious that the τ is not 

related to the end time, and only needs to ensure the end 

time is greater than the τ. Fixed AR=FR=50% and set a 

range of different end times, the effect of the end time on 

𝑇𝑠𝑖  is shown in Figure 5. As the end time increases, the  

𝑇𝑠𝑖  decreases significantly. Therefore, it is necessary to 

think deeply about the definition of MILD combustion 

considering the effect of 𝑇𝑠𝑖 . As we all know, MILD 

combustion is initially used in furnace and the mixture’s 

residence time inside the furnace is long enough that the 

end time set to 1s is reasonable. The 𝑇𝑠𝑖  calculated with 

a sufficiently long time (1s) and the actual gas turbine 

residence time are 𝑇𝑠𝑖  and 𝑇𝑠𝑖−𝑎, respectively. Here, the 

MILD combustion determined with the 𝑇𝑠𝑖  is defined as 

general MILD combustion, while determined with the 

𝑇𝑠𝑖−𝑎 is defined as special MILD combustion. 
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Figure 5 The Effect of End Time on 𝑇𝑠𝑖  

EFFECT OF STAGE RATIO ON BASELOAD 

The effects of FR and AR on the combustion state 

at the baseload are shown in Figure 6. The AR and FR in 

the red region form general MILD combustion. It can be 

seen that when the FR is greater than 20%, there is a 

general MILD combustion region. The minimum value 

of AR is limited by ∆𝑇 and 𝑇𝑠𝑖 , and their relationship 

can also limit the maximum value of AR at smaller FR. 

When the FR is larger, fixed the FR, as the AR increases, 

the amount of primary air increases, resulting in a 

gradual decrease in the primary equivalence ratio. The 

AR continues to increase until the primary stage cannot 

burn (φ1 represents the primary equivalence ratio), at 

which point the maximum value of AR is determined by 

the primary lean burn limit. Compared to the general 

MILD combustion, the AR and FR in the shaded region 

form special MILD combustion. Regarding the special 

MILD combustion, the FR is greater than 37%, and the 

minimum value of AR is limited by 𝑇𝑚𝑖𝑥 and 𝑇𝑠𝑖−𝑎.  
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Figure 6 The Effect of FR and AR on MILD Combustion 
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Figure 7 The Effect of AR on T 

Figure 7 shows the relationship between 

temperature and AR at FR = 25%, 30%, and 40%, 

respectively. The maximum value of AR corresponds to 

the lean burn limit in Figure 6. When the AR is large, the 

𝑇𝑚𝑖𝑥 is much greater than 𝑇𝑠𝑖 , and the ∆𝑇 is smaller 

than the 𝑇𝑠𝑖 . As the FR decreases, ∆𝑇  gradually 

increases (e.g., FR=25%, ∆𝑇 > 𝑇𝑠𝑖 ), and the critical 

value of FR is 28.8%. Therefore, the maximum AR is 

determined by the lean combustion limit at FR>28.8%, 

and the maximum AR is determined by the relationship 
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between ∆𝑇 and 𝑇𝑠𝑖  at FR<28.8%. When the AR is 

relatively small, the curves of ∆𝑇 , 𝑇𝑚𝑖𝑥  and 𝑇𝑠𝑖  

intersect. The AR corresponding to the intersection of 

∆𝑇 and 𝑇𝑠𝑖  is larger, which determines the minimum 

AR of general MILD combustion. With the reduction of 

FR, the AR range of MILD combustion gradually 

decreases. When FR=20%, the ∆𝑇 coincides with the 

two intersections of 𝑇𝑠𝑖 , i.e., general MILD combustion 

cannot be achieved at FR<20%. Nevertheless, the 𝑇𝑠𝑖−𝑎 

is much larger than 𝑇𝑠𝑖 , and it is only when FR is 

particularly large that 𝑇𝑚𝑖𝑥 can intersect with 𝑇𝑠𝑖−𝑎(e.g., 

FR=40%). 

According to the primary stage equivalence ratio, 

the AR range of Figure 6 is divided, and it is found that 

the area that can achieve lean-general MILD combustion 

is much larger than that of rich-general MILD 

combustion. Lean-general MILD combustion can make 

full use of the low NOx advantage of the existing lean 

premixed combustion technology and is more suitable 

for design baseload. The dotted lines in Figure 6 

represent τ=1ms, 12.5ms and 25ms, respectively. It can 

be seen that the smaller the FR, the larger the τ. When 

the FR is less than 36%, the entire general MILD 

burning range of τ is greater than 12.5ms. Especially 

when the FR is less than 34%, τ is greater than 25ms, i.e., 

the area A in the figure, the secondary combustion 

efficiency needs to be paid attention to. In area C, τ<1ms, 

even if the MILD combustion is satisfied, the τ is too 

short to organize the flow. Hence, in terms of chemical 

kinetic, the optimal for achieving MILD combustion is 

region B (The area is bounded by τ=1ms and τ=12.5ms).  

It should be emphasized that the curve τ=12.5ms 

almost coincides with the special MILD combustion 

boundary 𝑇𝑚𝑖𝑥 = 𝑇𝑠𝑖−𝑎 as the end time is set to 12.5ms 

when calculating the 𝑇𝑠𝑖−𝑎 in CHBR. The mixture must 

stay in the CHBR longer than the τ before the 

combustion reaction can occur. If the end time is set to a 

larger value of 25ms, the border of special MILD 

combustion will move closer to the right of τ=25ms. 

That is, special MILD combustion is almost essentially 

the same as general MILD combustion controlled by the 

τ. Regardless of whether it is reflected in the τ or the 

𝑇𝑠𝑖−𝑎, in actual gas turbine, the influence of chemical 

kinetic factors on MILD combustion is still very large 

and must be considered. For convenience, the following 

text no longer emphasizes the difference between general 

and special and only uses MILD combustion to represent 

this technology. 

In addition, the dotted line in Figure 7 indicates that 

the two stage equivalence ratios are the same and equal 

to the global equivalence ratio. At this condition, the 

𝑇𝑚𝑖𝑥 is the largest and the ∆𝑇 is the smallest, which is 

most in line with the temperature relationship of MILD 

combustion. In summary, for the PG9351FA unit to 

achieve axial staged MILD combustion, the primary fuel 

distribution ratio is not less than 20% at baseload, and 

the higher primary the fuel distribution ratio, the wider 

range of staging ratio. Taking into account the τ, the fuel 

air flow distribution needs to be in area B in Figure 6. To 

achieve lean-MILD combustion, the FR range is 37% < 

FR<60% and it is the best staged ratio when the 

equivalences of the two stages are the same. 

