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HIGHLIGHTS

e The regulation effects of methane and hydrogen on NOx emission of ammonia/air flames in a swirl combustor are investigated.
e The emission characteristics are verified similar between 1D simulation and the experimental results.

e The flame structure detected by OH-PLIF is used to reveal NO emission qualitatively.

e The relation of NO and OH is revealed by LES for the NH3/CH,/air flame.

ARTICLE INFO ABSTRACT
Article history: Ammonia, made up of 17.8% hydrogen, has attracted a lot of attention in combustion
Received 23 December 2020 community due to its zero carbon emission as a fuel in gas turbines. However, ammonia
Received in revised form combustion still faces some challenges including the weak combustion and sharp NOx
24 March 2021 emissions which discourage its application. It was demonstrated that the combustion in-
Accepted 25 March 2021 tensity of ammonia/air flame can be enhanced through adding active fuels like methane
Available online 23 April 2021 and hydrogen, while the NOx emission issue will emerge in the meantime. This study
investigates regulation effect of methane and hydrogen on the emission characteristics of
Keywords: ammonia/air flame in a gas turbine combustor. The instantaneous OH profile and global
Ammonia emissions at the combustion chamber outlet are measured with Planar Laser Induced
Methane Fluorescence (PLIF) technique and the Fourier Transform Infrared (FTIR), respectively. The
Hydrogen flames are also simulated by large eddy simulation to further reveal physical and chemical
NOx processes of the emissions formation. Results show that for NHs/air flames, the emissions
Emission characteristics behavior of the gas turbine combustor is similar to the calculated one-dimensional flames.
Swirl flame Moreover, the NOx emissions and the unburned NH; can be simultaneously controlled to a

proper value at the equivalence ratio (o) of approximate 1.1. The variation of NO and NO,
with ¢ for NH3/H,/air flames and NHs/CH,/air flames at blending ratio (Z;) of 0.1 are similar
to the NHa/air flames, with the peak moving towards rich condition. This indicates that the
NHa/air flame can be regulated through adding a small amount of active fuels without
increasing the NOx emission level. However, when Z; = 0.3, we observe a clear large NOx
emission and CO for NH3/CHy/air flames, indicating H, is a better choice on the emission
control. The LES results show that NO and OH radicals exhibit a general positive
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correlation. And the temperature plays a secondary role in promoting NOx formation
comparing with CHy/air flame.
© 2021 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Nomenclature

A area of the OH-PLIF images

Di/D, inner/outer diameter of the swirler

F thicken factor

HRR heat release rate

Ion OH-PLIF intensity

Tave averaged OH intensity

N number of the averaged OH-PLIF images
Qs volume rate of CH,/H,

Qnms volume rate of NH;

S swirl number

S laminar flame speed

u inlet velocity

Y mass fraction of species i

Zs blending ratio of CH4/H,

Ea wrinkling factor

[0) equivalence ratio
Introduction

As the increasing threat of global warming, a green (low/zero-
carbon) economy concept is considered as a future choice for
the power of vehicles, the industrial combustion devices and
the power plants. Recent researches on ammonia (NHaj)
combustion rose the opportunity of extensively reducing the
greenhouse gas (CO,) [1,2], since it is not only a suitable
hydrogen carrier but also is a carbon-free molecule burned
without carbon dioxide emissions (CO,) [3—5]. Moreover, there
are well-established, reliable infrastructures for both
ammonia storage and distribution globally. Therefore, the
application of ammonia as the chemical storage of energy to
replace fossil fuels has recently attracted a lot of research
interests and becomes a main objective for the research
groups in this field [4—6], especially in gas turbines.
However, investigations [1] show that there are two pri-
mary challenges which discourage the application of fuelling
ammonia on the combustion devices. Firstly, the flame speed
of the premixed ammonia/air flame (the NHs/air flame) is
extremely low, i.e., about one-fifth of methane/air (CH./air)
mixture at the stoichiometric ratio condition, which means
the flame is prone to blow-off and thus results in a very
limited flame stabilization range [7]. Nevertheless, Hayakawa
et al. [7] proved that the NHs/air flame has a limited flame
stable range in a swirl combustor without any addictives.
Previous studies show that the stabilization can be enhanced
and the stable range can be extended by blending the active

fuels like methane and hydrogen [8—10]. Secondly, contrary to
CH,/air flame, NHy/air flame emits high NOx especially at lean
conditions [3,5,11]. And the NOx concentration is found even
higher when adding methane into ammonia as the addictive
[9,12], especially at fuel lean conditions. This means the pre-
mixed lean combustion concept is not an suitable strategy for
ammonia containing fuel. For example, when methane is
added to NHs/air flame, the O, H and OH radical concentration
becomes higher resulting in the increasing of NOx production
because the NO forming route through oxidation of NH, and
NH is promoted [13]. The simulation from one dimensional
laminar flame indicates that the production of NOx will be
largely increased even adding 10% CH, into NH; fuel by vol-
ume [14]. Therefore, the NOx control becomes the key issue
for the ammonia combustion community.

