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Introduction
Global warming has been one of the greatest challenges that human beings are facing. Carbon-free fuels like
ammonia (NH3), biofuels and hydrogen can be widely utilized as alternatives in thermal power generation
applications to realize a substantial reduction in global greenhouse gas emissions and mitigate global warming.
Among them, ammonia has attracted extensive attention in recent years. It is regarded as an effective hydrogen
carrier due to its high hydrogen capacity of 17.8% by mass and can be produced from abundant chemicals using
renewable energy. However, the low reactivity and low combustion intensity of ammonia still hinder its direct
utilization in gas turbines. It is needed to develop regulation methods to stabilize ammonia swirling flame. These
methods mainly consist of ammonia co-firing with more reactive fuels such as methane, hydrogen, or dimethyl
ether and plasma-assisted ammonia combustion. In addition, the oxygen enrichment strategy can raise both the
combustion intensity and combustion efficiency, making it another approach to enhance ammonia combustion.
The effect of oxygen enrichment on swirl combustion characteristics of NH3/O2/N2 flames has not been explored
experimentally yet under gas turbine combustion mode. In this work, experiments were conducted in a gas turbine
model combustor to investigate the effect of oxygen enrichment on swirl combustion behaviours of NH3/O2/N2
mixtures with a constant equivalence ratio or thermal power. Experimental conditions are divided into A and B
cases. All A cases are utilized under a given equivalence ratio () and B cases are at the constant thermal power.

Conclusions
To enhance ammonia combustion in gas turbines, the effect of oxygen enrichment on swirl combustion
characteristics was explored by keeping the equivalence ratio or thermal power constant respectively. With
increasing oxygen content, the flame travels back to the base plate and exhibits a more compact shape due to the
increased laminar burning velocity. The flame luminance and the temperature at the combustor exit are greatly
strengthened under oxygen enrichment and a constant equivalence ratio, but they remain nearly unchanged with
constant power. Oxygen enrichment decreases the LBO limits with the increase of the laminar burning velocity.
NOx emissions including NO and NO2 emissions increase with oxygen enrichment at a constant equivalence ratio.
Under oxygen enrichment and a fixed thermal power, NO emission slightly increases and NO2 emission increases
more greatly than that at the constant equivalence ratio.
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Introduction
The coronavirus pandemic economical disturbances, together with the complicated geopolitical situation caused
by Russia's invasion of Ukraine, have significantly altered the energy market in the European Union and

worldwide. In addition to a significant increase in the price of basic energy sources such as natural gas oil and
coaL, their availability has also decreased, particularly as a result of the introduction of the fuel embargo from
Russia and the need to create new trade routes. This has contributed to a reduction in the security of supply of
energy carriers and consequently, electricity. In parallel, due to the high prices of fossil fuels, the profitability of
production of alternative carriers has improved, including renewable fractions derived biomass as well as the use
of locally available municipal waste. In addition, it has enabled the implementation of technologies to produce
synthetic fuel streams, based on the use of synthetic gases of various origins. These technologies are based on a
range of thermo-chemical and physico-chemical processes that have been used industrially for decades. With high
crude oil prices, they are becoming an alternative to crude oil derivatives through their implementation for the
production of hydrogen and synthetic gases from renewable sources. Ammonia, produced from green hydrogen,
is a promising alternative with a high energy density in relation to the direct use of hydrogen in industry. This
work concerns the use of ammonia co-combustion with a stream of synthetic gases of a wide composition
spectrum covering low and high heating values.

Conclusions
It was concluded that the conversion of ammonia to fuel nitrogen oxides NO strongly depends on the amount of
air supplied for combustion. The lowest value of the conversion factor of ammonia to nitrogen oxides was
measured for a 1% oxygen content in the exhaust gas (ϕ=0.95), representing typical volumetric combustion
conditions. However, a negative effect of the low proportion of oxygen in the exhaust gas on carbon monoxide
emissions was observed.
The relationship between ammonia and NO conversion is not linear. It drops as the share of ammonia in fuel
increases. In high equivalence ratio conditions (ϕ=0.95), the reduction phenomenon takes place causing the NO
level in the exhaust to drop with increasing its amount in the supplied fuel.
The use of volumetric combustion technology for synthesis gases allows to obtain low emission levels of toxic
substances. The results of the conducted research showed that ammonia can be used as an energy carrier
successfully co-firing in the volumetric combustion technology in furnaces industrial while maintaining low
nitrogen oxide emissions.
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Introduction
To achieve the new climate goal of carbon neutrality and deal with the threat of global warming, ammonia
has received extensive attention as a carbon-free fuel [1-2]. However, ammonia as a fuel has the problems of
unstable combustion, low combustion efficiency and high NOx emission [3-6]. NH3 mixed with the more reactive
CH4 can change its combustion characteristics [7-10]. Although some recent progress has been made, most of the
measurement and computational studies have been carried out on laminar NH 3 flames [11-13]. However, the
actual combustion process of engineering has been almost always turbulent combustion, which is more prone to
uncertain transient phenomena [14]. It is necessary to study the combustion characteristics of NH 3 swirling
turbulent flames. In this work, experimental measurements of NH3/CH4 flames in a visualized turbulent swirling
combustion device are carried out, and a chemical reactor network (CRN) model is also used for numerical
simulation. To expand the understanding of the combustion characteristics of NH3/CH4 premixed turbulent
swirling flames, the stable combustion range and NO emission characteristics of lean and rich premixed turbulent
flames with different ammonia blend ratios are analyzed.

