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a b s t r a c t 

Ammonia (NH 3 ) combustion is regarded as one of the most promising solutions to realize zero CO 2 emis- 

sion. However, its low reactivity, low heat release result in a strong thermal effect (wall heat loss effect) 

which significantly affects flame macro structure and NOx emission characteristics. In this study, an air 

film cooling on the swirling combustion chamber was designed to investigate the wall heat loss effect on 

NOx emission. The flame structure and NO production were measured with the OH-/NO-PLIF techniques. 

The NOx emission was analyzed by the Gasmet DX40 0 0 Fourier Transform Infrared (FTIR) gas analyzer. 

Large eddy simulation was also conducted with detailed chemistry to extend the understanding of the 

experimental findings. For the current combustion chamber, a larger convection heat loss was obtained 

when increasing the cooling air flow rate. NO emission shows a decreasing trend with heat loss which 

is mainly caused by the chemical reactions at near all region. This can be verified by the relatively far- 

ther NO profile from the combustor wall. By analyzing the LES results at near all region, the combustion 

efficiency is decreased due the lower temperature. As a result, NO production from HNO and NH path- 

way is suppressed due to the local OH decreasing in near-wall region. The larger unburned NH 3 in the 

exhausted gas may also consumes NO by the NO reduction reactions. In comparison, N 2 O, around 300 

times global warming potential than that of CO 2 , significantly increases as the heat loss increases. This is 

mainly because that the production of N 2 O from NO is promoted and N 2 O decomposition is suppressed 

within the thermal boundary. This study suggests that N 2 O might become a more serious emission com- 

ponent in NH 3 fueled gas turbines. Furthermore, the heat loss effect on the NOx production should be 

fully considered when designing the gas turbine combustion chamber with strong wall cooling. 

© 2023 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Ammonia (NH 3 ) combustion is regarded as one of the most 

romising solutions to realize zero carbon dioxide (CO 2 ) for the 

ower plants and has been extensively investigated recently [1–

] . The large scale utilization of ammonia in power plants can not 

nly reduce the greenhouse effect but also alleviate the energy cri- 

is [1,2] . As an industrial chemical feedstock, there are mature sys- 

ems for ammonia production, storage, transportation as well as 

istribution [2] , which is a very good prerequisite. Therefore, re- 

lacing fossil fuel with ammonia in modern power systems, such 

s gas turbines, becomes one of the main objectives for the ammo- 

ia research community [1,2] . However, the researches on solving 
∗ Corresponding author. 

E-mail address: mengz8851@xjtu.edu.cn (M. Zhang) . 

f

I

r

t

ttps://doi.org/10.1016/j.combustflame.2023.112955 

010-2180/© 2023 The Combustion Institute. Published by Elsevier Inc. All rights reserved
he major challenges of ammonia combustion still have a long way 

o go. One issue is the flame stabilization caused by the slow flame 

peed (low reactivity), i.e., the maximum value is 7 cm/s at 298 K 

nd 0.1 MPa [7,8] . The other one is the high fuel NOx emission ow-

ng to the high content of nitrogen atom in its molecule (NH 3 ) [9] .

In the practical combustion device, the flame is limited within 

he combustion chamber which results in a strong flame-wall in- 

eraction (FWI). Due to the low chemical reactivity and high sen- 

itivity to heat loss [10,11] , FWI will be more distinct for ammo- 

ia combustion. FWI mainly consists of: 1) the physical effect; Due 

o the existence of chamber wall, the recirculation zone (RZ) and 

hear layer (SL) will be formed, showing an effect on flame stabi- 

ization [12] . Moreover, the structure of RZ and SL depends on the 

uel properties, i.e., the flame speed and the resistance to strain. 

n the chamber, both RZ and SL can be further divided into two 

egions, including inner recirculation zone (IRZ), outer recircula- 

ion zone (ORZ), the inner shear layer (ISL) and outer shear layer 
. 

https://doi.org/10.1016/j.combustflame.2023.112955
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2023.112955&domain=pdf
mailto:mengz8851@xjtu.edu.cn
https://doi.org/10.1016/j.combustflame.2023.112955
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OSL) [3] . For example, NH 3 /air flame is mainly stabilized in SL re-

ion while CH 4 /air flame is stabilized in the SL region and outer 

ecirculation zone (ORZ) at φ = 0 . 8 due to the difference in flame

roperties [3] ; 2) the thermal effect. There will be a strong wall 

ooling on the practical combustion chamber by the bypass air to 

educe the thermal stress, which will highly influence the flame 

tructure as well as the emissions [13] . The convection heat loss 

hrough the chamber wall might be comparable with the heat re- 

ease from the combustion for NH 3 /air flame. Therefore, a strong 

hermal effect will occur due to its low chemical reactivity and 

ow heat release rate resulted from its thicker thermal boundary 

nd larger quenching distance [14,15] . This issue has not been fully 

ecognized since the studies on ammonia combustion were not 

idely conducted until recently years. In addition, the emerged in- 

estigations on ammonia combustion were on the flame stabiliza- 

ion and NOx emission characteristics [3–6,16] . 

Chamber wall heat loss will decrease the near wall tempera- 

ure, as a consequence, affecting fuel consumption rate and the 

hemical pathway of emission production. The investigation of 

akamura et al. [10] demonstrates that there is a more distinct 

adiation heat loss effect on the laminar flame speed for NH 3 /air 

ame compared with CH 4 /air flame. Moreover, the NOx production 

s also modified due to the flame temperature decreasing caused 

y heat loss. Even in the swirl flame, the flame macrostructure and 

he main emission are also highly influenced by wall heat loss [17] . 

his implies that chamber wall heat loss on ammonia combus- 

ion is non-negligible and should be fully considered in combus- 

ion chamber design. 