Numerous researches have been conducted on the emis-
sion characteristics for the ammonia containing fuel. Okafor
et al. [3] developed a micro gas turbine (MGT) combustor for
developing efficient combustion and low NOx emission of
pure ammonia. Their results demonstrated that NOx emission
is primarily depended on the equivalence ratio upstream of
the combustor. In addition, there exists an optimal equiva-
lence ratio where the main emissions reach the minimum.
Joéjka and Slefarski [15] investigated the NO formation of CH,/
NHs/air flames in a nozzle burner with the NH; content in the
fuel from 1% up to 5%. NO is found increasing with the NH;
content in the fuel, i.e., 2000 ppmv at 5% NHj in their results.
Okafor et al. [9] also investigated the emission characteristics
of the co-firing flames with the ammonia heat fraction in the
fuel up to 0.3 (mole fraction of 50%) in their MGT combustor.
The NOx emissions in the single-stage combustion can be
twice compared with their already reported values for NHa/air
flames. Medina et al. [5] studied the optimisation of fuel in-
jection and flame stabilization in a tangential swirl burner
with ammonia as the primary fuel with the NH; mole fraction
of 69%. They found the NOx concentration is about 3000 ppmv
at lean condition and they suggested that a fully premixed
injection can be a potential way to reduce NOx formation.
Ramos et al. [16] measured emissions from a laminar flame of
the NH5/CH, co-fired fuel. The NH; molar fraction in the fuel
mixture was varied up to 70%. The experimental results
showed that the NOx concentration initially increases as the
fraction of NH; in the fuel mixture rises up to 0.5, decreasing
afterwards. Furthermore, NOx emissions decrease as the
equivalence ratio reducing towards fuel-lean conditions.

As one kind of fuels, ammonia is a very important branch
in the hydrogen economy due to its merits. And the final goal
is the pure ammonia burning in the combustion device to
realize zero CO, emission. Therefore, the emission charac-
teristics of pure ammonia or the regulated ammonia com-
bustion, i.e., by small amount of methane/hydrogen, should
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be largely investigated. However, ammonia has not been used
as a fuel until past few years. The previous work, especially
the experimental researches on swirl combustor, mainly
treats NH; as the addictive and the NH3 ratio is limited, i.e., the
maximum mole fraction in the fuel is 70%. To this end, the
current study focus on the emission characteristics of the
NH3/CH,/air and NHa/Hy/air co-firing flames in a model gas
turbine combustor, with the CH,/H, mole fraction limited to
0.3. To identify the flame structure, the OH profile diagnosis is
performed through laser diagnostics technique of Planar Laser
Induced Fluorescence (PLIF). The global emissions at com-
bustion chamber outlet are measured with the Fourier
Transform Infrared (FTIR). The hot gas velocity field is
measured by particle imaging velocimetry (PIV). Large eddy
simulation with detailed chemistry using OpenFOAM is con-
ducted to further explaining the experimental results from an
insight of the emission chemical production.

Experimental setup and the methodologies
The combustor

The swirl flame is stabilized in a stainless steel, full premixed
combustor, which was already introduced in our previous
research [17]. It is only briefly described here to facilitate the
understanding. The current burner is updated based on our
bluff body and swirl combustor in Ref. [18]. Since the main
geometry is similar, only the head section and the swirler are
shown in Fig. 1. The bluff body is unmounted in the current
burner and the swirler is updated to 12 vanes which is
installed at the burner exit, as shown in Fig. 1(b) and (c). The
swirl flame is stabilized inside a squared combustion chamber
with dimension of 70 x 70 x 180 mm?. The chamber wall is
made of quartz glass to allow laser diagnostics, as shown in
Fig. 1(b). The swirl number S, representing the ratio of the axial
flux of angular momentum to axial momentum, which can be

_ 2 1-(Di/Do)’
evaluated by S = £ DD tan ¢ [19].