EFFECT OF DIFFERENT STRATEGIES ON 

VARIABLE LOAD  

The distribution ratio of air flow between stages is 

determined by the structure of the combustion chamber 

and does not change. Fixed the τ=5ms at baseload [22] 

and fixed the primary stage equivalence ratio 𝜑1 during 

load reduction process, the comparison under the two 

control strategies is shown in Figure 8. With the load 

decreasing, both strategies can always maintain MILD 

combustion. The 𝑇𝑚𝑖𝑥  and the ∆𝑇 remain unchanged 

until the load reduces to 77.4%, then both gradually 

decrease with load reduction in IGV strategy. When the 

load is reduced to the maximum of IGV adjustment, 

𝑇𝑚𝑖𝑥 is almost unchanged while ∆𝑇 decreases linearly. 

In contrast, with the decrease of load, the change of 

𝑇𝑚𝑖𝑥 and ∆𝑇 in fuel-only strategy is the same as that of 

IGV strategy after maximum regulation. Due to the air 

temperature is lower in IGV strategy, resulting in the 

𝑇𝑚𝑖𝑥 is lower than that of the fuel-only strategy at the 

same load, and the ∆𝑇 is the opposite. Compared to the 

two strategies, the differences in 𝑇𝑚𝑖𝑥  and ∆𝑇 

gradually increase with the decrease of load. The effect 

of this difference is particularly pronounced on the τ. 
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Figure 8 Comparison of Two Control Strategies 

The τ increases in IGV strategy while decreases in 

the fuel-only strategy with the load decreasing. As the τ 

is related to the pressure, temperature and concentration 
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of reactants, the influence of each parameter on the τ is 

shown in Figure 9. It can be seen that the τ increases as 

the pressure and temperature decrease, but decreases as 

the relative flow of air and fuel decreases. The coupling 

effect of all parameters results in the increase under the 

IGV strategy and the decrease under the fuel-only 

strategy in Figure 8. This shows that in the IGV strategy, 

the decrease in air temperature causes the drop in 𝑇𝑚𝑖𝑥 

that plays a major role in τ. Nevertheless, in the fuel-only 

strategy, the air temperature change is relatively small 

that the decrease in the secondary fuel flow is stronger. 

Comparing the changes of τ, it is found that the IGV 

strategy has a larger range, while under the fuel-only 

strategy, the τ decreases more slowly and the relative 

change in τ is lower than 45%. The change of τ in the 

process of variable load is as small as possible, which 

could avoid exceeding the limits. 
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Figure 9 The Effect of Variable Parameters on τ 

Since the 𝑇𝑚𝑖𝑥 is the main reason causing the τ 

increasing, controlling the change in 𝑇𝑚𝑖𝑥  is the best 

way. As shown in Figure 10, where T1 represents the 

outlet gas temperature of primary stage. The temperature 

of T1 cannot be increased during the load reductions to 

avoid overheating and bringing problems to the cooling 

of the combustion chamber. Compared to the fixed in 

𝜑1, fixing in T1 attenuates the drop in 𝑇𝑚𝑖𝑥  so that the τ 

changes more slowly. Since the air temperature 

gradually decreases as the load drops, the 𝜑1 needs to 

be slightly increased to keep the T1 constant. 
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Therefore, MILD combustion can always be 

maintained in thermodynamical during load drops 

process, and both strategies can satisfy the limitation of 

the τ. The minimum value of the load variation range of 

MILD combustion is determined by reducing the 

secondary stage fuel to 0. Theoretically, the primary 

stage forms premixed combustion and the gas entering 

the second stage is only air acting as cooling air below 

this load.  

As shown in Figure 4, whether in the IGV strategy 

or the fuel-only strategy, the fuel flow rate is less than 20% 

at zero load. Combining with Figure 6, it can be seen 

that if this amount of fuel is used as the primary fuel, it 

will not only fail to build MILD combustion, but also 

lead to a particularly large ignition delay time. Therefore, 

it is considered to divide the secondary stage and discuss 

the re-staged behaviour to realize MILD combustion 

from 0 loads to baseload. 

The secondary stage is divided into two stages, 

called the pre-secondary stage and the post-secondary 

stage, respectively. It is emphasized that the form of re-

staged is not limited to the axial (Figure 11a), but can 

also be radial (Figure 11b) or other forms. The purpose 

of re-staged is to mix the gas of the primary stage with 

the pre-secondary stage to achieve MILD combustion in 

pre-secondary stage, which benefits are more obvious at 

low loads. At higher loads after a certain load, the gas of 

the primary stage and the pre-secondary stage are used 

together to realize the MILD combustion of the post-

second stage. The primary stage and the pre-secondary 

stage are taken together to be essentially the same as the 

primary stage especially in baseload. In order to maintain 

the concept of MILD combustion in secondary stage, the 

mentioned re-staged is named. As above, at baseload, the 

sum of the fuel distribution of the primary and pre-

secondary stages is required to satisfy the condition 

37%<FR<60%.  

 
a Axial Re-staged 

 
b Radial Re-staged 

Figure 11 The Form of Re-staged in Secondary Stage 
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The air distribution of the primary stage and the 

pre-secondary stage is also determined by the 

combustion chamber structure and remains constant at 

varying loads. For the above fixed τ=5ms at baseload, 

the variable load process combined with the primary and 

the pre-secondary stages should comply with Figure 8. 

At low loads after the IGV is adjusted to maximum, the 

IGV strategy is the same as the fuel-only strategy. 

Therefore, during the entire variable load process from 

baseload to 0 load, the fuel flow of each stage is shown 

in Figure 12. 
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Figure 12 The Flow of Fuel During Variable Load  

It is believe that in addition to the other strategies 

studied in this paper, MILD combustion from 0 loads to 

full load can be achieved by staging the secondary stage. 

The difference is that the fuel and air distribution ratio of 

variable load is different under different strategies. In 

other words, the load ranges to sequentially adjust the 

post-secondary stage, the pre-secondary stage, and the 

primary stage are distinct. 

CONCLUSIONS 

This paper takes PG9351FA as an example to 

calculate the variable load operating parameters of the 

combustion chamber in IGV strategy and fuel-only 

strategy. Combined with the established CRN model of 

axial staged MILD combustion, the distribution of the 

flow of fuel and air in the process of variable load is 

studied. To achieve MILD combustion from 0 loads to 

baseload, a method of re-staged is proposed. The main 

conclusions are as follows: 

1. The 𝑇𝑠𝑖−𝑎 calculated by considering the actual 

residence time is higher than the convention 𝑇𝑠𝑖 . The 

𝑇𝑠𝑖−𝑎  and the τ are similar to constrain on MILD 

combustion. Therefore, both thermodynamics and 

kinetics need to be considered when designing MILD 

combustion.  