Though there are studies conducted on the flame stabilization 

or NH 3 /air swirling flames [2,4–6,18] , the work on the effect of 

all heat loss on the NOx production and global NOx emission is 

xtremely limited. Nakamura et al. [10] studied the radiative heat 

oss on the laminar flame speed S L of NH 3 /air flames with one- 

imensional simulation. The results show that the minimal rela- 

ive error of S L between the adiabatic and radiative conditions is 

 % within the equivalence ratio range from 0.7 to 1.3. In compar- 

son, it is below 1.5 % for CH 4 /air flame at the same equivalence

atio range. Furthermore, lower NO concentration at post flame is 

bserved for lean combustion of φ < 0 . 8 and rich combustion of 

> 1 . 1 when the heat loss is considered. Lee et al. [19] exam-

ned the cool flame ignition and stabilization on heated walls with 

ifferent surface reactivities. The results showed that significant 

all chemical effects occur during the cool flame ignition process. 

ayakawa et al. [20] studied the product gas and N 2 O emission 

haracteristics of premixed NH 3 /H 2 /air flames with a laminar stag- 

ation flow. They addressed the relationship of N 2 O with the flame 

emperature downstream of the reaction zone. Results show that 

eat loss to the stagnation wall significantly affects the behaviour 

f product gas and N 2 O. Okafor et al. [17] demonstrates that the 

all heat loss is also non-negligible for swirling flames, even at a 

hermal power magnitude of 10 kW. They found the flame front 

s farther from chamber wall when applying uninsulated square- 

haped liner, indicating there exists local quenching caused by wall 

eat loss. The wall heat loss also causes significant reducing in NO 

mission, which was verified through the 3D large eddy simula- 

ion (LES) by Somarathne et al. [21] . Moreover, the N 2 O emission, 

hich shows a greenhouse effect about 300 times larger than CO 2 , 

ncreases to a considerable level. This issue was also found and 

nalyzed in the investigations of by Mashruk et al. [22,23] . In the 

tudy of Okafor et al. [17] , the wall heat loss was mainly controlled

hrough the application of heat insulation on the combustor walls. 

n the other words, heat loss was mainly caused by the natural 

onvection between the chamber outer wall and ambient air. How- 

ver, in gas turbines chamber wall heat loss is mainly caused by 

onvection, which resulted from the bypass air. The investigation 
s

2 
n the NOx emission behaviour with gradually increasing convec- 

ion heat loss has not been conducted yet. 

Based on the above consideration, the objective of this study 

s to investigate the wall heat loss on the NOx emission charac- 

eristics of ammonia combustion in a model swirling combustor. 

n air film cooling was designed to control the wall convection 

eat loss. Planar Laser Induced Fluorescence (PLIF) technique was 

tilized to detect the instantaneous flame macrostructure and the 

ocal species concentration NO. Fourier Transform Infrared (FTIR) 

pectrometry was employed to measure NOx emission at different 

eat loss condition. Lastly, LES with a dynamic thickened flame 

odel (DTF) based on OpenFOAM was performed to comprehen- 

ively analyzing NOx production and consumption mechanisms. 

. Experimental setup and numerical methodology 

.1. Experimental setup 

The experiment was conducted with a formerly used fully pre- 

ixed swirl combustor with the chamber inner dimension of 75 ×
5 × 180 mm 

3 , as introduced in [3,24] . The schematic structure of 

he combustor, the chamber as well as the swirler are shown in 

ig. 1 (a). A copper swirler with 12 vanes was used to produce swirl 

ow with the swirl number of S = 0 . 72 , see Fig. 1 (a). The parame-

ers for the swirler are θ = 45 ◦, D i = 18 mm and D o = 35 mm. To

urther confine the flame, a contraction section was mounted at 

he chamber outlet. The side wall cooling was performed through 

n air film which was supplied from the bottom outside the cham- 

er, mimicking the bypass air cooling out the gas turbine chamber, 

s shown in Fig. 1 (b). The quartz glass walls were applied to al- 

ow the laser diagnostics. For the conditions applying air filming 

ooling, the air with normal temperature was supplied to four side 

alls to ensure an even cooling effect for each side. The wall tem- 

erature was measured by thermocouples at different downstream 

ocations with the assumption of a axisymmetric flame, as shown 

n Fig. 1 (a) and (b). Then the quantity of the wall convection heat 

oss can be evaluated through the temperature difference between 

he flame and chamber wall. By taking this measure, the heat 

oss can be adjusted through the flow rate of cooling air, Q cooling . 

he measured temperature profile can be used to define the heat 

oss or provide the thermal boundary to LES simulation. For the 

lobal NOx emission measurement, a new sampling probe was de- 

igned as shown in Fig. 1 (b). The sample gas was pumped from all

ides at the converged section to eliminate the spatial differences. 

aseous ammonia (purity > 99% ) was injected in the throat posi- 

ion to fully premix fuel and air, see Fig. 1 (a). The flow rates of am-

onia and air were controlled using mass flowmeters (CS200 and 

S330, SevenStar Co., Beijing China) with accuracies ranging from 

1 . 0% to ±1 . 5% of the full scale. Figure 1 (c) shows the computa-

ional domain of the chamber as well as the measurement win- 

ows, the positions of the laser diagnostics. The coordinate system 

n Fig. 1 (b) and (c) helps to refer the measurement and numerical 

ositions and will be used in the rest of the paper. 

.2. The laser diagnostics 

The instantaneous OH and NO species profiles were measured 

ith OH/NO Plane Laser Induced Florescence technique (abbrevi- 

ted as OH-PLIF and NO-PLIF) in multiple measurement planes, 

amely at x = 0 , 15, 25 mm, as shown in Fig. 1 (c). The system

ainly consists of a Q -smart 1500 YAG laser (10-Hz repetition 

ate), a Q -scan dye laser (Quantel Laser Inc.) and an Andor iStar 

CMOS camera. For OH-PLIF measurement, a 10 Hz, 532 nm laser 

as produced by the YAG laser and the laser frequency was dou- 

led and adjusted to 314.410 nm through the dye laser. A laser 

heet with 100 mm in height, at the energy of 2 mJ/pulse was 
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Fig. 1. The burner used in the experiment, where the chamber wall is cooled through the air film cooling. (a) The schematic structure of the combustor, the chamber and 

the swirler; (b) the direct photo of the combustion chamber; (c) the LES computational domain and the schematic of the OH-PLIF and NO-PLIF measurement window and 

positions. 
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ormed at the measurement plane. For NO-PLIF, the laser sheet, 

rom the same laser source, was adjusted to 6 mm in height and 

 mJ/pulse at the excitation wavelength 226.074 nm. The OH/NO 

mage was captured with the Andor iStar camera at a frequency 

f 4 Hz equipped with a UV lens (85 mm, f /4.5) and the corre-

ponding band-pass filter for OH and NO fluorescence. The view 

indows for OH-PLIF and NO-PLIF image were 70 × 105 mm 

2 and 

0 × 60 mm 

2 , respectively. 

The Partial Image Velocimetry (PIV) was performed to validate 

he LES results. The system contains a dual-cavity Nd:YAG laser 

Litron), a particle generator and a double shutter CCD camera (Im- 

ger LX 2M). A laser sheet with 60 mm in height and the thick- 

ess of 1 mm was generated with the wavelength of 532 nm, 

ulse energy of 2 × 300 mJ at 10 Hz. Titanium dioxide (TiO 2 ), 

bout 0.5 μm in diameter, was selected as the seeding parti- 

le. The CCD camera, 1600 × 1200 pixels, was equipped with a 

acro lens (100 mm, F/2.8) and a narrow bandpass filter (LaVi- 

ion, 532 ± 5 nm, bandwidth of 10 nm) to capture the Mie scatter- 

ng signal. 