Liquid ammonia is vaporized to gas phase through pres-
sure reducing valve. The compressed high purity (>99.9%)
hydrogen/methane are injected to the main fuel pipe as the
additives. The fuel and air are fully mixed at the mixing
chamber before supplying to the combustor. The blending
ratio of additives in ammonia Zr (CH4/H,) is defined by its mole
fraction in the fuel as Z; = Q;/(Qs +Qun; ). Qr and Quu, are the
volume flow rate of CH4/H, and NHg, respectively. The oper-
ating conditions are shown in Table 1. The blending ratios
Zs = 0, 0.1 and 0.3 are investigated for both NH3/CH,/air and
NHs/H,/air flames. For brevity, we will use the abbreviation of
each flame in the coming sections, as designated in Table 1.
The emission characteristics within the stabilized range are
studied at the fixed inlet velocity of 3 m/s for all cases.

The laser diagnostics

The instantaneous velocity field and OH species profile are
measured by particle imaging velocimetry (PIV) and planar
laser induced fluorescence (OH-PLIF) technique respectively
[17]. The details of the PIV system is presented in out previous

70 mm D,

A\

Mesh on swirler

Illll

NH3/CH4/air

(a) (b) ()

Fig. 1 — (a) The schematic of the combustor; (b) the
geometry and dimension of the combustion chamber; (c)
the geometry and mesh of the swirler.

work [8,20], which is not introduced here. The OH-PLIF system
includes a Nd:YAG laser (Quanta-Ray Pro-190), a pumped dye
laser (Sirah PRSC-G-3000) and an ICCD camera (LaVision
Image ProX) with software for signal control and data acqui-
sition. The Nd:YAG laser source generates the raw laser with
the wavelength of 532 nm at the repetition rate of 10 Hz and
the energy of 0.5 ] per pulse. The laser frequency is doubled
with the pumped dye laser (SirahPRSC-G-3000) and the laser is
transferred to 282.769 nm to excite the Q1(8) line of the A2S «
X20 (1,0) transition. The fluorescence is acquired by an ICCD
camera through a UV lens (Nikon Rayfact PF 10545 MF-UV) and
OH bandpass filtered (LaVision VZ08-0222) with intensified
Relay Optics (LaVision VC08-0094) at gate with of 100 ns. The
resolution of the ICCD is 1200 x 900 pixels for viewing the
flame with spatial resolution of 0.14 mm/pixel. The line-of-
sight chemiluminiscence flame images are recorded by a
Cannon X5 camera with a prime lens (EF 50 mm, /1.4 USM).
The aperture is set as f = 1.4 and the exposure time is set at 1/
4 s to capture the mean flame structures.

Exhaust gas analysis

The Gasmet DX4000 Fourier Transform Infrared (FTIR) gas
analyzer with a Gasmet Portable Sampling System (PSS) is
employed to measure the global NOx and other emission
concentrations at the combustor outlet. Fig. 2 shows the FTIR
system and the schematic of the measurement. The sample
gas pumped to PSS can be measured without drying since the
sample pump, heated filter and valve are all located in a
module that is heated to 453 K. This ensures that the sample
stays in gaseous phase even with high concentrations of H,O
or corrosive gases. Before each series of measurements, the
zero point calibration can be done automatically by PSS with
nitrogen. The exhaust gas simple probe is placed 150 mm
above the burner. To avoid the residual gas, i.e. CO, CO, or NH;
of other cases in the sampling cell, the data is logged for a
relatively long time after refreshed by nitrogen. The data is
logged for about 180 s for near stoichiometric conditions and
for 300 s for lean and rich conditions until the value for each
component approached steady state. The average of the
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Table 1 — The parameters of the mixtures.

Composition CH4/H, ratio Abbreviation 1) Umax Vane angle
vol-% (m/s)

NH,/air 0 NH,3 0.7-1.3 3 45°

NHa3/CHy/air 10,30 10%CH,, 30%CH,4 0.7-1.4 3 45°

NH,/H,/air 10,30 10%H,, 30%H, 0.7-1.4 3 45°

collected data is regarded as the global emission value. The
uncertainties are no larger than 50 ppmv when the measuring
range is 5000 ppm (NO, NH3), while it is under 2% for CO and
CO,. However, the uncertainties is less than +10 ppm for N,O
and NO, since the measuring range is less than 200 ppm. We
tested the repeatability before the experiments and the rela-
tive error of the measurement is below 5% for the major spe-
cies for the tested mixture. The inlet velocity U is adjusted to a
stable value (3 m/s) during the measurement to make sure the
enough measurement time for the FTIR analysis.