2. The AF and FR are important factors and should 

be limited within a certain range, where FR should be 

larger than 20%, but the chemical kinetics requires 

37%<FR<60% at baseload. It is the best staged ratio 

when the equivalences of the stages are the same. 

3. In the process of variable load, keeping the 

primary stage equivalence ratio constant, MILD 

combustion can be maintained all the time. Under the 

IGV strategy, it is more advantageous to keep the 

temperature of the primary stage gas unchanged. 

3. By re-staged the secondary stage, the secondary 

stage of axial staged can realize MILD combustion from 

baseload to 0 load.  
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ABSTRACT 

Increasingly stringent regulations limit the pollutant 

emission of heavy-duty gas turbines over the entire load 

range from start-up to baseload. Due to the low emission 

of axial stagestaged combustion technology and MILD 

conditions provided by the primary flue gas, axial 

stagestaged MILD combustion is expected to further 

lower emissions and becomebecomes more popular. 

However, the state of MILD combustion is easy to 

destroy when the load decreases. The load range of 

MILD combustion is affected by the gas turbine 

operating strategy and the axial stagestaged strategy. 

Therefore, taking the F-class gas turbine as an 

example, the presentThe current study 

calculatedevaluates the combustor parameters of two 

commonpopular partial load operation strategies: the 

IGV strategy and the fuel-only strategy., using a F-class 

gas turbine as an example. A staged MILD model is 

established by ChemkinCHEMKIN software, and 

parametric research was carried out to analyze the 

effectsthe notion of pressure, temperature,MILD 

combustion applications in gas turbines is enhanced 

from both a thermodynamic and mass flow on 

thermodynamics and chemical kinetics.a kinetic 

standpoint. Subsequently, the fuel and air distribution in 

the variable load process is studiedthen investigated in 

order to accomplish MILD combustion over a wide 

turndown range. Finally, a novel secondary stage re-

staged method is proposed, allowing both operating 

methods to achieve MILD combustion in a large load 

range. Finally, a novel method of re-staged in the 

secondary stage is proposed, which enables both 

operating strategies to achieve MILD combustion from 

0from zero loads to baseload.  

Keyword: MILD combustion, Axial stagestaged, 

Variable load range. 

INTRODUCTION 

HeavyDue to their small size, great flexibility, and 

ability to generate and reduce peak power, heavy-duty 

gas turbines will play an increasingly important role in 

future energy systems due to their small size, high 

flexibility, and both power generation and power peak 

shaving function [1]. The design of the traditional[1]. To 

meet emission requirements, the conventional gas 

turbine low-pollution combustion system 

mostlytechnology primarily limits the baseload or partial 

high load to satisfy the emission.. Nevertheless, as the 
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load decreases, emissions increase 

substantiallysignificantly and dramatically as the load 

declines [2, 3]. Consequently, the low emissions in the 

full load range are the design direction of As a result, the 

new gas turbine combustion systems are being designed 

with low emissions in the complete load range in focus. 

Low pollution is mainlyprimarily achieved by 

regulatingcontrolling the NOx generation rate of NOx 

formation in the space location and the accumulation in 

flue time of the combustion chamber flue time [4]. The 

axial staged reduces the accumulated amount of NOx by 

By distributing a partportion of the fuel to the secondary 

stage, reducing and lowering the residence time of the 

fuel in high-temperature zones. In , the axial staged 

technology minimizes the accumulated amount of NOx. 

The primary stage of the axial staged technology, the 

primary stage  generates a largeconsiderable amount of 

flue gas, dilutingwhich dilutes and mixingmixes the 

oxidant injected in the secondary stage. By controlling 

the temperature of the mixture to be higher than its auto-

ignition temperature, and the The secondary temperature 

rising below the auto-ignition temperature, the second 

stage satisfies the conditions of MILD combustion [5]. 

The largeby limiting the temperature of the mixture to be 

greater than its autoignition temperature and the 

temperature rise to be lower than the autoignition 

temperature [5]. The considerable dilution of flue gas 

reduceslowers the oxygen concentration in the reaction 

zone, resulting in a lowerreduced temperature and 

temperature gradient in the reaction zone.. The chemical 

reaction is moderate, preventingwhich prevents the 

formationgeneration of local thermal NOx, and the it has 

a flameless appearance is flameless [6]. Hence, 

combinedAs a result, when used in conjunction with the 

axial stagestaged and the MILD combustion technology, 

the axial staged MILD combustion (see Figure1) can 

control the generationFigure 1) may limit the rate of NOx 

formation and accumulation of NOx both spatially and 

temporally, promisingresulting in lower 

emissionemissions [7]. 

 
Figure 2. Schematic of Axial Staged MILD Combustion 

There are currently few studieslimited 

investigations on axial staged MILD combustion at the 

moment. Sidey et al. [8] designed a cross-jet MILD 

combustion experiment for CH4, which is a typical axial 

staged MILD combustion, buthowever the experiment 

focused on the relationship between the flame shape and 

the size of the reaction zone size and the oxygen 

concentration, while did not studyrather than the 

distribution relationship betweenacross stages. Zheng et 

al. [9, 10] establisheddeveloped an axial staged chemical 

reactors network (CRN) model and performed 

anvalidated it using atmospheric pressure experimental 

validation, which showed, demonstrating that the fuel 

distribution relationship and the mixing degree of the 

primary flue gas and the secondary injection mixture are 

criticalcrucial for reducinglowering emissions. Zhao et 

al. [11] proposedpresented an axial two-stage lean 

premixed MILD combustor, in which the fuel is staged 

both axialaxially and radial staged, which allows 

moreradially, allowing greater heat to supportbe 

available for secondary premixed gas ignition. At 

atmospheric pressure, theThe range of the secondary 

equivalent ratio is reduced to 0.2-0.5,  at atmospheric 

pressure, and the secondary stage realizesachieves MILD 

combustion ofwith ultra-low emissions. Huang et al. [12] 

designed an axial staged MILD burner with a swirl 

primary stage and a cross-jet secondary stage. The 

swirling flue gas mixing process with the reactants was 

enhanced. The CRN calculation studiedevaluated the 

effect of the staged ratio on ignition characteristics and 

foundconcluded that a high stagingstaged ratio is 

conducive to the establishment ofpromotes MILD 

combustion formation. The atmospheric pressure 

experiments showed that the axial staged MILD 

combustion can reduce emissions to a lower level. In 

addition, Sharma et al. [13] proposedpresented a can-

type axial staged MILD burner with geometrically 

induced enhanced internal circulation, and completed 

experimentsperformed trials under atmospheric pressure 

with differentvarious air injection schemes under 

atmospheric pressure. The. OH* chemiluminescence 

revealed the pattern of MILD combustion was observed 

by OH* chemiluminescence, and NOx and CO emissions 

were measured to be below 8ppm and 25ppm, 

respectively. 