Methods
In the experiment, a mass flow controller is used for flow
X NH
X NH


control, a 3D printed radial swirler is used to generate a swirl to
stabilize the flame, and a flue gas analyzer is used to measure the NO 0.65
0-0.4
1.2
0-1.0
emission from the centerline of the burner outlet. The experiments
0.7
0-0.6
1.25
0-1.0
are carried out at normal temperature and pressure (T=292K, 0.75
0-0.7
1.3
0-1.0
P=0.1MPa). The tested conditions of this study are summarized in
0.8
0-0.6
1.35
0-1.0
the table to the right. The measured XNH3 increases from 0 at intervals
of 0.05 until the flame becomes unstable, forming a rising flame or even extinguishing. Under all experimental
conditions, the airflow rate is maintained at 80L/min (0°C, 1 atm), and the Reynolds number calculated according
to the diameter and the average flow rate of the inlet pipe is about 11500~12000.
A simulation of NH3/CH4/Air premixed combustion is conducted using a chemical reactor network (CRN)
model, which has shown to be viable for gas turbine simulations previously [15-16]. Based on the experiment, the
production rate of the mixed fuel is calculated, and the sensitivity is analyzed. The inlet conditions set by the
simulation are consistent with the experimental state, and the validation range is the state that can be measured by
the experiment.
3

3

Results and Discussions
The NO emission curves of different equivalence ratios show the same trend, which first increases and then
decreases with the increase of the NH3 mixing ratio. In lean combustion, the NO emission increases with the
increase of the equivalence ratio, and the NH3 mixing ratio corresponding to its peak value increases. In rich
combustion, the NO emission decreases with the increase in the equivalence ratio, and the NH 3 mixing ratio
corresponding to the peak value decreases. Compared with the NH3/CH4/Air flame, the NO emission of the
CH4/Air flame is almost zero, and the NO mainly comes from the thermal NO. When the NH3 mixing ratio is low,
increasing the NH3 mixing ratio will increase the N element in the fuel, the fuel-type NO production rate will
increase, and the NO emission will increase. However, when the NH3 mixing ratio continues to increase, the NO
emissions begin to decrease after reaching the peak value. This is because the combustion temperature decreases
with the increase of the NH3 mixing ratio and the generated thermal NO decreases. At the same time, the content
of N, NH, NH2 increases and reacts with NO, resulting in an overall downward trend in NO emissions.
Mao et al. [17] demonstrated that the Okafor mechanism [18] simulated the NH3/CH4/Air flame with higher
accuracy, so this study used the Okafor mechanism to perform CRN calculation and analysis based on the
ANSYS-Chemkin platform. It is found that the calculated NO emission trends are similar to those of the
experiments, but the NO emissions could not be accurately predicted. The formation of NO will be over-predicted

in the lean state, while the formation of NO will be underestimated in the rich state, but the predicted NO changes
with the NH3 mixing ratio and equivalence ratio are of reference significance.
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Fig 1. NO emissions from measurements and CRN analysis utilizing Okafor mechanism.
Different ammonia combustion mechanisms have different predictions for NO emissions, this paper
compares the experiments with the mechanisms of Okafor [18] et al., Konnov [19] et al., Tian [20] et al., and Ruili
[21] et al determine their accuracy in predicting NO emissions under real combustor conditions. The NO emission
curve shows the same trend as the function of the NH3 mixing ratio in the mixture, which first increases and then
decreases with the increase of the NH3 mixing ratio. For the NH3/CH4/Air flame when =0.75, the NO results
predicted by Tian [20] et al. mechanism are in good agreement with the experimental results. Although other
mechanisms have the same emission trend, the emissions are all higher. However, when =1.3, the performance
of the four mechanisms is quite different from the experimental results, and the emissions are all lower. The NO
emission trends predicted by the mechanisms of Ruili [21] et al. and Okafor [18] et al. The mechanism of Konnov
[19] et al. and Tian [20] et al. are in poor agreement with experimental results. There are multiple errors between
the calculation results of NO emissions and the experimental values, which may be due to the failure to consider
the complex turbulent-flame interaction relationship in the swirling turbulent burner and the simple structure of
the network selected in the CRN calculation, resulting in the lower prediction accuracy.
ϕ=0.75
Exp
Konnov
Okafor
Ruili
Tian