Large eddy simulation

Large eddy simulation (LES) with finite rate chemistry is per-
formed on the same geometry as the experiments to further
reveal the emission features. The simulations solve the
filtered 3D unsteady conservation equations of mass, mo-
mentum, energy as well as the state equation. A dynamic
thinkened flame (DTF) model is applied by artificially thick-
ening the flame with a factor of F while keeping the laminar
flame speed S; unchanged. A sub-grid flame wrinkling factor
=, base on fractal theory is used to compensate the lost flame
surface due to the thickening process. The chemical source
term and the diffusion term are modified by F and E,. In the
TDF model, we use a sensor defined by the temperature to
identify the flame region where the thickening process should
be applied (F = 3 in this study). And then F = 1 was set in the
rest regions to keep the high fidelity of the simulation. Details
of the DTF model and the numerical methodology can be
found in Refs. [21,22].

The combustion chamber is meshed based on the
computational accuracy requirement. The finest grid space of
0.2 mm is applied near the flame location. To preferably cap-
ture the swirl flow generated by the swiler, the geometry of an
axial swirler with 12 vanes and 45° vane angle is also meshed,

Gas simple
by
pro\e Gas simple probe
Portable =
Sampling 57
System <4
B
vy
FTIR gas \ 7.
analyzer 7

(a) (b)

Fig. 2 — (a) The Fourier Transform Infrared gas analyzer
system and (b) the schematic of the measurement.

as shown in Fig. 1(c). The overall computational domain
including the chamber and the swirler is divided into about 5
million structured grids. The inlet boundary is set based on
the mass flow rate according to the experimental conditions.
Isothermal wall of 750 K and non-slip boundary conditions are
applied at chamber side walls. Pressure outlet boundary
condition is applied at the combustion chamber exit. The
temperature of the inlet mixture is 300 K and the ambient
pressure is 1.0 atm. Before performing the LES of combustion,
the current mesh has been tested satisfied for the grid
convergence. In LES simulation, the mechanism of Xiao et al.
[23] with 31 species and 243 reactions is employed owing to its
small size. With the current computational setup, every case
needs roughly 120,000 CPU hours. The emission properties for
ammonia/methane/air mixtures, including NOx, HCN, CO and
CO, are calculated with 1D laminar flame and the reaction
mechanism developed by Okafor et al. [24] using ANSYS
Chemkin-PRO [25]. The prediction ability on the emission of
the mechanisms developed by Okafor et al. [24] and Xiao et al.
[23] was verified similar.

Results and discussions
Flame structure - direct images

Fig. 3 shows the direct digital flame images of NH; flame and
the 10%CH, flame with equivalence ratio ¢. The images of 30%
CH, flame, 10%H, flame and 30%H, flame are not shown here
due to brevity since these flames behave similarly. The
mixture inlet velocity is U = 3.0 m/s. From Fig. 3, we can clearly
see a different behavior of the flame macro structure with ¢
when adding a small amount of methane as the addictive. The
NH; flame reveals the orange chemiluminescence which
induced by the NH,a band spectrum and superheated water
vapor spectrum [26]. It can be observed that the orange
chemiluminescence is decreased and the flame is shortened
when 10% CH, is added into the pure NH; flame. The inside of
the liner is filled with NHs flame and the chemiluminescence
could be observed even downstream of the combustion
chamber outlet. It is also readily seen that the lean stabiliza-
tion limit is extended by the CH,4 addition. The flame structure
of the co-firing flames can be further revealed by the OH-PLIF
images in the following section.

The flame OH profile

The profile of the instantaneous OH concentration is proved
similar to the NO concentration for premixed NHs/CH, co-
firing flame by Okafor et al. [9]. The simultaneous measure-
ment of the OH and NO profile shows that the high local OH
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10%CH, flame

|

Fig. 3 — Direct flame images for NH; flame and 10%CH, flame with equivalence ratio. The red dashed box shows the PLIF
view window:. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

concentration regions corresponds to high NO-PLIF intensity.
In addition, they also showed that the measured NO emis-
sions follows the trend of plane-integrated time-averaged OH-
PLIF intensities for both premixed and non-premixed condi-
tions. Furthermore, Somarathne et al. [27] investigated the
correlation of NO and OH for fuel-lean, stoichiometric and
fuel-rich case by LES. A clear linear correlation between NO
and OH is observed for NH; flame at all conditions, while the
NO—OH distribution for CH,/air flames is only positively
correlated. Therefore, we performed the OH-PLIF measure-
ment to indicate the NO field and to reveal the regulation ef-
fect of methane and hydrogen on ammonia combustion using
the plane-integrated time-averaged OH-PLIF intensities.