According to the above research work, it can be 

seenis clear that the research on axial staged MILD 

combustion is mainly focuses onconcerned with the flow 

conditions and structural forms required to 

achieveestablish a mild environment within a confined 

load range under atmospheric pressure. However, theThe 

gas turbine, on the other hand, operates in a high-

pressure environment, and the combustion chamber 

pressure and inlet flow changealter with the change of 

load, which has a greatsignificant impact on MILD 

combustion by affectingchanging thermodynamics and 

chemical kinetics. At present, thereThere is currently no 

literature to studystudies investigates the realization 

conditions of axial staged MILD combustion in 

combinationconnection with the actual variable load 

characteristics of gas turbines unit, especially 

considering the specific strategies. turbine units. 

Therefore, this paper takestaking the PG9351FA gas 

turbine as an example, establishesthis research develops 
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a combined cycle variable working condition model, and 

calculates the combustor parameters of the combustion 

chamber in the variable load process underusing two 

adjustmentcontrol strategies. ThenThe fuel and air 

distribution in the variable load is then studied using an 

axial staged MILD combustion CRN model is 

established to study the fuel and air distribution of MILD 

combustion in the variable load.. In our previous work, 

the fuel and air distribution have been shownwere 

proven to be an important factorcritical factors in 

realizingachieving MILD combustion under atmospheric 

pressure experiments [9]. The current study is further 

present to investigateresearch will also look into the 

possibilitypossibilities of achievingestablishing MILD 

combustion in a large loadbroad turndown range using in 

actual gas turbine operation employing axial staged 

MILD combustion technology in real gas turbine 

operation. To achieve. A re-staged secondary stage 

approach is presented to enable MILD combustion from 

0zero loads to baseload, a re-staged secondary stage 

method is proposed. 

METHODOLOGIES 

CONTROL STRATEGIES FOR GAS TURBINE 

UNITS 

The combined cycle model of the gas turbine is not 

specified in this paper and the establishment of the 

model refers to the literature [14, 15]. There are many 

adjustment strategies for variable load units. This paper 

selects two common strategies including the inlet guide 

vane (IGV) strategy and the fuel-only strategy, as 

follows: 

1. IGV strategy. The inlet guide vane (IGV) 

approach and the fuel-only method are two control 

systems for variable load units. The IGV is a stationary 

blade with an adjustable angle that sits in front of the 

first-stage moving blade at the compressor's inlet. By 

adjusting the angle of the IGV, the input air flow 𝑚𝑎 

can be changed, allowing the air-fuel ratio to be 

controlled to satisfy the operational needs of gas turbine. 

The method of regulating inlet temperature T3 and 

exhaust temperature T4 is chosen for optimal efficiency 

[14]. The comparison of the two strategies is shown in 

Table 1 and the detailed processes are as follows: 

The IGV is fully opened to generate the baseload. 

During the load reduction, the IGV angle is adjusted to 

ensure the turbine inlet temperature T3 isT3 constant as 

the design operating condition while the turbine exhaust 

temperature T4 T4 progressively increases. When the T4 

increases to thereaches its maximum value, ensure that 

the maximum value of T4 remains consistent, and the 

IGV angle continueskeep T4 unchanged and continue to 

be changed until the IGV is adjusted to the maximum. 

Thenadjust the IGV angle until the maximum angle is 

retained constant, andreached. The IGV angle is then 

fixed, leaving only the fuel 𝑚𝑓 to be adjusted asvary 

when the load declinesdecreases [14]. The IGV strategy 

is a common regulation method forFor heavy-duty gas 

turbines, the IGV strategy is a typical regulating method 

[15, 16, 17]. 

2. Fuel-only strategy. The airflow remains constant, 

and only the fuel flow reduces during load reduction. 

 

The fuel-only strategy means that only the fuel is 

reduced during load reduction, while the air flow 

remains constant. This strategy is mainly used on micro 

gas turbines and special heavy-duty gas turbines. In 

many burner studies, only fuel variation is considered, 

i.e., the fuel-only strategy. Therefore, the analysis of this 

strategy can be used as a comparison. 

Table 1 A Summary of Various Control Strategies 

Strategy Operating requirements 

IGV 
𝑚𝑎, 𝑚𝑓 ↓ 

→  𝑚𝑓 ↓ 

𝑇3 = 𝑐, 𝑇4 ↑→ 𝑇4 = 𝑇4𝑚𝑎𝑥, 𝑇3 ↓ 

→ 𝑇3, 𝑇4 ↓ 

Fuel-only 𝑚𝑓 ↓ 𝑇3 ↓, 𝑇4 ↓ 

The combined cycle model of the gas turbine is not 

stated in this paper and the establishment of the model is 

based on the literature [14, 17]. 

CRN MODELING OF THE AXIAL STAGESTAGED 

MILD COMBUSTION 

Figure 2 shows a simplified axial staged MILD 

combustion model, directly constructing established by 

CHEMKIN software, which constructs two sequential 

PSRs to represent the reaction between the two stages, of 

which , PSR1 representsand PSR2, respectively, for the 

primary and secondary stage, and PSR2 represents the 

secondary stage. The. At baseload, the total residence 

time is set to 25ms concerning, which is comparable to 

the typical residence time of gas turbines [7], and each 

stage is identical at baseload.. The volumes of the 

reactors remain constant during the load reduction. This 

model differs from our previous model [9] by omitting 

the post-flame region of the PFR simulation as emission 

characteristics are no longer studied. When the mixture 

undergoes MILD combustion, the temperature field is 

uniformhomogeneous. Doan et al. [18] investigated the 

DNS data and foundrevealed that autoignition is the 

main combustion mode of MILD combustion is 

autoignition. The mixture fraction characteristic scale is 

similar to the chemical scale, the mixture fraction 

stratification causes the ignition delayed time gradient, 

and the reaction kinetics limit the progress of MILD 

combustion. TheseWith these characteristics indicate 

that, the PSR model is suitable forwell suited to 

simulating premixed MILD combustion. Huang et al. [12] 

also studied axial staged MILD combustion by 

establishing two-stage PSRs. The composition and 

temperature of the mixture enter the CHBR (Closed 

Homogeneous Batch Reactor). On the reactor 

temperature versus time curve, the corresponding time of 

the maximum slop is the ignition delay time τ. Only the 

composition of the mixture enters the CHBR, and given 
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differentvaried reactor temperatures, on the maximum 

rectorreactor temperature versus rectorreactor 

temperature cure, the corresponding reactor temperature 

of the maximum slop is the autoignition temperature 𝑇𝑠𝑖  

of the mixture. 