.3. Measurement on the global emissions 

The main emissions were measured using the Gasmet DX40 0 0 

ourier Transform Infrared (FTIR) gas analyzer with a Gasmet 

ortable Sampling System (PSS) with a scanning frequency of 5 Hz, 

s introduced in our previous studies [25,26] . The sample pump, 

eated filter and valve were preheated to 453 K (180 ◦C) before 

he measurement. To avoid the residual gas, the zero point cal- 

bration was performed before each series of measurements and 

he data was logged no less than 180 s after each component ap- 

roached steady state. The exhaust gas simple probe was mounted 

n the converged part as introduced in earlier section. Uncertainties 

or NO and N 2 O(NO 2 ) measurement were less than ±15 ppm and 

8 ppm in this study. The maximum uncertainty for NH 3 was ±30 

hen the its mole fraction was larger than 500 ppm. The global 

mission values of each species were taken as the mean value of 

he collected data. 

.4. The dynamic thinkened flame (DTF) model 

Large eddy simulation (LES) with a finite rate chemistry based 

n open source code OpenFOAM was performed on the same 

urner geometry as the experiment. LES only resolves the vortex 

arger than the grid size and simulates the vortex with the subgrid 
3 
odel. When performing LES on premixed combustion, the filter 

ize of LES is usually larger than the thickness of the flame which 

s about 0 . 1 ∼ 1 mm. In this study, to resolve the flame structure

ith a coarse mesh, the flame was artificially thickened by a factor 

f F while keeping the laminar flame speed S L unchanged, which 

s recognized as dynamic thickened flame model (DTF) [27] . A 

ubgrid flame wrinkling factor �� based on fractal theory was in- 

luded [28] to account for the unresolved flame wrinkling due to 

he thickening process. The chemical source term and the diffusion 

erm were modified by F and ��. The conservation equation of in- 

tantaneous species mass fraction after a LES filter becomes 

∂ ρ̄ ˜ Y k 
∂t 

+ ∇ 

(
ρ̄ ˜ U ̃

 Y k 
)

= ∇ ·
(
ρ̄F ��D k ∇ 

˜ Y k 
)

+ 

��
¯̇
 ω k 

F 
, (1) 

here ρ and μ are the density and velocity. Y k , ω k and D k rep- 

esent the k th species mass fraction, reaction rate and mixture- 

veraged molecular diffusion coefficient. To consider the diffusivity 

f every species to k th species, D k was calculated by: 

 k = 

1 − x k ∑ N 
j � = k 

(
x j /D jk 

) , (2) 

here x k is the mole fraction of species k , D jk is the binary diffu-

ion coefficient of species j and k . The dynamic thickened factor F 

hich can thicken both preheat and reaction zones, was calculated 

y Han et al. [29] : 

 = 1 + (F 0 − 1) tanh (α · 
) . (3) 

n the above formula, the constant α is a parameter controls 

he thickness of the transition layer between thickened and non- 

hickened zones. It further helps to distinguish the hot and cold 

egion. α = 100 was applied in the current study [30] . F 0 repre- 

ents the maximum thickening factor defined by the larger value 

f 1 and n dtf �x/δ0 
l 

. n dtf is the thickening coefficient of global 

rid and also can be understood as the expected grid points in 

he flame front. �x is the grid size. δ0 
l 

is the unstretched lam- 

nar flame thickness defined by the maximal temperature gradi- 

nt [31] . 
 is the flame surface probe function and is defined by 

= 16 c(1 − c) 2 [30] where c is the progress variable defined by 

emperature. The probe function determines the position of the 

ame region and judges the local fluid element inside or outside 

he flame. In the current study, 
 = 1 ( 
 = 0) represents the in-

erior (external) of the flame. 

The flame wrinkling factor �� was used to offset the loss of 

he flame wrinkling after thickening, given by Charlette et al. [28] , 
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Fig. 2. (a) The computational domain; (b) thermal boundary conditions applied in 

the simulation. 

Table 1 

Experimental and numerical operating conditions of the NH 3 /air flames in the cur- 

rent study. AC represents the adiabatic condition. 

Item NO-PLIF OH-PLIF FTIR LES 

φ 0.7–1.1 0.8 0.65–1.15 0.8 

U in 10 m/s 10 m/s 10 m/s 3 m/s 

Q cooling 0, 600, 1200 L/min AC, 0, 200, 600 L/min 

P w 18.8 kW ∼ 22.1 kW 18.8 kW 

Table 2 

The flame properties in the simulation. n dtf is the number of grid points in the 

flame front. 

Flame φ T ad (K) S L δL n dtf 

NH 3 /air flame 0.8 1856.4 4.5 2.3 5 

2

a

i

f

t

Q

d

t

φ
p  

w

p  

s

t

L

3

3

c

d

a

a

b

ang et al. [32] : 

� = 

{
1 + min 

[
1 , max 

(
�

δl 

− 1 , 0 

)
, �

(
�

δl 

, 
u 

′ 
�

S l 
, Re �

)
u 

′ 
�

S l 

]}β

, 

(4) 

here � is the filter width, u ′ 
�

is the subgrid turbulence intensity, 

e � is the subgrid Reynolds number, and β is the model coeffi- 

ient, given by Wang et al. [32,33] : 

= 1 + 

log 

(
̂ 

〈
W �,k ( ̃  Q ) 

〉
/W γ�,k ̂

 ( ̃  Q ) 
)

log (γ ) 
. (5) 

he one-dimensional adiabatic unstretched laminar flames were 

alculated by the ANSYS CHEMKIN-PRO package. Detailed informa- 

ion of DTF model can be found in our previous studies [27] . 

.5. Numerical implementation 

The convective and diffusion terms were discretized and com- 

ined respectively by the second order precision TVD scheme 

orrection. The time term was discretized by the implicit Euler 

ethod and PISO method was set to deal with the coupling prob- 

em of pressure and velocity in the momentum equation. Dy- 

amic Smagorinsky model was used for subgrid turbulence viscos- 

ty modelling. To ensure the stability and accuracy of LES, a fixed 

ime step ( �t = 2e −6 ) was used to keep the Courant number lower

han 0.1 during the entire calculation. 