NO/ppm

4500
3000
1500

6000

ϕ=1.30
Exp
Konnov
Okafor
Ruili
Tian

4500
NO/ppm

6000

3000
1500

0

0

0.0

0.2

0.4

0.6
XNH3

0.8

1.0

0.0

0.2

0.4

0.6
XNH3

0.8

1.0

Fig 2. Comparison of NO emissions from experimental measurements and calculations from different
mechanisms, at =0.75 conditions and =1.30 conditions, respectively.

Conclusions
The NO emission profiles of different equivalence ratios showed the same trend, which first increased and
then decreased with the increase of the NH3 mixing ratio. In the lean state, with the increase of the equivalence
ratio, the NH3 mixing ratio corresponding to the peak NO emission also increases. In the rich state, with the
increase of the equivalence ratio, the NH3 mixing ratio corresponding to the peak NO emission decreases. CRN
calculation can predict NO emission overall trends, but none of the four mechanisms in this paper can accurately
predict NO emissions. The formation of NO is overestimated in a lean state and underestimated in a rich state.
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AP07 - Ammonia combustion in inert porous media burners:
systematic
experimental characterisation and chemical kinetics analysis

Conclusions
We demonstrated experimentally that premixed NH3/air flames can be stabilized at ambient conditions in porous
media burners constructed with open cell ceramic foams featuring large pore sizes. With such burners, the
operating range extends from lean to rich conditions (0.75 < ϕ < 1.4 ). The composition of the exhaust stream was
characterized experimentally: we find that NOx emissions peak at 2500 ppm at ϕ = 0.9, but are quite low in rich
operating conditions. In rich conditions, unburnt gases are found in the exhaust stream. Surprisingly, a large
fraction (by volume) of these unburnt gases are in the form of H2 and arise from the thermal decomposition
process of NH3 within the inert porous media burner.
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Introduction
Ammonia can be directly used as a carbon-free fuel for gas turbines [1–4]. However, the major challenges of
burning ammonia are the potentially very high NOx emission [5–7] and its very low reactivity, which makes it
difficult to stabilize ammonia flames in practical applications. Experiments of fuelling micro gas turbines (mGT)
with NH3-based fuel mixtures have been carried out to understand their performance, combustion efficiency, and
exhaust emissions [3,4,8,9]. Piloted mGT's combustors can substantially extend the lean blow-off limit [10],
enhancing the stability of NH 3-based flames. Nevertheless, the pilot flame is often the main NOx source from
piloted burners [10], and the pilot flame's influence on the flame morphology and exhaust emissions has not yet
been reported for NH3-based fuel mixtures in mGT's piloted burners. This paper presents the results of the
influence of the pilot flame characteristics on the flame morphology and exhaust emissions of NH3-CH4-air
combustion in a piloted burner. An optically accessible, reduced-scale burner inspired by the one fitted in the
Ansaldo Energia AE-T100 mGT has been implemented as the experimental platform. Flame images, and NO
emissions were recorded while varying the pilot power ratio (PR). The PR is defined as the thermal power of the
pilot flame divided by the total thermal power.

Experimental setup and methods
Reduced-scale burner
Figure 1 shows a schematic of the burner and its auxiliary hardware. This reduced-scale burner consists of a pilot
combustion chamber, a main swirl mixing chamber, and a secondary air swirler, and its features have been
described in previous work [11].

Figure 1. Schematic of the reduced-scale burner and its auxiliary hardware
Gas analyzers and flame imaging
As also shown in Fig. 1, exhaust emissions and flame images were recorded while the PR or the pilot XNH3. Mass
flow controllers were used to prescribe the fuel and airflow rates, and time-averaged broadband flame images
were recorded with a DSLR camera. A stainless-steel sampling probe was installed immediately downstream of
the burner's outlet and was designed following [12] for spatially averaged emission measurement. The sampled
gases were directed to a Testo-350 flue gas analyzer to measure NO mole fraction as well as the O2 mole fraction
to correct for an industrial standard of 15% dry O2 mole fraction [13].