The flow rates of 𝑚𝑎1 and 𝑚𝑓1 are the air and 

fuel enteringflow rates into the primary stage are 𝑚𝑎1 

and 𝑚𝑓1,, respectively. The flow rates of air and fuel 

entering the second stage are 𝑚𝑎2 and 𝑚𝑓2, are the air 

and fuel flow rates into the secondary stage, respectively. 

The airflow staged ratio (AR) and the fuel staged ratio 

(FR) are defined as follows, 

𝐴𝑅 =
𝑚𝑎1

𝑚𝑎2+𝑚𝑎2

𝑚𝑎1

𝑚𝑎1+𝑚𝑎2
；𝐹𝑅 =

𝑚𝑓1

𝑚𝑓1+𝑚𝑓2
              

(1) 

The temperature of the Mixer is 𝑇𝑚𝑖𝑥 , and the 

temperature rise ∆𝑇 is the difference between the outlet 

temperature of PSR2 and 𝑇𝑚𝑖𝑥 . Therefore, the MILD 

combustion is achieved when the temperature 

relationship satisfies the condition: 𝑇𝑚𝑖𝑥 > 𝑇𝑠𝑖 , ∆𝑇 <
𝑇𝑠𝑖 , the MILD combustion is achieved.. 

As we all know, the mixing time is generally less 

than 1 ms in actually staged combustion chambers is 

typically less than 1 ms [19]. In thisThis study, τ is 

calculated by calculates the fullperfect mixing of fuel-air 

and gas in the Mixer under ideal conditions, which is the 

longest time to ignitionignite. In fact, due to the non-

uniformity of mixing, the fuel is as it is in a high -

temperature gas environment, τthe fuel is usually shorter 

than this calculated. The time scale because of the non-

uniformity of mixing. In MILD combustion, the time 

scales of flow and chemical reaction are comparable in 

MILD combustion, , i.e., from the perspective of 

chemical kinetics, it is considered that the τ of the 

secondary stage mixture needs to exceedmust surpass 

1ms. In order to ensure the combustion efficiency, it is 

also necessary to satisfy τ < 12.5ms, even in terms of 

chemical kinetics. Even if the secondary residence time 

is large enoughsufficient, the maximum τ cannot exceed 

25ms.12.5 ms in order to ensure combustion efficiency.  

 
Figure 2. Chemical Reaction NetworkCRN Model for Axial 

Staged MILD Combustion 

RESULT AND DISCUSSION 

PARAMETERS OF VARIABLE LOAD 

VALIDATION 

The traditional PG9351FA gas turbine is selected as 

the research object. When it is running at the baseload, 

the pressure is 15.52 bar and the outlet temperature of 

the combustion chamber is 1394℃parameters is shown 

in Table 2 [20]. Figure 3 shows the comparison between 

the simulation results and the literature [14]. It can be 

seen that the simulation results in this paperstudy are 

consistent with the data given in the literature. Within 

the error range,, and the calculation results of variable 

load parameters are considered reliable. 

Table 2 The Operation Parameters in Baseload 

Parameters  Value Parameters Value 

The flow of 

air 
529.52 kg/s Fuel Methane 

The flow of 

fuel 
14.84 kg/s 

Outlet 

temperature 
1394 ℃ 

Pressure  15.52 bar   
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Figure 3 Comparison of the Results with the Ref [14] 

PARAMETERS 

The operating parameters of the combustion 

chamber under partial load are shown in Figure 4. In the 

IGV strategy, the T4 reachesis fixed a maximum and the 

IGV angle is adjusted to the maximum when the gas 

turbine load is reduced to 77.4% and 34.94%, 

respectively. Since then, as the load decreases, the trend 

of IGV strategy parameters is the same as that of the 

fuel-only strategy.  
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Figure 4 The Parameters of the Combustor in Variable Load 

PARAMETERS ANALYSIS  

During the ChemkinCHEMKIN calculation, the 

GRI3.0 mechanism file is selected [21]. as methane is 

selected as the fuel. When calculating the τ and 𝑇𝑠𝑖 , the 

end time of CHBR is a crucial parameter and is usually 

set to 1s [5]. It is obvious that the τ is not related to the 

end time, and only needs to ensure the end time is 

greater than the τ. Fixed AR=FR=50% and set a range of 

different end times, the effect of the end time on 𝑇𝑠𝑖  is 

shown in Figure 5. As the end time increases, the  𝑇𝑠𝑖  

decreases significantly. Therefore, itIt is necessary to 

think deeply about the definition of MILD combustion 

considering the effect of 𝑇𝑠𝑖 . As wewell all know, MILD 

combustion is initially usedutilized in the furnace and the 

mixture’s residence time inside the furnace is long 

enough that the end time set to 1s is reasonable. The 

𝑇𝑠𝑖In the combustion chamber, the residence time of the 

mixture is particularly small, and the autoignition 

temperature calculated with a sufficiently long time (1s) 

and the from actual gas turbine residence time areis 

𝑇𝑠𝑖−𝑎 . The difference between 𝑇𝑠𝑖  and 𝑇𝑠𝑖−𝑎 , 

respectively is shown in Figure5, ant the former is much 

smaller than the latter. Here, the MILD combustion 

determined with the 𝑇𝑠𝑖  is defined as general MILD 

combustion, while determined with the 𝑇𝑠𝑖−𝑎 is defined 

as special MILD combustion. 
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Figure 5 The Effect of End Time on 𝑇𝑠𝑖  

EFFECT OF STAGE RATIO ON BASELOAD 

The effects of FR and AR on the combustion state 

at the baseload are shown in Figure 6. The AR and FR in 

the red region form general MILD combustion. It can be 

seen that when the FR is greater than 20%, there is a 

general MILD combustion region. when the FR is 

greater than 20%. The minimum value of AR is limited 

by ∆𝑇 and 𝑇𝑠𝑖 , and their relationship can also limit the 

maximum value of AR at smaller FR. When the FR is 

larger, fixed the FR, as the AR increases, the amount of 

primary air increases, resulting in a gradual decrease in 

the primary equivalence ratio. The AR continues to 

increase until the primary stage cannot burn (φ1 

represents the primary equivalence ratio), at which point 

the maximum value of AR is determined by the primary 

lean burn limit. of primary stage. Compared to the 

general MILD combustion, the AR and FR in the shaded 

region formof special MILD is relatively narrower. As 

mentioned in Figure 5, 𝑇𝑠𝑖−𝑎 is larger than 𝑇𝑠𝑖  by near 

200 K, and ∆𝑇 is always smaller than the 𝑇𝑠𝑖−𝑎. The 

limit of MILD combustion. Regarding range is the 

relationship between 𝑇𝑚𝑖𝑥  and 𝑇𝑠𝑖−𝑎. At the same time, 

for the special MILD combustion, the FR is greater than 

37%, and the minimum value of AR is limited by 𝑇𝑚𝑖𝑥  

and 𝑇𝑠𝑖−𝑎.FR is 37%.  
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Figure 6 The Effect of FR and AR on MILD Combustion 
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Figure 7 The Effect of AR on T 