The instantaneous and mean OH-PLIF images of the NHj;
flame, 10%CH, flame, 30%CH, flame at various equivalence
ratios are shown in Fig. 4. Both instantaneous and mean im-
ages illustrate the flame structure. As we analysed earlier, the
averaged OH profile highlights the distribution of OH intensity
or OH concentration in the measurement plane. Moreover, the
sharp increase of OH intensity can be regarded as the flame
location for the premixed flame [17,28]. When surveying
Fig. 4(a), the OH intensity is found higher at flame location
(brighter region), where the OH radical concentration is large.
We can see that the OH intensity seems to reach its highest
value around ¢ = 0.8, which is close to the equivalence ratio
corresponding the peak NO emission in the next section. And
the OH intensity is decreasing when the mixture either goes
richer or leaner. In the figure, the OH-PLIF image is shown only
to ¢ = 1.1 because the OH intensity is too low for ¢ > 1.1. The
time-averaged OH-PLIF images of 500 single shots are also

shown in Fig. 4(b). The peak of the OH intensity is not corre-
sponding to the stoichiometric ratio (p = 1.0). For the cases
tested in the current study, the peak intensity is bias to lean
condition. The methane addition can enhance the mean OH
intensity and the enhancement is more evident at methane
blending ratio of 30%.

The variation of the mean OH intensity with equivalence
ratio can be demonstrated with the plane-integrated time-
averaged OH intensity I ve, Which is defined as

25:1 Ion dA

e =""NaA @

where Ioy is the local OH intensity, A represents the integral
area and N is the total number of the averaged images. In the
current study, I.ve is obtained by averaging the integration of
the OH signal counts of 500 instantaneous OH-PLIF images.
The variation of I,y with the equivalence ratio is shown in
Fig. 5 for both NHs/CH4/air flame and NHs/Hy/air flame. The
error bar gives the standard deviation of the data. The intensity
of OH-PLIF image is largely depend on the laser excitation
energy, excitation laser wavelength and the camera settings.
And the difference of the flame temperature barely influences
the absorption spectrum. Therefore, the major difference of
the Iye comes from the OH intensity of the flame itself. And the
qualitative trends of OH concentration with ¢ can be revealed
by the mean OH-PLIF images once we use the same experi-
mental settings. [ye also shows the qualitative behavior of NO
since NO has a linear relation and NO production is facilitated
by the OH concentration in ammonia containing flames [9].
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Fig. 4 — (a) The instantaneous OH-PLIF images; (b) the time averaged OH-PLIF images of 500 single shots. Top row: NH;
flame; middle row: 10%CH, flame; bottom row: 30%CH, flame. OH-PLIF images are taken within the red dashed box shown
in the digital image in Fig. 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

When viewing Fig. 5, it can be observed that the OH in-
tensity is slightly increased at lean conditions when adding
10% methane. In comparison, 10% hydrogen addition barely
influences I,ye While only switches the ¢ corresponding to the
peak value of L,ye to leaner condition. From flame stabilization
point of view, small amount of methane addition increases

the laminar flame speed S; and heat release rate HRR, as
shown in Fig. 6. And the enhancement is more evident for
hydrogen addition. As analysed in the literature [3,7], the poor
flame stabilization feature of NH; flame is mainly attributed to
the extremely low laminar flame speed and heat release rate.
This means that 10% methane or hydrogen addition shows a
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Fig. 5 — The relationship of the plane-integrated time-averaged OH-PLIF intensity I,,. with equivalence ratio for NHs/CHy4/air
and NHa/H,/air flames. The mean value is obtained from 500 instantaneous OH-PLIF images and the error bars represent the

deviation from the mean value.

pronounced ability to enhance the flame stabilization without
largely increasing the NO emission. The results of Figs. 5 and 6
indicates there exists great potential of ammonia application
in gas turbines when the combustion is manipulated by the
small molecular active fuels like methane or hydrogen. In the
other words, the flame can be strengthened without
increasing the NOx emissions by adding small amount of
methane or hydrogen. However, the I,y is largely increased
for both 30%CH, flame and 30%H, flame, indicating NO
emission would be largely increased. To quantitatively show
the methane and hydrogen addition effect on emissions, next
section examines main emissions measured with FTIR.