The computational domain includes the swirler, combustion 

hamber (70 × 70 ×180 mm 

3 ) and the contraction section, as 

hown in Fig. 1 (c). The overall computational domain was divided 

nto 274 blocks and contained about 5 million structured grids 

ith a minimum grid spacing of 0.2 mm at the flame location. 

he flow boundary parameters, such as turbulent intensity, inte- 

ral scale and the mean velocity just ahead of the swirler were 

easured with hot-wire anemometer (Dantec, Streamline 90N) ex- 

erimentally [34] , which will be shown in the coming section. To 

ully capture the flame characters in experiments, the timeVary- 

ngMapped module in OpenFOAM was implemented to gener- 

te the same turbulence parameters as experiments at the inlet 

f the computational domain. To account for different wall heat 

oss in the current study, the wall temperatures at five locations 

ere measured for different conditions. The measurement loca- 

ions were shown in Fig. 1 (a). Then the isothermal wall boundary 

ondition, taken from the fitting curve of the experimental data, 

as applied at chamber side walls to mimic the air film cooling 

ffect [21] . The schematic of the thermal boundary conditions ap- 

lied upon the computational domain is shown in Fig. 2 . T = 293 K

as applied to the bottom wall of the chamber. The surface of the 

wirler was set adiabatic. The wall temperature of the contraction 

ection was set as the temperature value at z = 180 mm. Pressure 

utlet was applied at the exit of the chamber which was verified 

dequately by capturing the flow in the combustion chamber [3] . 

e verified the reacting flow fields with the experimental PIV re- 

ults and compared the mean numerical NO profiles with the NO- 

LIF measurement. 

In this work, the zero-dimensional (0D) combustion and 

ne-dimensional (1D) laminar flame were calculated by ANSYS 

hemkin-PRO [35] . Both LES and 0D/1D calculations were per- 

ormed using the chemical mechanism of NH 3 /air developed by 

tagni et al. [36] with 31 species and 203 reactions. Each LES case 

equires approximately 0.06 million CPU hours with the current 

esh and chemical mechanism. 
4

.6. Operating conditions 

The flame tested in this study was the NH 3 /air flame. The oper- 

ting conditions for experimental measurements and LES are listed 

n Table 1 . NO-PLIF, OH-PLIF and FTIR measurements were per- 

ormed at a fixed chamber inlet velocity of U in = 10 m/s with the 

hermal power of 18.8 kW ∼ 22.1 kW. Three air cooling rates of 

 cooling = 0, 60 0, 120 0 min/L were applied in experiment to mimic 

ifferent amount of wall convection heat loss. The equivalence ra- 

io range for NO-PLIF measurement was from 0.7 to 1.1 with the 

increment of 0.1. OH-PLIF was also performed for comparison 

urpose at φ = 0 . 8 and U in = 10 m/s. φ was ranged from 0.65-1.15

ith the increment of 0.05 for the FTIR measurements. LES was 

erformed at U in = 3 m/s for the lean condition of φ = 0.8. We

imulated the adiabatic condition (AC) and the wall cooling condi- 

ions of Q cooling = 0, 200, 600 min/L. The flame properties used in 

ES are listed in Table 2 . 

. Results and discussions 

.1. Chamber wall heat loss 

To investigate the convection heat loss through combustion 

hamber wall, the wall temperature was measured at different 

ownstream locations as shown in Fig. 1 . In the experiments, the 

ir film cooling outside chamber side walls mimics the by pass 

ir outside the liner in gas turbines. The convection heat flux can 

e calculated through convection between the bypass air and the 
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Fig. 3. (a) The measured wall temperatures T w with downstream distance z and (b) the evaluated total heat loss through the chamber wall with Q cooling . The flame was 

operated at φ = 0 . 8 , U in = 10 m/s at the power of about 18.8 kW . 

Table 3 

The constants in the convection correlation. 

a b c m n 

0.664 1/2 1/3 0.59 0.25 
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hamber wall by 

˙ 
 conv = h conv · �T . (6) 

˙  conv is the heat flux, h conv is the convective heat transfer coef- 

cient. �T represents the temperature difference defined as �T 

 T w 

− T ∞ 

. T w 

and T ∞ 

are the wall temperature and gas tem-

erature infinity far away, respectively. For the natural convection 

 Q cooling = 0 L/min), the typical form of the convection correlation 

an be calculated by 

u = m · (Gr · P r) n (7) 

he above correlation will be Eq. (8) for the forced convection, i.e., 

 cooling = 20 0 , 60 0 L/min. 

u = a · Re b · P r c (8) 

n above equations, Nu , Re , Gr and P r represent the dimension- 

ess number of Nusselt number, Reynolds number, Grashof number 

nd Prandtl number. m , n , a , b and c are constants depending on

he convection configurations. The four dimensionless parameters 

nd the constants were taken from Ref. [37,38] . For the vertical flat 

late, those constants are listed in Table 3 . Once the Nusselt num- 

er is determined, the convection heat flux can be calculated by 

q. (6) , where h can be deduced by 

h conv l 

λ
= Nu. (9) 

is the thermal conductivity of the flow, l is the characteristic 

ength of chamber wall. The heat transfer coefficient for radiation 

an be calculated by Agostinelli et al. [39] , Capurso et al. [40] 

 rad = 

1 

εσ (T 4 w 

− T 4 ∞ 

) / (T w 

− T ∞ 

) 
. (10) 

n the current study, a value of ε = 0 . 8 is assumed. σ is the Stefan–

oltzmann constant. Then the total heat loss through the chamber 

all can be evaluated by 

˙ 
 = (h conv + h rad ) · �T (11) 

Figure 3 (a) shows the distribution of the measured wall tem- 

erature and the total heat loss through the chamber wall. It can 
5 
e seen that the flame wall temperature T w 

increases with down- 

tream distance. The lower temperature near the chamber inlet 

s mainly caused by the cooling effect of the refreshed air in the 

RZ. For NH 3 /air flame, the flame envelope is long due to the 

maller flame speed and the large residence time in the cham- 

er [3] . Therefore, the heat release region can extend to the cham- 

er outlet. This will lead to that the wall heat loss occurs through 

he entire chamber wall. Moreover, a significant cooling effect is 

bserved when Q cooling is increasing, which can be clearly demon- 

trated by the temperature decrease at the same downstream lo- 

ation. For example, as Q cooling increased from 0 to 1200 L/min, 

he wall temperature is decreased from 423.1 K to 323.1 K at 

 = 30 mm. The total heat loss ˙ q is shown in Fig. 3 (b), which is

valuated by Eqs. (6) –(11) . It can be observed the heat loss sig- 

ificantly increases when the cooling is strengthened. The aver- 

ged value is 5800 W/m 

2 for Q cooling = 1200 L/min, which is non- 

egligible comparing with the heat release from the flame. This 

lso indicates that the air cooling effect is the main contribution 

o the wall heat loss in the current experimental setup. 