Figure 7 shows the relationship between 

temperature and AR at FR = 25%, 30%, and 40%, 

respectively. The maximum value of AR corresponds to 

the lean burn limit in Figure 6. When the AR is large, the 

𝑇𝑚𝑖𝑥 is much greater than 𝑇𝑠𝑖 , and the ∆𝑇 is smaller 

than the 𝑇𝑠𝑖 . As the FR decreases, ∆𝑇  gradually 

increases (e.g., FR=25%, ∆𝑇 > 𝑇𝑠𝑖 ), and the critical 

value of FR is 28.8%. Therefore, the maximum AR is 

determined by the lean combustion limit at FR>28.8%, 

and the maximum AR is determined by the relationship 

between ∆𝑇 and 𝑇𝑠𝑖  at FR<28.8%. When the AR is 

relatively small, the curves of ∆𝑇 , 𝑇𝑚𝑖𝑥  and 𝑇𝑠𝑖  

intersect. The AR corresponding to the intersection of 

∆𝑇 and 𝑇𝑠𝑖  is larger, which determines the minimum 

AR of general MILD combustion. With the reduction of 

FR, the AR range of MILD combustion gradually 

decreases. When FR=20%, the ∆𝑇 coincides with the 

two intersections of 𝑇𝑠𝑖 , i.e., general MILD combustion 

cannot be achieved at FR<20%. Nevertheless, the 𝑇𝑠𝑖−𝑎 

is much larger than 𝑇𝑠𝑖 , and it is only when FR is 

particularly large that 𝑇𝑚𝑖𝑥 can intersect with 𝑇𝑠𝑖−𝑎(e.g., 

FR=40%). 
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Figure 7 The Effect of AR on T 

According to the primary stage equivalence ratio, 

the AR range of Figure 6 is divided, and it is found that 

the area that can achieve lean-general MILD combustion 

is much larger than that of rich-general MILD 

combustion. Lean-general MILD combustion can make 

full use of the low NOx advantage of the existing lean 

premixed combustion technology and is more suitable 

for design baseload. The dotted lines in Figure 6 

represent τ=1ms, 12.5ms and 25ms, respectively. It can 

be seen that the smaller the FR, the larger the τ. When 

the FR is less than 36%, the entire general MILD 

burning range of τ is greater than 12.5ms. Especially 

when the FR is less than 34%, τ is greater than 25ms, i.e., 

the area A in the figure, the secondary combustion 

efficiency needs to be paid attention to. In area C, τ<1ms, 

even if the MILD combustion is satisfied, the τ is too 

short to organize the flow. Hence, in terms of chemical 

kinetic, the optimal for achieving MILD combustion is 

region B (The area is bounded by τ=1ms and τ=12.5ms).  

It should be emphasized that the curve τ=12.5ms 

almost coincides with the special MILD combustion 

boundary 𝑇𝑚𝑖𝑥 = 𝑇𝑠𝑖−𝑎 as the end time is set to 12.5ms 

when calculating the 𝑇𝑠𝑖−𝑎 in CHBR. The mixture must 

stay in the CHBR longer than the τ before the 

combustion reaction can occur. If the end time is set to a 

larger value of 25ms, the border of special MILD 

combustion will move closer to the right of τ=25ms. 

That is, special MILD combustion is almost essentially 

the same as general MILD combustion controlled by the 

τ. Regardless of whether it is reflected in the τ or the 

𝑇𝑠𝑖−𝑎, in actual gas turbine, the influence of chemical 

kinetic factors on MILD combustion is still very large 

and must be considered. For convenience, the following 

text no longer emphasizes the difference between general 

and special and only uses MILD combustion to represent 

this technology. 

In addition, the dotted line in Figure 7 indicates that 

the two stage equivalence ratios are the same and equal 

to the global equivalence ratio. At this condition, the 

𝑇𝑚𝑖𝑥 is the largest and the ∆𝑇 is the smallest, which is 

most in line with the temperature relationship of MILD 

combustion. In summary, for the PG9351FA unit to 

achieve axial staged MILD combustion, the primary fuel 
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distribution ratio is not less than 20% at baseload, and 

the higher primary the fuel distribution ratio, the wider 

range of staging ratio. Taking into account the τ, the fuel 

air flow distribution needs to be in area B in Figure 6. To 

achieve lean-MILD combustion, the FR range is 37% < 

FR<60% and it is the best staged ratio when the 

equivalences of the two stages are the same. 

EFFECT OF DIFFERENT STRATEGIES ON 

VARIABLE LOAD  

The distribution ratio of air flow between stages is 

determined by the structure of the combustion chamber 

and does not change. Fixed theFigure 8 compares the 

two control procedures when τ=5ms = 5 ms at baseload 

[22] and fixed the primary stage equivalence ratio 𝜑1 is 

fixed during the load reduction process, the comparison 

under the two control strategies is shown in Figure 8. 

With the load decreasing, both strategies can always 

maintain MILD combustion. The 𝑇𝑚𝑖𝑥  and the ∆𝑇 

remain unchanged until the load reduces to 77.4%, then 

both gradually decrease with load reduction in IGV 

strategy. When the load is reduced to the maximum of 

IGV adjustmentangle, 𝑇𝑚𝑖𝑥  is almost unchanged while 

∆𝑇 decreases linearly. In contrast, with the decrease of 

load, the change of 𝑇𝑚𝑖𝑥  and ∆𝑇 in fuel-only strategy 

is the same as that of IGV strategy after maximum 

regulation. Due to the air temperature is lower in IGV 

strategy, resulting in the 𝑇𝑚𝑖𝑥 is lower than that of the 

fuel-only strategy at the same load, and the ∆𝑇 is the 

opposite. Compared to the two strategies, the differences 

in 𝑇𝑚𝑖𝑥 and ∆𝑇 gradually increase with the decrease of 

load. The effect of this difference is particularly 

pronounced on the τ. 
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Figure 8 Comparison of Two Control Strategies 