Emission of ammonia/air flame

Firstly, the NOx and NH; emission are analysed with 1D
laminar flame simulation carried out by CHEMKIN-PRO [25]
with the mechanism developed by Okafor et al. [24] for
ammonia NHs/CH,/air flame. This mechanism was verified to
well capture the flame speed and ignition time as well as

18 T T T
—&— NH,

——10%H, |
—A—30% H,

- 0 -10% CH,
- A -30%CH, |

S, (cm/s)

2.0

HRRIHCZ]C (J/(m3 . s))

emission characteristics at various conditions [14,27]. The
emissions in the product gas is evaluated at the post flame
where the species reaches a steady value. Typically, it is the
end point, i.e. 5 cm, in the current study. Fig. 7 shows the
variations of NO, NO,, N,O and NH; with the equivalence ratio
¢. As shown in the figure, the readily high NO concentration is
seen for ¢ < 1.1. From lean condition to ¢ = 1.1, the NO con-
centration firstly increases and then decreases with equiva-
lence ratio ¢ and the peak value, about 4200 ppm, is obtained
at ¢ = 0.9. For the rich flame of ¢ > 1.15, NO concentration is
below 150 ppm which is significantly small compared with the
lean conditions. However, the unburned NHj; in exhaust gas
dramatically increases with equivalence ratio when ¢ > 1.15
while no NH; is seen when ¢ < 1.15. It should be noted that the
order of NO and NH; mole fractions are the same around
¢ = 1.15, which can be regarded as optimal operating condi-
tion for pure ammonia combustion. This suggests the possible
composition of fuel and air for low emission of the NH; flame.

As proposed in recent study [27], to realize the application
of ammonia fuelled in gas turbines, simultaneous reduction of

1.OE+10 . . .
—&— NH;
AA ——10% H,
8.0E+09 |- —a30%H,
- O -10%CH,
6.0E+09 - 4= 30% CHy
4.0E+09 1
2.0E+09 1

0.0E+00
0.4

2.0

Fig. 6 — The laminar flame speed S, and the maximum heat release rate obtained from one-dimensional laminar flame

calculated by CHEMKIN PRO.


https://doi.org/10.1016/j.ijhydene.2021.03.210
https://doi.org/10.1016/j.ijhydene.2021.03.210

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 46 <DO?T) 2I0I3—2102§

21020
5000 . . —3
~ :’
£ 4000 - , 1
& o NH,
N— 1
- !
T 3000 - : 1
Z ,
o L]
C, !
2 2000 - , 1
& o
z "
S 1000 No,x100 ¢ N,0x100
X
Z $ L aalaa
O 6666 6--—6-066=d4—sa §
1 1 1
0.6 0.8 1.0 12 1.4

¢

Fig. 7 — The concentrations of the main emissions obtained
from the one-dimensional NH; flame.
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Fig. 8 — The concentrations of the main emissions obtained
from the NH; swirl flame.

NOx and unburnt NH; is essential. Therefore, we next inves-
tigate the emission characteristics of the swirl flame by ana-
lysing the exhaust gas measured by FTIR. The emissions of the
NH; flame in the model swirl combustor are shown in Fig. 8.
We can see a similar trend of the measured NOx and un-
burned NH; emissions as 1D simulation results even through
the values are not exactly matched with 1D flame due to the
swirl flow and combustor wall heat loss. For lean conditions,
NH; emissions are mostly due to the quenching caused by
deficient combustion intensity. Therefore, the flame emits
relatively high NH; emission at ¢ = 0.7 due to the flame local
quenching since it is close to the blow-off limit. Similar to the
1D laminar flame, large NO emission is seen when ¢ < 1.05.
The maximum NO concentration reaches about 1500 ppm at
¢ = 0.8 and starts to decrease when ¢ is beyond 0.8. No
apparent NO emission is detected when ¢ > 1.1. Furthermore,
due to the excessive fuel supply, the unburned NH; concen-
tration is significantly increased when ¢ > 1.05 and out of the
measuring range (5000 ppm) for ¢ > 1.25.

We can also concluded from Fig. 8 that NO is the main
source for NOx emission. Therefore, the main propose should
be controlling NO and unburned NH; for ammonia combus-
tion. It can be seen that NO and NH; concentrations can be
simultaneously decreased to a lower value at ¢ approximately
1.1, indicating the realizability of fuelling ammonia in a
practical gas turbine combustor. In addition, it is possible to
reduce NOx and unburned NH; simultaneously by adopting
additional selective catalytic reduction (SCR), which satisfying
the government regulations.