Operating conditions
Experiments were carried out at a thermal power of 5 kW and an overall equivalence ratio of ϕoverall = 0.60 to
investigate the influence of the PR on the flame morphology and NO emissions. The PR was varied between 0
and 20% to be consistent with the actual AE-T100 operating range [14,15]. NH3-CH4-air flames with an ammonia
molar fraction of XNH3 = 0.70 were investigated, with CH4-air flames as the baseline.

Results and discussion
Flame morphology and NO emissions for different pilot power ratios
Figure 2 shows the time-averaged broadband images of CH4-air and NH3–CH4–air flames for PR ranging from 0
to 20%. The flames generally present the typical V-shape observed for swirling turbulent flames and NH3–CH4–
air flames exhibit the typical orange hue attributed to the NH2 alpha band chemiluminescence [5] and NO2* [16].
Increasing PR up to 10% reduces the lift-off height for CH4-air flames, producing a compact and stable flame at
10% that is anchored on the pilot's liner outlet. Longer but not lifted flames are observed for NH3–CH4–air.
Increasing PR produces more stable and more compact NH3–CH4–air flames, with a more intense orange hue
coming from the pilot flame for PR > 5%. Moreover, the flame with PR = 5% is more compact and anchored on
the pilot's liner outlet compared with the flames with higher PR. Notably, the more compact and stable flames
were obtained at a PR of 10 and 5% for CH4–air and NH3–CH4–air, respectively.
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Figure 2. Time-averaged broadband images of CH4-air (top row)
and NH3–CH4–air (bottom row) flames as a function of PR

Figure 3. Measured NO concentration
percentage rise as a function of PR

Figure 3 shows the measured exhaust NO emissions, as a % of concentration rise with respect to the case with
PR = 0. Although the NO emissions increase with PR for both fuel mixtures tested, it is important to look at this
increment relatively. NOx is produced via thermal-NOx pathways for conventional hydrocarbons such as CH 4
[17,18], but it is mainly produced via fuel-NOx pathways for NH3 combustion [19–22]. It is observed that PR
more considerably affects the NO concentration for CH4 compared to NH3-CH4. The NO concentration increases
by 276% for CH4–air flames when PR is increased from 0 to 20%. In comparison, only a 11% increase is found
for NH3-CH4, and it can be assumed that thermal-NOx pathways, only minor for NH3-CH4 flames, are responsible
for this marginal increase [23].
Conclusions
This study experimentally assessed the impact of the pilot power ratio on the flame morphology and NO emissions
of a piloted reduced-scale burner running on CH4-air and NH3-CH4-air. The main findings are listed below:
• Attached flames are found for CH4-air if PR = 10%, while NH3-CH4-air flames are always attached. Moreover,
PR of 10 and 5% for CH4–air and NH3–CH4–air, respectively, produced more compact and stable flames.
• NO emissions increase when PR is increased for both fuel mixtures tested. However, the increase of NO is very
large for CH4-air but is marginal for NH3-CH4-air. Therefore, it is concluded that NO emissions increase
because of thermal-NO pathways rather than fuel-NOx pathways when the PR is increased.

References
[1]

Iki, N.; Kurata, O.; Matsunuma, T.; Inoue, T.; Tsujimura, T.; Furutani, H.; Kobayashi, H.; and Hayakawa, A.
Operation and flame observation of micro gas turbine firing ammonia. Proc. ASME Turbo Expo 2017, 8, pp.
1–7.

[2]
[3]
[4]

[5]

[6]
[7]
[8]
[9]

[10]

[11]

[12]

[13]
[14]
[15]
[16]
[17]
[18]
[19]

[20]
[21]

[22]
[23]