The τ increases in IGV strategy while decreases in 

the fuel-only strategy with the load decreasing. As the τ 

is related to the pressure, temperature and concentration 

of reactants, the influence of each parameter on the τ is 

shown in Figure 9. It can be seen that the τ increases as 

the pressure and temperature decrease, but decreases as 

the relative flow of air and fuel decreases. The coupling 

effect of all parameters results in the increasean opposite 

trend under the IGV strategy and the decrease under the 

fuel-only strategytwo strategies in Figure 8. This shows 

that in theIn IGV strategy, the decrease in air 

temperature causes the drop in 𝑇𝑚𝑖𝑥  that plays a major 

role in τ. Nevertheless, in the fuel-only strategy, the air 

temperature change is relatively small that the decrease 

in the secondary fuel flow is stronger. Comparing the 

changes of τ, it is found that the IGV strategy has a 

larger range, while under the fuel-only strategy, the τ 

decreases more slowly and the relative change in τ is 

lower than 45%. The change of τ in the process of 

variable load is as small as possible, which could avoid 

exceeding the limits. 
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Figure 9 The Effect of Variable Parameters on τ 

Since the 𝑇𝑚𝑖𝑥 is the main reason causing the τ 

increasing, controlling the change in 𝑇𝑚𝑖𝑥  is the best 

way. As shown in Figure 10, where T1 represents the 

outlet gas temperature of primary stage. The temperature 

of T1 cannot be increased during the load reductions to 

avoid overheating and bringing problems to the cooling 

of the combustion chamber. Compared to the fixed in 

𝜑1, fixing in T1 attenuates the drop in 𝑇𝑚𝑖𝑥  so that the τ 

changes more slowly. Since the air temperature 

gradually decreases as the load drops, the 𝜑1 needs to 

be slightly increased to keep the T1 constant. 
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Figure 10 T1 Regulation in IGV Strategy 

Therefore, MILD combustion can always be 

maintained in thermodynamical during load drops 

process, andfor both strategies can satisfy the limitation 

of the τ. The minimum value of the load variation range 

of MILD combustion is determined by reducingunder 

variable load process before the secondary stage fuel is 

reduced to 0. Theoretically, the primary stage forms 

premixed combustion and thezero. For fuel-only strategy, 

keeping 𝜑1  unchanged is sufficient, while for IGV 

strategy, it is better to keep T1 unchanged. Since the F-

class or higher-class gas entering the second stage is 

only air acting as cooling air below this load. turbines 

are mainly control by IGV strategy, fixing T1 is the most 

preferred way instead of the commonly way of fixing 

𝜑1 when studying various loads. 

As shown in Figure 4, whether in the IGV strategy 

or the fuel-only strategy, the fuel flow rate is less than 20% 

at zero load. CombiningConsidering that only the 

primary stage is running when the unit starts to zero load, 

combined with Figure 6, it canwill be seen that if this 

amount of fuel is used as the primary fuel, it willfound 

that not only fail to build MILD combustion, but also 

lead to a particularly large ignition delay time. Therefore, 

it is considered to divide the secondary stage and discuss 

the re-staged behaviour to realize MILD combustion 

from 0 loadszero load to baseload. 

The secondary stage is divided into two stages, 

called the pre-secondary stage and the post-secondary 

stage, respectively. It is emphasized that the form of re-

staged is not limited to the axial (Figure 11a), but can 

also be radial (Figure 11b) or other forms. The purpose 

of re-staged is to mix the gas of the primary stage with 

the pre-secondary stage to achieve MILD combustion in 

pre-secondary stage, which benefits are more obvious at 

low loads. At higher loads after a certain load, the gas of 

the primary stage and the pre-secondary stage are used 

together to realize the MILD combustion of the post-

secondsecondary stage. The primary stage and the pre-

secondary stage are taken together to be essentially the 

same as the primary stage especially in baseload. In 

order to maintain the concept of MILD combustion in 

secondary stage, the mentioned re-staged is named. As 

above, at baseload, the sum of the fuel distribution of the 
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primary and pre-secondary stages is required to satisfy 

the condition 37%<FR<60%.  

 
a Axial Re-staged 

 
b Radial Re-staged 

Figure 11 The Form of Re-staged in Secondary Stage 

The air distribution of the primary stage and the 

pre-secondary stage is also determined by the 

combustion chamber structure and remains constant at 

varying loads. For the above fixed τ=5ms at baseload, 

the variable load process combined with the primary and 

the pre-secondary stages should comply with Figure 8. 

At low loads after the IGV angle is adjusted to 

maximumfixed, the IGV strategy is the same as the fuel-

only strategy. Therefore, during the entire variable load 

process from baseload to 0zero load, the fuel flow of 

each stage is shown in Figure 12. 
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Figure 12 The Flow of Fuel During Variable Load  

The comparison of whether to re-stage to achieve 

MILD combustion is shown in Table 3, where Q1 and Q2 

can be obtained from Figure 12. Through the form of re-

stage, both strategies can achieve MILD combustion 

from zero load to baseload. It is believebelieved that in 

addition to the other strategies studied in this paper, 

MILD combustion from 0 loads to full load can be 

achieved by staging the secondary stage. The difference 

is that the fuel and air distribution ratio of variable load 

is different under different varies depending on the 

strategies. In other words, the loadturndown ranges to 

sequentially adjust the post-secondary stage, the pre-

secondary stage, and the primary stage are distinct. 

Table 3 Comparison of the Re-stage 

Re-stage Strategies 

Start 

running 

secondary 

stage 

MILD 

range 
Reason 

No 

 

Both 0 load No 
∆𝑇 > 𝑇𝑠𝑖; 

τ too large 

IGV Q1 load 
100%-

9.2% 
𝑚𝑓2 

decreases to 

0 Fuel-only Q2 load 
100%-

29.2% 

Yes Both 0 load 100%-0  

 

CONCLUSIONS 

This paper takes PG9351FA as an example to 

calculate the The variable load operating parameters 

characteristics of the combustion chamber in IGV 

strategy and fuel-only strategy. Combined withstrategies 

are calculated using PG9351FA as an example. The 

distribution of fuel and air flow in a variable load 

process is investigated using the established CRN model 

of axial staged MILD combustion, the distribution of the 

flow of fuel and air in the process of variable load is 

studied. To achieve. A re-staged method is proposed to 

enable MILD combustion from 0 loadszero load to 

baseload, a method of re-staged is proposed. The . The 

following are the main conclusions are as follows: 

1. The 𝑇𝑠𝑖−𝑎  calculated by consideringusing the 

actual residence time is higher than the 𝑇𝑠𝑖  calculated 

using the convention 𝑇𝑠𝑖 .. The 𝑇𝑠𝑖−𝑎  and the τ are 

similar to constrainconstraint on MILD combustion. 