Effects of methane/hydrogen addition on the emissions

As mentioned in the earlier section and Ref. [8], the flame

stabilization can be enhanced by adding active fuels like

methane/hydrogen since the laminar flame speed is

increased. However, this brings the high emission issue, i.e.,

high NOx emissions. Fig. 9 shows NO, NO, and N,0 concen-

tration in the exhausted gas for the methane and hydrogen

regulated ammonia flames. The emissions of pure ammonia

flame are also plotted for comparison purposes. We first

analyze the conditions with the blending ratio of 0.1. It can be

observed that the behavior of NO and NO, emissions with

equivalence ratio of the 10%H, flames are similar to the NH3

flames. The peak value of NO is slightly lower and the corre-

sponding equivalence ratio goes to richer condition. This in-

dicates that the NH; flame can be regulated through adding a
small amount of hydrogen without increasing the NOx emis-
sion level since NO is a major source of NOx emission. For the
10%CH, flames, NO emission is higher than that of the NH;
flames when ¢ < 1.05. At fuel rich condition (¢ > 1.05), NO
emission seems to reach the same amount as the NH; flames.
In addition, NO concentration is about twice as the 10%H,
flames at ¢ < 0.8 and the difference becomes smaller as the
mixture towards richer. When viewing NO,, a similar trend is
observed. NO, concentration of 10%CH, flame is also about
two times larger than 10%H, flames when ¢ < 0.9. It can be
readily seen that at fuel rich condition (¢ > 1.05) NO concen-
tration is very low (~100 ppmv) for the NH; flames, 10%CH,4
flames and 10%H, flames, indicating the possible operating
condition for ammonia fuelled gas turbines. Moreover, for
both pure ammonia flames and the co-firing flames, it can be
seen that N,O emission is mainly produced in fuel lean con-
ditions and monotonously decreases. At the blending ratio of
0.1, methane and hydrogen addition show nearly the same
effect on N,O emission.

When the blending ratio is 0.3, the NO and NO, emissions
increases significantly for both flames. The peak value of the
NO emission from the 30%H, flame is more than 2000 ppmv at
the ¢ = 0.9. It should be noted that the measured of NO con-
centration of the 30%CH, flames is about several times larger
than the NH; flames at similar conditions. Therefore, to
realize the ammonia fulled gas turbines, the combustion
performance can not be improved by solely increasing the
methane/hydrogen ratio in the fuel. There may exist an
optimal blending ratio for each condition to compromise the
flame stabilization and the combustion emission.

The O, H and OH radicals concentration during the com-
bustion is crucial to influence the NO formation since fuel NOx
production is a main source when ammonia is burned. NO is
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Fig. 9 — The NOx emissions with equivalence ratio for different swirl flames.

produced through the HNO intermediate, resulting from the
oxidation of NH; by O, H and OH radicals [29,30]. Hence, fuel
NO production is sensitive to the concentration of the OH
radicals. When the flame is rich, the OH concentration is low,
which may lead to low NO emission at rich conditions. On the
other hand, the lower NO emission from rich ammonia flames
may be due to the promotion of a pathway that does not
involve NO production. There is another pathway for NH, —
N, conversion at rich conditions to reduce NO emission
NH, + NH — N,H, + M, H - NNH — N,. N,O is produced
mainly through the reactions of NO with NH and with HO,. On
the other hand, N,0 is large consumed mainly through reac-
tion with H radicals and through thermal dissociation. The
consumption of N,O is therefore suppressed at low tempera-
tures and low concentration of H radicals which are typical
conditions in far-lean equivalence ratios, as shown in Fig. 9(c).

The CO and CO, emissions from the flames are illustrated
in Fig. 10. The figure shows that the measured CO emission
increases rapidly with the equivalence ratio when ¢ > 1 and
increases with the methane content in the fuel. This is due to
the fact that CO comes from the incomplete combustion of the
excessive methane for ¢ > 1 and the excessive CH, is
increasing with the blending ratio. Higher CO emission in fuel
rich conditions indicates lower combustion efficiency. It can
be clearly seen that CO, emission is zero for NH; and hydrogen

blending flames, showing a carbon free combustion process.
When methane is added, the CO, increases with methane
content at lean conditions due to the increasing carbon con-
tained in methane. However, CO, emission largely increases
when ¢ > 1.1 for Zgy, = 0.1, which is larger than that of
Zcu, = 0.3. The smaller concentration of CO for Zcy, = 0.3 may
be due to the increasing unburned CO.