.2. The instantaneous OH/NO profile 

To investigate the influence of heat loss on flame structure 

nd NO production, the OH-/NO-PLIF was performed in multiple 

lanes. Figure 4 demonstrates the instantaneous OH-PLIF images 

f φ = 0 . 8 at x = 0 and 25 mm. To further show the NO profile,

he instantaneous NO profiles with φ at Q cooling = 0, 600 and 

200 L/min are shown in Fig. 5 . The positions of the OH and NO

easurement planes are shown Fig. 1 (b). According to the theory 

f the laser diagnostics, the local counts of the single PLIF shot rep- 

esents the instantaneous species concentration. The laser and IC- 

OS camera used the same settings for either NO-PLIF or NO-PLIF 

easurements. Therefore, it can be expected that the local counts 

f OH/NO-PLIF image represent the instantaneous concentration of 

H/NO species and the qualitative comparison can be made for dif- 

erent cases. 

When looking at Fig. 4 , a clear “V” shape flame is seen at 

 = 0 mm, as discussed in Ref. [3] . The increase of cooling air

hows visible effects on OH profile and the flame structure at 

he center plane ( x = 0 mm) for all cooling conditions. The wrin-

ling scales of the flame front, which is indicated by the sharp OH 

oundary [34,41] , seems to be more fragmented when Q cooling is 

ncreased. Furthermore, at the measurement plane of x = 25 mm, 

hich is closer to chamber wall, the flame structure shows a more 

ragmented structure and the OH intensity shows a clear decrease 
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Fig. 4. Instantaneous OH-PLIF images with the cooling air flow rate Q cooling = 0, 600 and 1200 L/min. The flame was operated at φ = 0 . 8 with the mean chamber inlet 

velocity of U in = 10 m/s. 
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y increasing Q cooling . This indicates that the air cooling affects the 

ame structure near the wall. 

To further clarify the flame structure and the NO production of 

mmonia premixed flames, the NO-PLIF images at x = 0 mm are 

hown in Fig. 5 . It can be observed that the NO intensity of the

ingle shot image slightly increases from φ = 0 . 7 to 0.8 and then

hows a clear decreasing trend when φ further goes from 0.8 to 1.1. 

his demonstrates a consistent behaviour as the global NO emis- 

ion characteristics reported in previous studies [5,26] . For the lean 

onditions shown in Fig. 5 , the flame front, indicated by boundary 

f NO profile, tends to be relatively farther from the combustor 

all due to the enhanced convection heat loss by the cooling air. 

he distance of the flame front to the chamber wall, mentioned as 

uenching distance in the literature [14,15] , is affected by the rela- 

ively thick thermal boundary layer near the wall. Due to the lower 

eat release rate and high activation energy of ammonia fuel, the 

all heat loss will cause combustion intensity and the combus- 

ion efficiency to decrease near the wall. As a consequence, the NO 

roduction near the wall is suppressed by the low combustion ef- 

ciency region since NO mainly comes from the fuel consumption. 

or flames of φ = 1 . 0 and 1.1, no visible difference is seen since

he NO intensity is too weak. The effect of wall heat loss on the 

O-PLIF images is also verified by the global emissions of NO and 

nburned NH 3 , which will be discussed in the following section. 

The instantaneous NO profile was also measured in the plane of 

 = 25 mm, as shown in Fig. 6 . The images of φ = 1 . 0 and 1.1 were

ot shown here because the image intensity is nearly invisible. A 

light decrease on NO intensity and the area of NO region can be 

bserved, indicating the NO production rate at near wall region is 

uppressed with the increase of Q cooling . The increase of heat loss 

hickens the thermal boundary which causes flame local quenching 

nd makes the flame more fragmented near the wall, implying a 

tronger flame-wall interaction. In summary, the wall convection 

eat loss through combustion chamber wall highly influence the 

ame structure and NO species production at near wall region due 

o the low chemical reactivity within the relatively thick thermal 

oundary of NH 3 /air flame. This effect should be fully considered 

n the design of NH 3 fuelled gas turbine combustion chamber. 

To further quantitatively investigate the instantaneous OH and 

O concentration, the time summation of plane-integrated NO- 

c

6 
LIF (OH-PLIF) intensities I NO ( I OH ) was employed, which is defined 

s 

 NO = 

N ∑ 

1 

∫ 
I local d A (12) 

 local represents the local counts of the single shot image and N is 

he number of the processed images. In the current study, I NO and 

 OH were averaged from 300 PLIF images. Then, the global OH and 

O concentration during the combustion can be denoted by I NO 

r I OH . Figure 7 shows the variation of the plane-integrated time- 

veraged OH-PLIF and NO-PLIF intensities with Q cooling at U in = 

0 m/s and φ = 0 . 8 . In Fig. 7 , it is clear that the total counts for

oth OH and NO barely changes with Q cooling at the symmetrical 

lane of x = 0 mm. However, both NO and OH show an overall de-

reasing trend as Q cooling at the measurement plane close to the 

all of x = 25 mm, which further verifies the local quenching and 

ower combustion efficiency near the wall. It is already recognized 

hat NO is produced through intermediate species HNO resulting 

rom the oxidation of NH i by O, H and OH radicals [6,26] . There-

ore, the decrease of OH and other species near the wall reduce 

he production of NO. We also plotted I NO at x = 15 mm in the

gure for comparison. It is seen that the decreasing rate of I NO is 

arger when the measuring plane is closer to the wall, indicating a 

arger effect of the wall heat loss. 

.3. Global emission characteristics 

In this section, we discuss the global emission characteristics of 

O, NO 2 , N 2 O and unburned NH 3 when the air cooling was ap-

lied. To eliminate uncertainties by the ambient air entrainment 

t burner outlet, a contraction section is mounted in the com- 

ustion chamber, see Fig. 1 (a). The variations of those emissions 

ith equivalence ratio at different Q cooling are plotted in Fig. 8 . 

s discussed in our previous studies [25,26] , fuel-lean ammonia 

ames are characterized by high NO emission which is more than 

0 0 0 ppm at 0 . 7 < φ < 1 . 0 , with the peak at about φ = 0 . 8 . While,

he low NO emission, i.e., below 300 ppm, was detected at fuel- 

ich flames of 1 . 0 < φ < 1 . 1 . This can be verified in Fig. 8 (a) at the

ondition of Q cooling = 0 L/min. 
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Fig. 5. Instantaneous NO profiles with equivalence ratio φ at different cooling air flow rate in the measurement plane of x = 0 mm. First row: Q cooling = 0 L/min, middle 

row: Q cooling = 600 L/min and bottom row: Q cooling = 1200 L/min. The mean chamber inlet velocity was kept at U in = 10 m/s. The laser and ICMOS camera used the same 

settings for NO-PLIF measurements. The local counts on the single NO-PLIF shot represents the instantaneous concentration of NO species. 

