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ABSTRACT 
Axial-fuel-staged combustion is a promising technology 

that can be applied to lower emission, higher combustor outlet 
temperature, and extended operational flexibility of gas 
turbines. In this paper, two simplified chemical reactors 
network (CRN) models based on the staged combustion were 
established to investigate the emission characteristics of an 
axial-fuel-staged MILD (moderate or intense low-oxygen 
dilution) combustor. Firstly, an atmospheric experiment of a 
staged MILD combustor was performed to validate the CRN 
model. Results show that the experimental NOx emission 
trend is well captured by this CRN model and a NOx reduction 
of approximately 30% was also achieved by the staged 
combustion. Subsequently, based on the validated CRN model, 
a parametric study was conducted and the effects of fuel 
distribution, residence time, mixing characteristics in the 
secondary stage and heat losses were systematically analysed. 
The results show that the NOx emission can be reduced by 
more than 40% with an unaffected combustion efficiency by 
both increasing the ratio of secondary fuel and decreasing the 
ratio of secondary residence time. On the other hand, poor 
mixing in the secondary stage will significantly increase the 
thermal NO formation by 140% due to the local high 
temperature region. Finally, a non-adiabatic CRN model was 
studied and it was found that the heat loss would exaggerate 
the NOx-abatement potential of the axial-fuel-staged MILD 
combustor. 

INTRODUCTION 
With the development of turbine materials and cooling 

technologies, NOx regulations have been constraining factors 
to further increase the gas turbine efficiency [1]. On the one 

hand, by employing dry-low NOx (DLN) combustion to 
present gas turbines, NO formation through the two 
dominating pathways of thermal and prompt [2] can be 
effectively reduced due to the elimination of local high 
temperature regions. One the other hand, however, with the 
increase of the combustor outlet temperature (COT), thermal 
NO formation will be significantly accelerated because of its 
exponential temperature dependence [3]. For instance, once 
the temperature exceeds 1800 K, the thermal NO reaction rate 
will double for every 35 K temperature rise [2]. Therefore, 
controlling the thermal NO formation at high temperature is 
crucial to the development of higher-parameter gas turbines. 

Consequently, to reduce the NOx emission at higher COT 
and extend the operational flexibility, several original 
equipment manufacturers (OEMs) for gas turbine production 
including Alstom [4-6]、GE [7-9] and Siemens [10-12] have 
proposed different architectures of axial-fuel-staged 
combustors and applied them to their newly-designed gas 
turbines. The basic concept of axial-fuel-stage combustion is 
that by introducing an extra stream of fuel and air mixture of 
higher equivalence ratios near the combustor outlet, both the 
equivalence ratio of the upstream stage and the residence time 
of hot products in the highest temperature region can be 
reduced. Thus the thermal NO formation is reduced and the 
operational flexibility is extended due to a better combustion 
stability of secondary stage. Additionally, the equivalence 
ratios of the two stages should be carefully modulated to 
ensure the CO burnout efficiency at part-load conditions and 
minimize the NOx emissions in the whole operating 
conditions [9].  

Apart from the conventional DLN combustion, MILD 
combustion [13], also known as flameless, HiTAC (High 
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Temperature Air Combustion), CDC (Colourless Distributed 
Combustion), is another promising technology to reduce the 
pollutant formation of gas turbines. Recirculation of the burnt 
gas is a commonly-used approach to achieve MILD 
combustion [13]. In addition, axial-fuel-staged combustion is 
also proved to be another approach to achieve MILD 
combustion [14]. While in this paper, an axial-fuel-staged 
combustor consisting of a primary MILD combustor and a 
secondary jet in burnt gas is proposed and numerically studied. 

Factors affecting the emissions characteristics of axial-
fuel-staged combustion includes: equivalence ratios of the two 
stages, distribution of the residence time, mixing between 
secondary injected mixture and the first burnt products and so 
on. Previous researches [15-17] with kinetic modelling 
approach concentrating on the factors mentioned above have 
been conducted, and a dramatic NOx-reduction potential of 
the axial-fuel-stage combustion has been observed. But the 
chemical reactors network (CRN) models in these research 
were idealized and none of them were validated with 
experimental data. Although Hoferichter et al. [18] 
constructed a validated CRN model for prediction of NOx 
formation in their staged model combustor, unfortunately, it 
was found that there was no NOx-reduction potential under 
prefect premixing conditions at atmospheric pressure [19]. 
Additionally, a quadratic dependence of NOx emission upon 
the fuel distribution has been presented in the experiment of 
GE 7HA combustion system [9]. Whereas there is still no such 
a quadratic dependence reported by the kinetic modelling 
investigations.  