Therefore are similar. As a result, when developing 

MILD combustion, both thermodynamics and kinetics 

need tomust be considered when designing MILD 

combustion.taken into account.  

2. The AF and FR are important factors andkey 

parameters that should be limitedkept within a certain 

range, where FR should be larger than 20%, but the 

chemical kinetics requires 37%<FR<60% at baseload. It 

is the best staged ratio whenWhen the equivalences of 

the stages are the same, it is the best staged ratio. 
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3. In the process of variable load, keeping the 

primary stage equivalence ratio constant, MILD 

combustion can be maintained all the time. Under the 

IGV strategy, it is more advantageous to keep the 

temperature of the primary stage gas unchanged. 

34. By re-stagedstaging the secondary stage, the 

secondary stage of axial staged can realize MILD 

combustion from baseload to 0zero load.  

This work is to provide a guidance for first cut 

design of a MILD combustor by mean of axial staged. In 

the future, a full CRN model analysis of the complex 

flow and reaction in a given burner will be undertaken to 

better demonstrate the feasibility of the technology. 

REFERENCES 

[1] Gonzalez-Salazar M A, Kirsten T, Prchlik L. Review 

of the operational flexibility and emissions of gas- and 

coal-fired power plants in a future with growing 

renewables [J]. Renewable and Sustainable Energy 

Reviews, 2018, 82: 1497-513. 

[2] Winkler D, Geng W, Engelbrecht G, et al. Staged 

combustion concept for gas turbines [J]. Journal of the 

Global Power and Propulsion Society, 2017, 1: 184-194. 

[3] Lieuwen T, Chang M, Amato A. Stationary gas 

turbine combustion: Technology needs and policy 

considerations [J]. Combustion and Flame, 2013, 160(8): 

1311-1314. 

[4] Pennell D A, Bothien M R, Ciani A, et al. An 

Introduction to the Ansaldo GT36 Constant Pressure 

Sequential Combustor[C]. Proceedings of the ASME 

Turbo Expo 2017: Turbomachinery Technical 

Conference and Exposition, 2017,GT2017-64790. 

[5] Cavaliere A, De Joannon M. Mild Combustion [J]. 

Progress in Energy and Combustion Science, 2004, 30(4): 

329-366. 

[6] J.A.Wünning, J G Wünning. Flameless oxidation to 

reduce thermal no-formation [J]. Progress in Energy and 

Combustion Science, 1997, 23: 81-94. 

[7] Goh E, Sirignano M, Li J, et al. Prediction of 

minimum achievable NO levels for fuel-staged 

combustors [J]. 2019, 200: 276-285. 

[8] Sidey J, Mastorakos E. Visualization of MILD 

combustion from jets in cross-flow [J]. Proceedings of 

the Combustion Institute, 2015, 35(3): 3537-3545. 

[9] Zheng X, Xiong Y, Lei F, et al. Kinetic Modeling 

Study on the Emission Characteristics of an Axial-Fuel-

Staged MILD Combustor [C]. GPPS-BJ-2019-0051, 

2019. 

[10] Zheng X, Xiong Y, Lei F, et al. Experimental Study 

on the Emissions Characteristics of a Premixed Axial-

Fuel-Staged Model Combustor [J]. Journal of 

Engineering for Gas Turbines and Power, 2020, 142(3): 

031002. 

[11] Zhao W, Qiu P, Liu L, et al. Combustion and NOx 

emission characteristics of dual-stage lean premixed 

flame [J]. Applied Thermal Engineering, 2019, 160: 

113951. 

[12] Huang M, Li R, Xu J, et al. Effect of equivalence 

ratio and staging ratio on the methane MILD combustion 

in dual-stage combustor [J]. Fuel, 2022, 307: 121903. 

[13] Sharma S, Singh P, Gupta A, et al. Distributed 

combustion mode in a can-type gas turbine combustor–A 

numerical and experimental study [J]. Applied Energy, 

2020, 277: 115573. 

[14] Yang Y, Bai Z, Zhang G, et al. Design/off-design 

performance simulation and discussion for the gas 

turbine combined cycle with inlet air heating [J]. Energy, 

2019, 178: 386-399. 

[15[15] Zhang G, Zheng J, Xie A, et al. Thermodynamic 

analysis of combined cycle under design/off-design 

conditions for its efficient design and operation [J]. 

Energy Conversion and Management, 2016, 126: 76-88. 

[16] Liu T, Zhang G, Li Y, et al. Performance analysis of 

partially recuperative gas turbine combined cycle under 

off-design conditions [J]. Energy Conversion and 

Management, 2018, 162: 55-65. 

[1716] Mehrpanahi A, Payganeh G H. Multi-objective 

optimization of IGV position in a heavy-duty gas turbine 

on part-load performance [J]. Applied Thermal 

Engineering, 2017, 125: 1478-1489. 

[17] Zhang G, Zheng J, Xie A, et al. Thermodynamic 

analysis of combined cycle under design/off-design 

conditions for its efficient design and operation [J]. 

Energy Conversion and Management, 2016, 126: 76-88. 

[18] Doan N A K, Bansude S, Osawa K, et al. 

Identification of combustion mode under MILD 

conditions using Chemical Explosive Mode Analysis [J]. 

Proceedings of the Combustion Institute, 2021, 38(4): 

5415-5422. 

[19] Hasan Karim J N, Venkat N, Jun C, et al. STAGED 

COMBUSTION SYSTEM FOR IMPROVED 

EMISSIONS OPERABILITY& FLEXIBILITY FOR 

7HA CLASS HEAVY DUTY GAS TURBINE ENGINE 

[C]. Proceedings of ASME Turbo Expo 2017: 

Turbomachinery Technical Conference and Exposition 

GT2017. 2017, GT2017-63998. 

[20] Li Z, Zhao L, Wang B, et al. A Thermodynamic 

Evaluation of GTCC/IGCC Based on a Quasi-One-

Dimensional Turbine Cooling Model [C]. Proceedings of 

the ASME Turbo Expo: Turbine Technical Conference & 

Exposition, 2014. 

[21] Smith GP, Golden DM, Frenklach M, et al. 

http://www.me.berkeley.edu/gri_mech/. 

[22] Goh E, Sirignano M, Nair V, et al. Modeling of 

Minimum NOX in Staged-Combustion Architectures at 

Elevated Temperatures [C]. ASME,2017:GT2017-63787. 

http://www.me.berkeley.edu/gri_mech/


 

19 

ACKNOWLEDGMENTS 

The National Science and Technology Major 

Project of J2019-III-0018-0062 is gratefully 

acknowledged. 

 

 