Fig. 6. Instantaneous NO profiles with equivalence ratio φ at different cooling air flow rate in the measurement plane of x = 25 mm. The NO-PLIF was performed on the 

same operating conditions corresponding to Fig. 5 . 
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In Fig. 8 (a), it is readily seen that NO emission significantly de- 

reases with the cooling air flow rate at fuel-lean conditions. The 

argest decrease is observed at the NO peak condition correspond- 

ng to φ = 0.8. In this case, NO is about 2300 ppm at Q cooling =
 L/min while it is lower than 1200 ppm at the cooling air flow 

ate of 1200 L/min. According to the analysis on the NO emis- 

ion of ammonia combustion [10,17] , the contribution of OH on 
7 
H, HNO and NO production is largely reduced due to the de- 

reased temperature by heat loss. NO production from HNO and 

H pathway is suppressed due to the local OH decreasing in near- 

all region, which will be discussed in detail by LES results in 

he last section. On the other hand, the combustion efficiency of 

H 3 will be reduced due to the temperature decreasing in near- 

all region. As shown in Fig. 8 (d), large unburned NH 3 is ob- 
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Fig. 7. Variation of the plane-integrated time-averaged OH-PLIF and NO-PLIF intensities with Q cooling at U in = 10 m/s and φ = 0 . 8 . The error bars shows the standard deviation 

calculated from 300 instantaneous shots. OH-PLIF was only conducted for x = 0 and 25 mm. The legend are applied for both figures. 

Fig. 8. The effect of the cooling air flow rate Q cooling on the emission characteristics of NO, NO 2 , N 2 O and NH 3 . 
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erved when the air cooling was applied. Therefore, another rea- 

on for the decreased NO emission might be attributed to the en- 

ancement on NO reduction in the exhaust gas by the unburned 

H 3 . For rich conditions, the air cooling shows very limited ef- 

ect, which agrees with the NO-PLIF measurement. From our pre- 

ious research [25] , φ = 1 . 05 was the optimal operating condition 

here the sum of NO and NH 3 emission reached a minimal value 

or NH 3 /air swirling flame. Higher NO was observed as the equiva- 

ence ratio goes either lean or rich side. With the increase effect of 

ir cooling, the global NO emission at fuel-lean condition decreases 

hile the general behaviour is preserved. NO 2 is another compo- 

ent of NOx, which exhibits very low value (below 35 ppm) com- 
8 
aring to NO, see Fig. 8 (b). In equivalence ratio of 0.7–1.0, it shows

ingle digits which is nearly out of the measurement accuracy of 

TIR. Therefore, the behaviour of NO 2 within φ = 0 . 7 –1.0 for dif-

erent cases may not be caused by its production or consumption 

echanism. 

One important goal applying NH 3 combustion is to decrease the 

reenhouse gas. N 2 O, a more serious greenhouse gas [42] , shows 

onsiderable increases within the entire measuring range when the 

ir cooling on the combustion chamber wall was applied, as shown 

n Fig. 8 (c). The enhancement is more significant at fuel lean con- 

ition. For example, at φ = 0 . 7 , N 2 O increases from to 294 ppm

o 780 ppm when Q cooling is increased from 0 to 1200 L/min. By 
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Fig. 9. The turbulence boundary applied in LES. U in , u ′ and � 0 are the mean axis 

velocity, turbulence intensity and the integral scale. The measuring positions are 

indicated in the inset. 
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Fig. 10. Comparison of the instantaneous and mean NO radial profile between LES 

(at Q cooling = 0 L/min, upper panel) and experiments (lower panel). The flame was 

operated at φ = 0.8 and U in = 3 m/s for NH 3 /air flame. 
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bserving Fig. 8 , N 2 O reached a comparable level (i.e., 780 ppm) 

s NO (i.e., 10 0 0 ppm) at the operating condition of Q cooling =
200 L/min. From the analysis of chemical reaction pathway, the 

 2 O can be decomposed through reaction with H radicals at high 

emperature region. In addition, the rate of NO reduction to N 2 O 

s promoted at the temperature which is lower than the tempera- 

ure of N 2 O decomposition. Therefore, when the local temperature 

s decreased, large N 2 O is produced while the consumption of N 2 O 

ecreases, resulting in considerable N 2 O emission. The high N 2 O 

ay need further treatment in gas turbine combustor. 

By comparing the global emissions and the OH-/NO-PLIF mea- 

urement results, the first conclusion is that the effect of wall cool- 

ng is non-negligible on the N 2 O and NOx characteristics. Further 

nalysis on NO profile shows that NO is mainly influenced at near 

all region, which means that the thermal effect only in this small 

egion changes the global emission features. Therefore, the current 

tudy suggests that the combustor wall cooling employed to re- 

uce thermal stress on combustor liners may have strong effects 

n the combustion efficiency and emission characteristics in am- 

onia fuelled gas turbines. 

.4. Large eddy simulation investigation 

.4.1. Validation of numerical results 

To further investigate the heat loss on the NOx emission char- 

cteristics of NH 3 /air flame, LES with detailed chemistry was per- 

ormed for φ = 0 . 8 at U in = 3 m/s. In LES, the heat loss conditions

ere simulated by applying the isothermal wall boundary condi- 

ion at chamber side walls. The temperature profiles were taken 

s the fitting curves from experimental data for the case of U in = 

 m/s. In addition, to capture the flame features, the turbulence 

arameters of the flow boundary at the inlet of computational do- 

ain (ahead of swriler) were measured during experiments by a 

ot-wire anemometer (Dantec, Streamline 90 N). Figure 9 shows 

he profiles of mean inlet velocity U in , turbulence intensity u ′ and 

ntegral scale � 0 applied at the swirler inlet. It can be seen that 

he mean inlet velocity is about 3 m/s and the relative turbulence 

ntensity is about 10 % . 

The comparison of instantaneous and mean 2D NO profile be- 

ween the experimental and simulation results is shown in Fig. 10 . 

he flame structure obtained by simulation is characterized by the 

ean NO mass fraction. It can be seen that for both numerical 

nd experimental results, NO mainly exists in the inner recircu- 

ation zone (IRZ) of the flame, and the NO distribution presents a 

-shaped structure. No NO was observed in the outer recirculation 
9

one (ORZ) which means the NH 3 flame could not be stabilized 

ear the combustion wall under this condition. Both the simula- 

ion and experimental results show a contraction phenomenon at 

he position z > 45 mm when heat loss was considered. In all, both 

nstantaneous and mean PLIF images show a good agreement be- 

ween the numerical and experimental results, indicating a good 

bility in capturing the flame macro structure and NO species. 