In this paper, a CRN model for an axial-fuel-staged MILD 
combustion was constructed firstly. And then a simple 
experiment based on the staged MILD combustor was 
performed to validate the CRN model. Subsequently, effects 
of fuel distribution, residence times, mixing in the secondary 
stage and heat loss on the emissions were systematically 
investigated with the validated CRN model.  

METHODOLOGY 

CRN modelling of the staged MILD combustor 
Figure 1 shows a schematic drawing of the staged MILD 

combustor base on perfectly premixing assumption. Due to the 
dilution and strong mixing in MILD condition, simple models 
[13] even a single perfectly stirred reactor (PSR) [20] can be 
used to model the MILD combustor. Thus two sequential 
PSRs (PSR1 and PSR2) are used to model the first MILD 
combustion zone in the present study. PSR1 with a constant 
residence time of 1 ms [21] is used to mix and ignite the inlet 
fuel and air. PSR2 is used to simulate the MILD combustion 
zone in the first stage. PSR3 with a constant residence time of 
1 ms is used to simulate the jet mixing and combustion of the 
secondary fuel and air. PFR2 is used to simulate the secondary 
post-flame region due to the weak gas recirculation near the 
combustor outlet. The residence time was calculated 
according to the following formula: 

τ���� �� ���� =
ρ���V

ṁ���� + ṁ���
                     (1) 

where V denotes the volume of the first or secondary stage, 
and ρgas denotes the density of the burnt gas. ṁ���� and ṁ��� 
denote the total mass flow rate of the fuel and air entering the 
following reactors, respectively.For reference conditions, the 
residence times in PSR2 and PFR2 are 16 ms and 8 ms, 
respectively. The calculation was performed using the 
commercial software package CHEMKIN-PRO, and a 
detailed chemistry mechanism GRI-Mech 3.0 [21] was used 
to model the combustion and pollutant formation. 
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Figure 1.  Schematic of perfectly-mixed staged MILD 
combustion model 
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Figure 2.  Schematic of imperfectly-mixed staged 
MILD combustion model 

However, in practice, it is unrealistic to mix the secondary 
mixture with all of the burnt gas from the upstream stage in a 
very short time. Consequently, a local high temperature region 
will be formed by the imperfect mixing and the NOx 
formation may be increased through the thermal NO route [19]. 
Therefore, to take account of the effects of this imperfect 
mixing, an imperfectly-mixed staged MILD combustion 
model was constructed as shown in Figure 2. All 
configurations remain the same as the perfectly-mixed model, 
except that the previous PSR3 is substituted by a new PSR3 
and PFR1. The burnt gas from the PSR2 is split into two 
streams. One with a proportion of Xm is mixed with the 
secondary injected mixture in the PSR3 and another with a 
proportion of (1-Xm) bypasses the PSR3 through the PFR1. 
The residence times of PFR1 and PSR3 are both τm. Then the 
gases from PFR1 and PSR3 are mixed in the Mixer and then 
enter PFR2. Two variables of Xm and τm are introduced in this 
imperfectly-mixed staged MILD combustion model and they 
are varied to modulate the mixing between the secondary 
injected mixture and burnt gases. As Xm increases, or the τm 
decreases, the mixing between the secondary injected mixture 
and burnt gas will be improved. 

Experiment setup 
To validate the above-mentioned imperfectly-mixed 

CRN model, a staged model combustor was constructed as 



 