Iki, N.; Kurata, O.; Matsunuma, T.; Inoue, T.; Tsujimura, T.; Furutani, H.; Kobayashi, H.; Hayakawa, A.;
Ichikawa, A.; and Arakawa, Y. Micro gas turbine firing ammonia. Proc. ASME Turbo Expo 2016, pp. 1–6.
Iki, N.; Kurata, O.; Matsunuma, T.; Inoue, T.; Suzuki, M.; Tsujimura, T.; and Furutani, H. Micro gas turbine
firing kerosene and ammonia. Proc. ASME Turbo Expo 2015, pp. 1–5.
Kurata, O.; Iki, N.; Matsunuma, T.; Inoue, T.; Tsujimura, T.; Furutani, H.; Kobayashi, H.; and Hayakawa, A.
Performances and Emission Characteristics of NH3-Air and NH3-CH4-air combustion gas-turbine power
generations. Proc. Combust. Inst 2017, 36(3), pp. 3351–3359.
Hayakawa, A.; Goto, T.; Mimoto, R.; Kudo, T.; and Kobayashi, H.; NO formation/reduction mechanisms of
ammonia/air premixed flames at various equivalence ratios and pressures. Adv. Publ. by J-STAGE Mech. Eng.
J 2015.
Khateeb, A. A.; Guiberti, T. F.; Zhu, X.; Younes, M.; Jamal, A.; and Roberts, W. L. Stability limits and exhaust
no performances of ammonia-methane-air swirl flames. Exp. Therm. Fluid Sci 2020, 114, p. 110058.
Zhu, X.; Khateeb, A. A.; Guiberti, T. F.; and Roberts, W. L.; NO and OH ∗ emission characteristics of very-lean
to stoichiometric ammonia–hydrogen–air swirl flames. Proc. Combust. Inst. 2020, pp.1–8.
Verkamp, F. J.; Hardin, M. C.; and Williams, J. R. Ammonia combustion properties and performance in gasturbine burners. Symp. Combust. 1967, 11(1), pp. 985–992.
Kurata, O.; Iki, N.; Inoue, T.; Matsunuma, T.; Tsujimura, T.; Furutani, H.; Kawano, M.; Arai, K.; Okafor, E.
C.; Hayakawa, A.; and Kobayashi, H. Development of a wide range-operable, rich-lean low-NOx combustor
for NH3 fuel gas-turbine power generation. Proc. Combust. Inst. 2019, 37(4), pp. 4587–4595.
Zanger, J.; Monz, T.; and Aigner, M. Experimental investigation of the combustion characteristics of a doublestaged flox®-based combustor on an atmospheric and a micro gas turbine test rig. Turbine Tech. Conf. Expo.
2015, pp. 1–14.
Avila, C.; Wang, G.; Zhu, X.; Es-sebbar, Et.; Abdullah, M.; Younes, M.; Jamal, A.; Guiberti, T.F.; and Roberts,
W. L. Lean stability limits and exhaust emissions of ammonia-methane-air swirl flames at micro gas turbine
relevant pressure. ‘in press’ Proc. ASME Turbo Expo 2022, pp. 1–11.
Hayakawa, A.; Arakawa, Y.; Mimoto, R.; Somarathne, K. D. K. A.; Kudo, T.; and Kobayashi, H. Experimental
investigation of stabilization and emission characteristics of ammonia/air premixed flames in a swirl combustor.
Int. J. Hydrogen Energy 2017, 42(19), pp. 14010–14018.
Baukal, C. E.; and Eleazer, P. B. Quantifying NOx for industrial combustion processes. J. Air Waste Manag.
Assoc 1998, 48(1), pp. 52–58.
Hohloch, M.; Zanger, J.; Widenhorn, A.; and Aigner, M. Experimental characterization of a micro gas turbine
test rig. Proc. ASME Turbo Expo 2010.
Calabria, R.; Chiariello, F.; Massoli, P.; and Reale, F. CFD analysis of turbec t100 combustor at part load by
varying fuels. Proc. ASME Turbo Expo 2015, pp. 1–12.
Fontijn, A.; Meyer, C. B.; and Schiff, H. I. Absolute Quantum Yield Measurements of the NO–O reaction and
its use as a standard for chemiluminescent reactions. J. Chem. Phys. 1964, 40 (1), pp. 64–70.
Glarborg, P.; Miller, J. A.; Ruscic, B.; and Klippenstein, S. J. Modeling nitrogen chemistry in combustion. Prog.
Energy Combust. Sci. 2018, 67, pp. 31–68.
Zeldovich, Y. B. The oxidation of nitrogen in combustion and explosions. Acta Physicochem USSR 1946, 21,
pp. 577–628.
Don, K.; Amila, K.; Hatakeyama, S.; Hayakawa, A.; and Kobayashi, H. Numerical study of a low emission gas
turbine like combustor for turbulent ammonia/air premixed swirl flames with a secondary air injection at high
pressure. Int. J. Hydrogen Energy 2017, 42(44), pp. 27388–27399.
da Rocha, R. C.; Costa, M.; and Bai, X. S. Chemical kinetic modelling of ammonia/hydrogen/air ignition,
premixed flame propagation and NO emission. Fuel 2019, 246, pp. 24–33.
Khateeb, A. A.; Guiberti, T. F.; Wang, G.; Boyette, W. R.; Younes, M.; Jamal, A.; and Roberts, W. L. Stability
limits and NO emissions of premixed swirl ammonia-air flames enriched with hydrogen or methane at elevated
pressures. Int. J. Hydrogen Energy 2021, 46(21), pp. 11969–11981.
Li, R.; Konnov, A. A.; He, G.; Qin, F.; and Zhang, D. Chemical mechanism development and reduction for
combustion of NH3/H2/CH4 mixtures. Fuel 2019, 257, p. 116059.
Khateeb, A. A.; Guiberti, T. F.; Zhu, X.; Younes, M.; Jamal, A.; and Roberts, W. L. Stability limits and NO
emissions of technically-premixed ammonia-hydrogen-nitrogen-air swirl flames. Int. J. Hydrogen Energy.
2020, 45, P. 22008-22018.