Figure 11 compares the mean and root mean square (r.m.s) of 

he axial and azimuth velocities of NH 3 /air flame at φ = 0.8 and 

= 3 m/s at different downstream positions. In general, the LES 

esults agrees well with the PIV results and a slight difference 

ould only be seen at the lower position ( z = 10 mm) around the

hear layer for the mean velocity profile. This is mainly due to the 

trong velocity gradient near the shear layer where the flame sur- 

ace is artificially thickened. This has a certain influence on the 

rediction of the velocity. We carefully tested the current mesh 

y further refining the mesh and found that the refinement did 

ot affect the statistics of the flow field. Overall, the current LES 

xhibits a good prediction capability on the chemistry, flow dy- 

amics and the proper specifications of the flow thermal boundary 

onditions. 

.4.2. Discussions on LES results 

Figure 12 shows the instantaneous mass fraction of NO, NH 3 , 

 2 O as well as the temperature field of φ = 0 . 8 at the center plane

 x = 0 mm) for the adiabatic wall and isothermal wall using the 

emperature of Q cooling = 0 , 200 and 600 L/min. Figure 13 plots the

adial distribution of the corresponding species and temperature 

ithin 15 mm < x < 35 mm at downstream location of z = 40 mm.

he effect of wall heat loss on the flame structure, NOx production 

s well as unburned NH 3 can be clearly observed. An “M” shape 

ame is observed for the adiabatic condition and “V” shape flames 

re seen for the flames with isothermal wall conditions, which are 

lso verified experimentally [3] . When the air cooling was intro- 

uced, as shown in Fig. 12 (a), the flame tends to be lower and

he mean temperature within the chamber is decreased. Compared 

ith the flame of adiabatic condition, the temperature is largely 

ecreased in ORZ and near-wall region for the case of Q cooling = 

 L/min, see Fig. 12 (a). The region with minus gradient of tem- 

erature from chamber axis to wall can be defined as the thermal 
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Fig. 11. Comparison of the radial profiles of mean and root mean square of axial and azimuthal velocity between LES and PIV measurements. The flame was operated as 

NH 3 /air flame at φ = 0.8 and U = 3 m/s at Q cooling = 0 L/min. Line: numerical results; symbols: experimental measurements. 
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oundary layer, as indicated in the figure, where local quenching 

ay occur due to the lower temperature. The existing of the ther- 

al boundary layer is accompanied by an obvious unburned NH 3 

egion, as shown in Fig. 12 (c). Strong NO intensity is seen in the

ost flame region including the ORZ for the adiabatic condition, 

ince NO spread over the preheat zone and post reaction zone. In 

omparison, a clear decrease of NO mass fraction is observed in 

RZ and thermal boundary layer when Q cooling = 0 L/min. It can 

e considered that NO 2 are barely affected by the heat loss due to 

ts low concentration as showed in Fig. 13 (c). 

It can be seen from Fig. 13 (e) that the thermal boundary layer 

s getting thicker by increasing Q cooling . This leads to an increas- 

ng thickness of the unburned NH 3 region as plotted in Fig. 13 (d), 

hich results in larger possibility of local quenching and lower 

ombustion efficiency in this region. Moreover, NO is further de- 

reased within an extended region for larger Q cooling , as shown in 

ig. 13 (a). By analyzing the NH 3 consumption pathway, as shown 

n Fig. 14 , it can be seen that that NH 3 undergoes a series of dehy-

rogenation reactions to generate NO. These reactions are carried 

ut through the NH 3 oxidation by O, H and OH radicals, in which 
10 
H3 + OH = H2O + NH2 shows a dominated effect. The tempera- 

ure decreasing at near wall region caused by wall heat loss may 

inder chain branching reaction H+O2 = OH+O which is very sen- 

itive to temperature. The combined effect of the two reactions 

bove reduces the NH 3 consumption and combustion efficiency. 

To further analyze the contribution of the detailed chemical re- 

ctions on NO species, 9 important reactions directly related to NO 

ere found through sensitivity analysis, which are shown below. 

H + NO = H + N 2 O (R85) 
NO + O 2 = HO 2 + NO (R148) 
NO + NH 2 = NH 3 + NO (R149) 
H 2 + NO = NNH + OH (R77) 
H 2 + NO = H 2 O + N 2 (R76) 
 + HNO = H 2 + NO (R144) 
 + O 2 = NO + O (R90) 
NO = H + NO (R143) 
H + O = H + NO (R79) 
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Fig. 12. The instantaneous mass concentration of NO, NH 3 , N 2 O and the temperature field obtained by LES at x = 0 mm. The adiabatic wall and wall temperature of Q cooling 

= 0, 200 and 600 L/min at φ = 0 . 8 were applied as the thermal boundaries which were plotted in the right side. The symbols represent the experiment measurement and 

the lines is the fitting curve. The iso-thermal contour of T = 1500 K was plotted on the T and N 2 O field. 

Fig. 13. The air cooling effect on the radial distribution of NO, N 2 O, NH 3 and temperature of φ = 0.8 at downstream location of z = 40 mm. The unit of the species shown 

above were transferred to ppm. 
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n above reactions, R85, R77 and R76 consume NO and the oth- 

rs produce NO. Local species concentration can be affected by 

ixing, diffusion as well as transportation, which further influ- 

nces the local chemical reaction rate. Therefore, the coupled re- 

ction rate calculation tool was used to obtain local reaction rate 

n three-dimensional space. Figure 15 (a) shows the effect of heat 
11 
oss on the NO rate of production within 25 mm < x < 35 mm at

 = 40 mm. The rate of production of NO (ROP of NO) was ob-

ained by the sum of production and consumption as ROP of NO = 

| ω pro | − �| ω con | . Positive value means a net NO production and

egative value means a net NO consumption. It can be seen that 

he ROP of NO is decreasing and the peak value moves towards 
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Fig. 14. Reaction pathway analysis, calculated by zero-dimensional reactor with 

CHEMKIN-pro. 
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hamber wall by increasing Q cooling . The chemical reaction propor- 

ion which is obtained by: 

eaction proportion = 

�| ω pro | (�| ω pro | ) 
�| ω pro | + �| ω pro | (13) 

igure 15 (b) demonstrates the contribution of NO production or 

onsumption in the total chemical reactions near the wall ( x = 

5 ∼35 mm). In addition, as shown in Fig. 15 (b), the contributions 

f NO consumption and production exhibit a trade-off behaviour 

ear the wall. This further proves that the chemical reactions at 

ear all region determine the global NO emission for the current 

ombustor. 