The LES study on NOx emission

To further reveal the relationship of temperature, NO and OH
field for methane addition flames, LES with detailed chemistry
is performed in this study. Fig. 11 shows the comparison of
radial profiles of mean axial and azimuthal velocity between
LES and PIV measurements. The simulation shows a good
prediction capability and the proper specifications of the
boundary conditions of the current model, by comparing the
velocity profile. The simultaneous instantaneous NO and OH
distributions from LES at the center plane of the burner are
shown in Fig. 12(a). It also can be seen that the local regions of
relatively high OH intensity corresponds to regions of rela-
tively high NO intensity. In addition, Fig. 12(b) shows the
correlations of NO and OH at the slice shown in Fig. 12(a). Itis
clear to see that the intermediate radical NO and OH exhibits a
general positive correlation even through it is scattered. This
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also verifies the plane-integrated time-averaged OH intensity
can be a proper parameter to show the NO emission behavior
in the earlier section.

In Fig. 9, it can be noted that the NO concentration of lean
condition is significantly larger than that of rich condition. To
reveal the emission characteristics, we perform the LES for
NH,/CHy/air flames at ¢ = 0.7 with different blending ratios of
Zcu, = 0, 0.1, 0.3. Fig. 13 shows the temperature, the instanta-
neous intermediate radicals of NO, OH and the emission of

T(K)  You Yno

E 3 (s
300 1800 0 0.002 0

(.
0.01 0 0.00015

N,0, NO,, H,, CO, CO, for different Zcy,. As inspecting the 2D
temperature, OH and NO profile, the high OH concentration is
seen in the high gradient location of temperature, which in-
dicates the chemical reaction region since the flamelet concept
is assumed. For the hydrocarbon flames, i.e. methane/air
flame, temperature play a primary role for the NOx formation.
In comparison, in ammonia containing flames, fuel NOx for-
mation is a major source for the NOx emission, which results
in the temperature playing a secondary role in promoting NOx

YNOZ
S |
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Y coz2
|

YCO
.
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(b) 10%CH,
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Fig. 13 — Two dimensional profile of the instantaneous intermediate species and the emissions of CH,/NH; co-firing flame at

Zcy, = 0, 0.1, 0.3. Y represents the mass fraction.
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formation. From Fig. 13, it can be observed that the tempera-
ture is close for each flames in the combustion chamber, while
the NO emission increases significantly with the amount of
methane addition into the fuel. However, the concentration of
NO, shows decreasing behavior as the blending ration in-
creases, which is consistent with the emission measurement
in Fig. 9. It is also observed that large NO, concentration at
outer recirculation zone and near-wall regions because the
temperatures of those regions is lower.

By inspecting the intermediate species during the com-
bustion, it can noted that the production of OH radicals is
promoted by H, and CO consumption. Those two species (H,
and CO) are mainly consumed through the chain-propagating
reactions CO + OH = CO, + H and H, + OH = H + H,0,
respectively. These two reactions facilitate O and OH pro-
duction via the chain-branching reaction H + O, = OH + O,
which results in O/H radical concentration increasing, as a
consequence.

Conclusions

This study investigates the regulation effect of methane and
hydrogen on the emission characteristics of the ammonia/air
flames in a gas turbine combustor. The instantaneous OH
profile and the global emissions at the combustion chamber
outlet are measured with Planar Laser Induced Fluorescence
(PLIF) technique and Fourier Transform Infrared (FTIR),
respectively. Large eddy simulation using OpenFOAM is per-
formed to further reveal the mechanism of emission produc-
tion. The following conclusions are made:

1. The emission character from the gas turbine combustor
and one-dimensional flame is compared. It is found that
the emissions behavior of gas turbine combustor follows
the similar trend, showing that the NOx emissions and the
unburned NH; can be simultaneously controlled to a
proper value at ¢ approximately 1.15.

2. When the blending ratio (Zj) is 0.1, the variation of NO and
NO, with ¢ for NHa/H,/air flames and NH,/CH,/air flames is
similar to the NH; flames. This indicates that the NH; flame
properties can be promoted through adding a small amount
of active fuels without increasing the NOx emission level.

3. When Z¢ = 0.3, large NOx and CO emission for NH3/CH,/air
flames is observed due to the increasing of carbon in the
fuel. Comparing with NHs/CHa/air flame, H, shows larger
potential on regulating the flame properties and emission
control for Zf < 0.3.

4. NO and OH species exhibit a general positive correlation
from the LES results. In ammonia containing flames, the
temperature plays a secondary role in promoting NOx for-
mation while it is mainly produced from fuel NOx formation.
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