3 

shown in Figure 3. The experimental facility was operated in 
atmospheric conditions. The test facility was fuelled with pure 
CH4 (with a purity of 99.9%) and the air was supplied with an 
air compressor unit. Both the temperatures of inlet fuel and air 
were measured to be 300 K with a K-type thermocouple. The 
bottom primary stage is a MILD burner constructed by Xiong 
et al. [22]. The burner consists of one central pilot nozzle and 
four premixed direct injection nozzles arranged 
circumferentially. Due to the high injection velocity of the 
four premixed nozzles, the burnt gas is entrained and 
recirculated, and then mixed with the fresh fuel and air. Thus 
the MILD condition can be achieved and a single PSR can be 
used to simulate this region in the CRN model. In the upper 
secondary burner, the fuel and air are mixed in the mixing tube 
firstly and then injected into the combustor through a round 
nozzle with an inner diameter of 6 mm. Because of the high 
burnt gas temperature of the primary stage and low 
temperature rise (no more than 530 K based on an adiabatic 
flame temperature calculation) in the secondary stage, a MILD 
condition can be also achieved in the secondary stage.  
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Figure 3. Schematic drawing of staged MILD 
combustor 

The combustor was covered by two quartz tubes with an 
inner diameter of 127 mm. A diverging transition section was 
placed above the combustor outlet to eliminate the non-
uniform distribution of the exhausted gas species at the 
combustor outlet. A water-cooled gas probe was placed at the 
transition section outlet to sample the exhausted gas. Then the 
sampled exhausted gas was fed into a Testo® 350 flue gas 
analyser. Several electrochemical sensors are used to analyse 
the contents of NO2, CO, NO, O2 and CO2. The uncertainty is 
± 5 % FS for CO, NO, and NO2, and ± 0.2 % FS for O2. The 
CO and NO measurements were corrected to 15% O2 
concentration for the convenience of the direct comparisons at 
different operating conditions. 

The mass flow rates of the fuel and air were controlled 
and measured with four mass flow controllers (MFCs). The 
uncertainties of the MFCs are ± 1% FS for CH4 flow 
measurement and ± 1.5% FS for air flow measurement. A 
Labview program was used for the mass flow control and date 
acquisition. The flow rates, pressures and temperatures were 
recorded at a rate of 1 Hz.  

RESULTS AND DISCUSSION 

1. Validation of the CRN model  
To validate the CRN models, the experiment was 

performed under two different overall equivalence ratios (Фt). 
For each Фt, the air flow rate in each stage and the total fuel 
flow rate were held constant, while the fuel distribution was 
varied. Figure 4 plots the NOx emissions variance as a 
function of the secondary fuel fraction (F2). Considering the 
heat loss of the combustor introducing a decrease of NOx 
emission [23] and the GRI-Mech 3.0 mechanism may 
overestimate NO formations under some circumstances [24], 
both of the experimental and calculated data were normalized 
by their NOx emissions at single stage mode (where the fuel 
flow rate of secondary stage is 0), respectively. Based on the 
experimental results, the NOx emission can be reduce by as 
much as 30% at Фt = 0.80. A quadratic tendency is presented 
by the experimental data and well captured by the imperfectly-
mixed (denotes as “Mod-Imp”) modelling results. In addition, 
as Фt decreases, the NOx-reduction potential seems to be 
reduced and this trend is also captured by the imperfectly-
mixed CRN model. However, the perfectly-mixed model 
(denotes as “Mod-P”) shows a monotonic decrease tendency 
and does not follow the experimental results. 

 
Table 1. operating conditions for validation 

 
Ф 

1st stage flow rate (SLM)  2nd stage flow rate (SLM) 

 Air Fuel  Air Fuel 

1 0.80 628 49.0-37.4  15 0-8.2 

2 0.75 628 46.0-36.0  15 0-7.7 
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Figure 4.  Comparison between the experimental 
data and the prediction of CRN model under two 

different overall equivalence ratios 

2. Effects of fuel distribution 
In the axial-fuel-staged combustor, the fuel distribution 

controls the temperature profile directly and affects the 
temperature-dependent NO formation. To investigate the fuel 
distribution effects on the emissions characteristics, the 
validated imperfectly-mixed CRN model was calculated with 
fixed residence times and varied fuel flow rates. The emissions 
as a function of combustor outlet temperature (Tout) under 
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different secondary fuel fractions (F2) are shown in Figure 5. 
With the increase of Tout, both the NOx and CO emissions 
increase exponentially due to the increase of thermal NO 
formation and CO2 pyrolysis. For NOx emissions in Figure 
5(a), when the F2 is increased from 0% (single stage) to 10%, 
the NOx emission is shown to be reduced by more than 40%. 
Whereas when the F2 is further increased to 20%, the NOx 
emission is not further decreased but increased. This can be 
attributed to the increased temperature of PSR3 and this local 
high temperature region increases the NOx formation 
significantly as the increase of the secondary fuel produces an 
equivalence ratio close to 1 in the PSR3. However, for the 
perfectly mixed model, the increased NOx emission is not 
shown at F2 = 20%, because the local high temperature region 
cannot be simulated by this ideal CRN model. 