AP10 - A Novel Trigeneration Gas Turbine Cycle Powered by
Humidified Ammonia/Hydrogen with Ammonia Refrigeration
Guteša Božo Ma, Mashruk Sb, Valera-Medina Ab, Alnajideen Mb
Reasearch and Development Department, Termoinžinjering d.o.o, Zrenjanin, Serbia
Cardiff School of Engineering, Cardiff University, Queen’s Building, Cardiff, United Kingdom
a

b

Introduction
The growing concern over the environmental impact of carbon-based fuels combustion has reignited the interest
around hydrogenated molecules such as ammonia as a viable energy source for gas turbines. Ammonia presents
a great opportunity to recover stranded energy (wind, solar, tidal) ensuring storage stability for long of time (i.e.
years). Various research analyzed the feasibility of ammonia as a mean of reducing/eliminating carbon in gas
turbine power production, using methane-ammonia [1, 2], coke oven gas-ammonia [3], ammonia-hydrogen [4–6]
and pure ammonia [7–9]. The efficient use of ammonia in gas turbines has been shown also through multi-stage
combustion systems that employ novel solutions such as Rich-Quench-Lean (RQL) technologies [10, 11]. The
potential for the further augmentation of both power and efficiency of ammonia/hydrogen gas turbine cycles has
also been described when implemented using humidified cycles that enable the increase of mass through the
system [12 - 15]. Although humidification can impact flame stability [16], the method can be effectively
implemented in CCHP units with known limits and minimized effects on the flame/combustion process. Further
advancements in the power cycle can be also reached by implementing cooling and waste heat recovery strategies,
thus optimizing energy consumption whilst enabling operation under off-design conditions [17 - 19]. CCHP
systems based on gas turbines, humidification [20, 21] and utilization of waste heat for heat energy production
and cooling can reach efficiency outputs of up to ~82-85% [22, 23]. Similarly, a CCHP configuration that includes
two shafts double Brayton cycles (Brayton and reversed Brayton cycle) has been explored for combustion of
ammonia/hydrogen blends [11]. The configuration showed efficiencies ~52.3% [24] with potential of ~59% with
the implementation of cooling and waste heat recovery [11]. Further improvements can be achieved by modifying
the cycle. Therefore, this work presents the implementation of a liquid ammonia refrigeration cycle within the
CCHP unit, showing overall cycle efficiency up to 60.48%.

Materials and Methods
2.1. Numerical Combustion Analysis
A chemical kinetic modelling tool, CHEMKIN-PRO was utilized to model chemical kinetics of the problem at
hand. The PREMIX reactor [25] and the Equilibrium tool [26] were used to calculate the laminar flame speed (SL)
and adiabatic flame temperature (AFT), respectively. The calculation employed the NH 3 reaction mechanisms
from Xiao et al. [27 - 30], comprised of 55 chemical species and 276 reactions. These results were used to model
the RQL burner in the CHEMKIN-PRO environment. Further details the Numerical Model Analysis can be found
elsewhere [11]. Simulations were performed with inlet temperature of 560K and a pressure of 9.67 bar, with a
secondary air flow of 6.7 kg/s with 960 K temperature.
2.2. Basic Humidified Brayton cycle
Analyses were conducted using a calibrated mathematical model developed for regular Brayton natural gas cycles
that operate under designed and off-designed regimes, with high accuracy of the method with relative errors under
5% (compared to results from manufacturers’ reports) [31, 32]. The model has been also successfully correlated
(i.e. with ASPEN results) and used for analysis of combustion of oxygen-methane in combination with other fluids
[31, 33]. Further details can be found elsewhere [32]. The model was applied to determine the efficiency of the
ammonia/hydrogen GT cycle with humidification and RQL combustion [11].
2.3. Ammonia Trigeneration Cycle
The basic gas turbine cycle was introduced into a two-shaft gas turbine plant facility consisting of a basic
humidified Brayton cycle and a reversed Brayton cycle with steam generation for its addition to the combustion
chamber, fuel preheating and ammonia-cooled inlet air at the compressor [11]. Further improvement of the cycle
is achieved by implementing a liquid ammonia refrigeration cycle before preheating the ammonia. Then,
premixing of hydrogen is employed for better combustion performance, with and without ammonia recirculation,
Fig 1, thus truly working as a trigeneration cycle that employs all benefits from the molecule. The novel part of