Figure 16 shows the contribution of each reactions to NO pro- 

uction. P i represents the percentage of i th reaction rate in the to- 

al rates of the 9 reactions listed above, which was calculated by 

 i = 

ω i, max 

�| ω i, max | , (14) 

here ω i,max is the maximum value of the i th reaction rate pro- 

le within 25 mm < x < 35 mm. It can be seen that heat loss

romotes NO consumption by enhancing NH 2 +NO = H 2 O+N 2 (R76) 

nd NH+NO = H+N 2 O (R85). However, the HNO and NH pathway 
ig. 15. The chemical reaction at near wall region at z = 40 mm and φ = 0 . 8 . (a) The rat

onsumption. 

12 
f NH+O = H+NO (R79) and HNO = H+NO (R143), which contribute 

he most on NO production, are suppressed by heat loss. This indi- 

ates that heat loss mainly reduces the fuel NO and the NO emis- 

ion still mainly comes from the fuel NO for pure NH 3 /air flames. 

By surveying Fig. 12 (d), large N 2 O is produced in ORZ and 

ear-wall region due to heat loss. For the adiabatic condition, 

 2 O is mainly produced at flame front location and tends to 

e transported to the unburned region (low temperature region). 

n comparison, N 2 O distribution is extended to the burner out- 

et along the near wall region when heat loss was introduced. 

n addition, as indicated in Fig. 13 (b), N 2 O shows a clear in-

rease at near wall region when the heat loss is larger. Results of 

ef. [40] show that N 2 O and NNH have a special relationship and 

onstructed an important part of NOx mechanism for H 2 /air flame 

ith NNH+O = N 2 O+H. As the pathway demonstrated in Fig. 14 , N 2 

locks the pathway between NNH and N 2 O which is much differ- 

nt with H 2 /air flame. According to 0D chemical reaction analysis, 

he two most important chemical reactions affecting the N 2 O pro- 

uction are NH+NO = H+N 2 O and NH 2 +NO = N 2 O+N 2 [43] . The

onsumption of N 2 O species is mainly caused by the thermal de- 

omposition of N 2 O through the reaction N2O+H = N 2 +OH, which 

ainly occurs under the temperature above 1500 K. For the adi- 

batic condition, N 2 O is quickly consumed due to its thermal de- 

omposition in the burned zone where the temperature is high. 

hen the temperature is lower than 1500 K, N 2 O decomposition is 

argely suppressed due to the low H radical concentration, caused 

y the decreasing rate of NH 3 dehydrogenation. Therefore, N 2 O can 

e observed in the outer recirculation zone as well as the near wall 

egion (thermal boundary) where the temperature is relatively low. 

omparing N 2 O with the temperature field, it can be seen that N 2 O

s mainly observed within the region where the temperature is be- 

ow 1500 K. 

Figure 17 shows the comparison of the mean NO and N 2 O emis- 

ions at chamber outlet plane obtained from LES and the global 

mission values measured by FTIR at φ = 0.8. The results of the 

diabatic condition are marked by the stars. The LES data was av- 

raged in the outlet plane with the time duration of over 20 ms. 

herefore, it can be viewed as the global emission values for the 

ES, which can be comparable with experimental data. Compared 

ith the adiabatic condition, a significant decrease is observed for 

O emission and a clear increase is seen for N 2 O emission for the 

ondition of Q cooling = 0 L/min. The NO emission is further de- 

reased and N 2 O is further increased when the air cooling effect 

s strengthened (increasing Q cooling ), which shows the consistent 

ehaviour as the experimental findings. According to Fig. 17 , NO 

nd N 2 O seems to show comparative contributions to the emis- 

ions when heat loss is high. By surveying the N 2 O mechanism, 
e of production of NO; (b) the chemical reaction proportion of NO production and 
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Fig. 16. The influence of heat loss on the main reaction rates related to NO species. The data was obtained at z = 40 mm and φ = 0.8. 

Fig. 17. The comparison of the mean NO (red) and N 2 O (black) emissions at cham- 

ber outlet obtained from LES and the global emission values measured by FTIR at 

φ = 0 . 8 . The stars marked the adiabatic condition. Open and solid and symbols rep- 

resent LES and experimental data. The cooling air flow rates Q cooling were 0, 600 and 

1200 L/min for the experiments. The NO emission measured by experiments in the 

figure was multiplied by 0.25. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.) 
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 2 O relates closely to the local temperature as discussed in ear- 

ier section. Thus, the accuracy of wall temperature or the heat 

oss setting at chamber side walls directly decides the prediction 

bility. Moreover, to further improve the N 2 O prediction, a better 

hemical mechanism which has accurate reactions on N 2 O is also 

eeded. 

The experimental and numerical data demonstrate that the 

ame wall heat release greatly affect the thermal boundary near 

he wall, which affects the local combustion efficiency and the 

O/N 2 O production in NH 3 /air swirling flames. The results also 

uggests the thermal effect of flame-wall interaction on the NOx 

roduction and combustion efficiency should be fully considered 

hen designing the gas turbine combustion chamber with strong 

all cooling, since N 2 O might become a more serious emission in 

H 3 fuelled gas turbines. 

. Conclusions 

This study is motivated by the strong thermal effect (wall 

eat loss effect) of NH 3 /air flame resulted from its low reactiv- 

ty and high NOx emission. The thermal effect was investigated 
13 
n a swirling combustion chamber with air film cooling. For the 

urrent chamber, the convection wall heat loss is getting larger 

s the cooling air flow rate Q cooling increases. For lean conditions 

 φ = 0 . 8 ), the global NOx emissions are largely affected by the heat

oss. The flame front, indicated by NO profile, tends to be relatively 

arther from the combustor wall and the flame is more fragmen- 

ized by increasing Q cooling , which means a larger possibility of lo- 

al quenching at near wall region. Global NO emission measured 

y FITR significantly decreases when the heat loss is enhanced. 

he primary reason is the decreased combustion efficiency of NH 3 

t near wall region. Secondly, NO production from HNO and NH 

athway is hindered the due to the local decreased OH. Lastly, the 

arger unburned NH 3 in the exhausted gas may also consumes NO 

y the NO reduction reactions. N 2 O, a more serious greenhouse gas 

han CO 2 , reaches a comparable value as NO emissions as the heat 

oss increases, which is mainly due to suppression on N 2 O decom- 

osition and the promotion of N 2 O production from NO at near 

all region. In comparison, the influences of heat loss are limited 

t stoichiometric and rich conditions. The results of this investiga- 

ion imply that N 2 O might become a more serious emission com- 

onent in NH 3 fuelled gas turbines. This study also suggests that 

he NOx production in thermal boundary maybe a key factor in 

ow NOx combustion chamber design. 
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