 
(a) NOx emission under different fuel distribution conditions 

 
(b) CO emission under different fuel distribution conditions 

Figure 5. NOx and CO emissions varying with 
combustor outlet temperature under different fuel 

distribution conditions. 
In Figure 5(b), the CO emission is almost not affected 

when Tout is above 1800 K. It means that although the first 
stage temperature is reduced by the increased F2, it does not 

result in incomplete combustion when Tout is high. But when 
Tout is lower than 1800 K, the CO emission could be 
significantly increased under the staged conditions. Therefore, 
it can be concluded that by using the axial-fuel-staged 
technology, NOx emission is able to be reduced without the 
decreased combustion efficiency at higher combustor outlet 
temperatures. 

Figure 6 shows the NO formation through different 
pathways at Tout = 1925 K. For the single stage combustion (F2 
= 0%), the thermal NO formation accounts for the most part 
of the NOx emission. As F2 increases to 10%, the NOx 
formation through the four pathways are all reduced. This can 
be attributed to the reduced first stage temperature, resulting 
in a global reduction of the reaction rates related to the NOx 
formation. Particularly, the thermal NO is the pathway 
affected by fuel distribution most effectively. As the F2 is 
increased from 0% to 10%, the reduction of the thermal-NO 
formation is nearly 35%. However, as the F2 increases from 
10% to 20%, the NO formation through thermal, prompt and 
N2O pathways is increased significantly and the total NOx 
emission even exceeds the single stage mode. Considering that 
these three NO pathways are all temperature-dependent [25], 
the decrease of the NOx emission at lower F2 can be attributed 
to the decrease of the first stage temperature. Simultaneously, 
the temperature of PSR3 is also increased with the F2, 
resulting in a local increase of the NOx formation in PSR3. 
Once the NOx increase in the PSR3 dominates over the NOx 
decrease in the first stage, the total NOx emission is increased. 

 

Figure 6. NO formation through different NO 
pathways at Tout = 1925 K. 

3. Effects of the residence time distribution 
For axial-fuel-staged combustion, the residence time 

distribution between the two stages depends on the injection 
position of the secondary fuel and affects the temperature 
profile alone the combustor axis. To study the effects of the 
residence time distribution on the NOx and CO emissions, the 
residence time in PSR2 and PFR2 are varied while the overall 
residence time and F2 is fixed at 26 ms and 10%, respectively. 
Three residence time ratios between the first and secondary 
stage are studied and the results are shown in Figure 7. 

As shown in Figure 7(a), with the decrease of the 
residence time in secondary stage, NOx emission is reduced 
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and larger NOx reduction can be obtained at higher Tout. This 
is because the shortening of the residence time in secondary 
stage acts primarily on the reduction of thermal NO formation, 
and the proportion of the thermal-NO formation is much 
higher at higher Tout. Thus the varying of the residence time 
distribution could have greater effect on the NOx emission at 
higher Tout. Figure 7(a) suggests that for the axial-fuel-staged 
combustion, NOx reduction can also be achieved by reducing 
the residence in the secondary stage, especially when Tout is 
higher than 1900 K. 

 
(a) NOx emission under different distribution of residence time 

 
(b) CO emission under different distribution of residence time 

Figure 7. NOx and CO emissions varying with 
combustor outlet temperature under different 

distribution of residence times. 
Figure 7(b) shows that when Tout is lower than 1800 K, 

the shortening of the residence time in secondary stage will 
lead to imperfect combustion and increased CO emission. 
However, as the Tout is above 1800 K, the CO emission is 
almost not affected by residence time distribution. This can be 
attributed to the promoted oxidation rate in the secondary 
stage by the increased gas temperature from the first stage. 
Thus the burnout time of the secondary fuel is largely 

shortened and the CO emission is not increased. It suggests 
that for the design of the axial-fuel-staged combustor, the 
residence time in secondary stage should be minimized as 
much as possible by taking the advantage of the fast burnout 
of the secondary fuel. In this way, the benefits of NOx 
reduction could be maximized without any CO increase under 
high outlet temperature conditions.  