the two shaft Brayton GTC for liquid ammonia refrigeration cycle consists of a liquid ammonia pump, condenser,
expansion valve and evaporator.

Results and Discussions
Due to calibration limits, the fuel flow rate (70-30% ammonia-hydrogen blend) was restricted to 0.367 kg/s. Into
the combustion chamber a mass of 0.147 kg/s steam was injected. To maintain conditions for rich combustion
equivalence ratios (1.2) an air flow rate of 2.260 kg/s was maintained with 6.70 kg/s of air to decrease the
combustion products temperature to 1265K in the secondary combustion zone. Results from the first Brayton
cycle predict turbine inlet temperatures of 1265K and an output power of 1490 kWe. Outlet temperatures at the
first turbine exhaust are ~852 K. First Brayton cycle analyses showed that a basic humidified ammonia-hydrogen
Brayton cycle can produce total plant efficiencies of ~34%, which is highly competitive to the natural gas fueled
case with a maximum thermal efficiency of 36.45% [34]. Therefore, the second Brayton cycle (reversed Brayton
cycle) was analyzed with a second turbine inlet temperature of 852 K, delivering an additional 530 kWe. The
excess heat produced in the process after preparation of the fuel and steam was estimated at
~4970 kWth (i.e. for district heating and industry). The required power for the steam pump was set at 110 kWe.
In the trigeneration process liquid ammonia is preheated in two steps (by air before the compressor and by hot
nitrogen from the second compressor). The heat for ammonia preheating is obtained from the excess heat in the
cycle. After splitting the flow, additional heat needed for raising hydrogen’s temperature (i.e. from 288 to 588K)
was determined at 60kWth. After including all losses in the process, the efficiency of the two-shaft gas turbine
plant with steam recirculation, fuel preheating, air cooling at the compressor inlet and a refrigeration cycle with
liquid ammonia is estimated at ~60.48% without liquid ammonia recirculation in the refrigeration cycle, up to 2%
higher
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a
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Conclusions
A numerical and analytical analysis was performed to inspect the efficiency and potential to implement humidified
ammonia-based blends in a two-shaft gas turbine plant with steam recirculation, fuel preheating, air cooling and
a refrigeration cycle with liquid ammonia. The use of an RQL system demonstrated high performance in all cases,
with consumption of most reactive species and in some cases the production of NOx emissions ~80 ppm. Analyses
on the cycle depicted that the use of a two-shaft gas turbine system with recirculated steam, fuel preheating, cooled
inlet air and refrigeration cycle with liquid ammonia could deliver efficiencies ~61%. This is a competitive
efficiency to current fossil fuel-based cycles, having in mind that no CO2 emissions are produced, stranded
renewable energy is efficiently employed as backup power with minimum chemical reconversion (i.e. back to
100% hydrogen) and parallel streams (N2 and steam) are employed to support further heating applications, thus
increasing further the overall versatility of this cycle.
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Introduction
Ammonia is a promising future fuel due to its carbon-free nature [1]. Compared with hydrogen, ammonia can be
liquefied after pressurizing 10 atm at room temperature, which is very convenient for storage and transportation
[2]. However, ammonia has lower reactivity than most hydrocarbon fuels, which makes the ammonia challenging
to ignite and easy to blow out [3, 4]. The combustion of ammonia is also prone to producing a large amount of
harmful nitric oxide (NO) through the fuel NOx route [5]. Designing efficient and clean combustors fueled by
ammonia requires the development of strategies to minimize NO formation.
Swirl is essential to stabilize a flame in a high-velocity gas flow [6, 7]. Provided that the swirl number is large
enough, a central recirculation zone is formed to enhance mixing between fuel and air and provide a continuous
ignition source. Using a swirling ammonia flame is an effective approach to stabilize ammonia combustion in
practical combustors. In [8], the swirl number of a premixed methane-air swirl flame with 2.5 and 5% ammonia
additions was increased. They observed that NO formation was largest for the smaller swirl intensity.
This study further explores the effects of swirl intensity on NOx production in ammonia flames. Using a bespoke
single-stage swirl burner, we investigated the emission characteristics of ammonia-methane-air lean premixed
swirling flames at elevated pressure. Planar laser-induced fluorescence (PLIF) of NO and OH was used to examine
NO formation, which typically makes up ~90% of the NOx emission [9].