4. Effects of mixing between the burnt gas and jet 
mixture 

 
(a) NOx emission under different mixed burnt gas proportions of Xm. 

 
(b) CO emission under different mixed burnt gas proportions of Xm. 

Figure 8. NOx and CO emissions varying with 
combustor outlet temperature under different 

mixed burnt gas proportions of Xm. 
Considering the imperfect mixing between the burnt gas 

of the first stage and jet mixtures of the secondary stage in the 
practical axial-fuel-staged combustors, two abovementioned 
variables of Xm and τm are employed to adjust the mixing 
between the first and secondary stage while holding the ratios 
of residence times at 1:1 and F2 at 10%. Figure 8 shows the 
effects of Xm upon the NOx and CO emissions when τm is 
fixed at 1 ms. The legend is noted in the form of mix-a_b, 
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where the letter “a” denotes the proportion of the burnt gas 
mixed with jet mixtures Xm, and “b” denotes the residence 
time of the gas in this locally imperfect mixing region τm. 
Therefore, the case of mix-1_1ms denotes the perfect mixing 
for all the burnt gas mixed with jet mixtures. On the contrary, 
the case of mix-0.155_1ms denotes the worst mixing for the 
burnt gas mixed with jet mixtures at stoichiometric conditions, 
forming the highest stoichiometric flame temperature in PSR3. 

As shown in Figure 8(b), the CO emission is totally not 
affected by the change of Xm, which means that the imperfect 
mixing dose not lead to any incomplete combustion under this 
residence time distribution conditions. Contrastively, Figure 
8(a) shows that with the decrease of Xm, the NOx emission is 
increased throughout the entire investigated Tout range. 
Quantitatively, as the Xm drops from 1 to 0.3, the NOx 
emission is increased nearly 50% when Tout ranges from 1800 
to 2100 K. And when Xm reaches the worst mixing condition, 
the NOx emission will be doubled or even tripled in the 
investigated Tout range. Therefore, despite of the neglected 
effects of Xm on CO emission, the NOx emission seems to be 
very sensitive to the change of Xm. Sufficient burnt gas should 
be mixed with the secondary jet mixtures before the ignition 
in the axial-fuel-staged MILD combustor. Otherwise, the NOx 
emission might be rapidly increased and the benefits of this 
staged architecture would be eliminated. 

Apart from the Xm, another variable of τm is also 
investigated in Figure 9. As τm increases from 1 ms to 3 ms, 
the NOx emission is increased dependently. Particularly, 
larger τm sensitivity can be observed at lower Xm of 0.155. 
However, the CO emission is only affected by the change of 
τm when Tout is lower than approximately 1800 K. In this Tout 
range, lower temperature of the first stage burnt gas leads to a 
lower oxidation rate in the secondary stage, thus the burnout 
time of the secondary fuel is extended and the CO emission at 
the combustor outlet is increased. While as the Tout exceeds 
1800 K, the oxidation rate in the secondary stage is increased 
and the CO formed in PSR3 is rapidly burnt out in the 
downstream PFR2. Thereby, the CO emission is not largely 
affected by the worsening of mixing conditions when 
Tout >1800 K. 

Additionally, an analysis of NO formation pathway under 
different mixing conditions is shown in Figure 10. Relatively, 
the NO formation is less affected through the N2O, Prompt and 
NNH pathways, although the NO formation through N2O 
pathway is slightly increased with the worsening of mixing 
conditions and the NO formation through prompt pathway is 
slightly increased with the decrease of Xm. Apparently, the 
thermal NO formation dominates the overall NOx increase 
with the worsening of mixing conditions. With the decrease of 
Xm and increase of τm, the thermal-NO formation is increased 
by approximately 140% from the case of mix-1_1ms to the 
case of mix-0.3_3ms, so that the NO formation at staged mode 
even exceeds that of the single stage mode. This can be 
attribute to the combined effects of the increase temperature 
and residence time in the local partially-mixed region 
represented by PSR3 in Figure 2, which increase the NO 
formation in an exponential and linear way respectively. 

 
(a) NOx emission under different mixing time of τm. 

 
(b) CO emission under different mixing time of τm. 

Figure 9. NOx and CO emissions varying with 
combustor outlet temperature under different 

mixing times of τm when Xm=0.3 and 0.155. 

 

Figure 10. NO formation through different NO 
pathways at Tout = 1950 K under different mixing 

conditions. 
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5. Effects of the heat losses 
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(a) NOx emission under adiabatic conditions. 
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(b) NOx emission at the heat loss of 20%. 

Figure 11. Comparison of the NOx emissions under 
adiabatic and non-adiabatic conditions. 

Although the combustors of industrial gas turbines are 
nearly adiabatic, the laboratory-scale test rigs of axial-fuel-
staged combustor are usually non-adiabatic [18, 19, 26]. To 
study the similarities and differences between the results under 
adiabatic and non-adiabatic conditions, a heat loss of 20% was 
estimated with the measured combustor outlet temperature of 
our test rig and coupled in the CRN modelling. Figure 11 
shows the comparison of the NOx emissions under adiabatic 
and non-adiabatic conditions. The red dot-noted curve denotes 
the NOx emissions at single-staged mode to show the benefits 
of staged combustion. While the other curves denote the 
staged mode at different first stage equivalence ratios (Φ1). 
Obviously, the NOx-reduction benefits of axial-fuel-staged 
combustion are well presented in both Figure 11(a) and (b). In 
addition, at the same level of Φt, lower Φ1 produces lower 
NOx emissions, which suggests that to minimize the NOx 
emissions of staged combustion, Φ1 should be decreased as 
much as possible (while the combustion stability and CO 
burnout should be maintained at the same time). 

Under the non-adiabatic conditions (Figure 11(b)), the 
exponential increase of NOx emission with Φt at single stage 
mode is similar to the adiabatic conditions, but with a global 

decrease of the NOx emissions due to the decrease of 
temperature. Moreover, for the staged combustion, the 
increase of NOx emission with Φt under adiabatic conditions 
is much sharper than that of non-adiabatic conditions. It means 
that a larger NOx-reduction potential might be presented 
under the non-adiabatic conditions. Therefore, conclusions 
from the non-adiabatic tests rigs should be drawn cautiously 
because the non-adiabatic test rigs tend to exaggerate the 
benefits of NOx-reduction when compared to the adiabatic 
combustion. 

CONCLUSIONS 
In this paper, two CRN models based on the axial-fuel-

staged MILD combustion were constructed and validated with 
experimental results. Numerical studies on the effects of the 
fuel distribution, residence time distribution, partially mixing 
in secondary stage and heat losses were performed and 
conclusions can be drawn as follows: 

(1) By increasing the proportion of secondary fuel to 10% 
at a constant Tout, NOx emission can be reduced by more than 
40% with few CO increase when Tout > 1700 K. However, 
further increase of the F2 would increase the NOx emission 
due to the imperfect mixing in the secondary stage. 

(2) The shortening of the secondary residence time 
reduces the NOx emission effectively with few CO increase. 
Thus the residence time of secondary stage should be 
decreased as much as possible to minimize the NOx emission, 
but incomplete combustion should be avoided when Tout 
<1800 K. 

(3) With the worsening of the mixing condition in 
secondary stage (i.e. the decrease of Xm and increase of τm), 
the NOx emission is increased sharply mainly through thermal 
NO pathway due to the formation of local high temperature 
region. Also, the CO emission is potentially increased when 
the mixing time τm is extended. Therefore, the mixing between 
the primarily burnt gas and secondary jet mixtures should be 
enhanced as much as possible in the design of the axial-fuel-
staged combustor. 

(4) Although similar NOx emission trends have been 
observed by the adiabatic and non-adiabatic calculations, 
exaggerated NOx-reduction benefits are also presented under 
non-adiabatic conditions. This suggests that conclusions 
should be deduced carefully from the non-adiabatic test rigs. 

NOMENCLATURE 

CO carbon monoxide 

CRN chemical reactors network 

F2 secondary fuel fraction 

MFC mass flow controller 

MILD moderate or intense low-oxygen dilution 

NOx nitric oxide 

OEMs original equipment manufacturers  

PFR plug flow reactor 

PSR perfectly stirred reactor 

Tout combustor outlet temperature 
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Xm 
the proportion of the first stage burnt gas mixed 
with the secondary jet mixture 

τm the residence time in PSR3 

Фt overall equivalence ratios 
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