Experimental setup and methods
Experiments were conducted in the KAUST’s high pressure combustion duct (HPCD) [10]. Details of the swirl
burner and diagnostics are given in [11]. Briefly, a bespoke single-stage swirl burner was used to stabilize
premixed ammonia-methane-air swirling flames at an absolute pressure of 2 bar. The swirling flow was generated
by an adjustable axial swirler, and it is confined by a cylindrical quartz tube with an inner diameter of 71 mm. A
recently-designed [12] adjustable axial swirler was used to modify the swirl number precisely. Here, it was set to
either S = 0.6 or 1.0, which is distinct enough to observe stark differences and is high enough in both cases to
generate a central recirculation zone [13] to improve flame stability.
PLIF was used to image the spatial distributions of NO and OH inside the quartz tube. The NO-PLIF system
comprises an Nd:YAG laser (Continuum Powerlite DLS9010) pumping a tunable dye laser (Continuum
ND6000+UVT) to produce a UV laser at ~236 nm [14] with energy of ~1.5 mJ/pulse. The laser beam was
expanded to a vertically oriented 60-mm high and ~0.2-mm wide laser sheet. The NO-PLIF signal was collected
by a intensified CCD camera (Princeton PI-MAX4) equipped with a UV lens. The gate time was set to 200 ns to
suppress flame luminosity. A long-pass filter was used to collect fluorescence above 244 nm but suppress
scattered light. A total of 200 images were recorded at 10 Hz for each condition. The OH-LIF system comprises
a high-speed laser (Edgewave IS 2002L) pumping a tunable dye laser (Sirah Credo) to produce a laser at ~283 nm.
The output power was ~2.5 W. This laser beam was expanded to a 100-mm high and ~0.2-mm wide laser sheet.
The OH-PLIF signal was collected by an intensified high-speed CMOS camera (LaVision HighSpeedStar coupled
to HighSpeed IRO) equipped with a UV lens. The gate time was also set to 200 ns. A high-transmission bandpass filter centered at 310 nm (LaVision 1108760) was used to collect fluorescence. A total of 1000 images were
recorded at 10 kHz for each condition. NO- and OH-PLIF measurements were not conducted simultaneously.

Results and Discussions
Figure 1 shows the time-averaged NO- and OH-PLIF images over wide ranges of equivalence ratio 𝜙 and
ammonia fraction 𝛼𝑁𝐻3 for the measurement station closest to the nozzle. Across the board, trends of NO-LIF
intensity with 𝑆, 𝜙, and 𝛼𝑁𝐻3 match that of OH-PLIF. A positive correlation between NO- and OH-LIF intensities
is confirmed. As discussed in [11], NO is primarily formed via fuel NOx pathways, where OH radicals promote
the oxidation of NH and NH2 to form NO via an HNO intermediate route [15].

Fig. 1. Time-averaged NO- and OH- PLIF images near the nozzle for 𝑆 = 0.6 (left) and 𝑆 = 1.0 (right).
Figure 2(a) and (b) compare the integrated intensities of NO- and OH-PLIF. The NO-PLIF intensity increases
sharply in the main reaction zone (MRZ) and remains uniform immediately downstream of the reaction zone. It
does not change significantly with increasing distance above the nozzle. This is very different from the exponential
drop for OH-PLIF intensity due to OH super-equilibrium.

Fig. 2. Horizontally integrated PLIF intensities of (a) NO and (a) OH at different heights above the nozzle. (c)
Averaged NO-PLIF intensities in the plateau versus the sampled NO mole fraction at the exit.
In addition, we also investigated the relationship between the NO-PLIF plateau and the sampled NO mole fraction
by the Testo system [11]. A positive linear correlation between NO-PLIF plateau intensity and NO mole fraction
is observed in Fig. 2(c). The exhaust gas temperature downstream of the MRZ gradually decreases due to heat
loss as it flows toward the outlet, but the exhaust gas temperature does not significantly change the NO-PLIF
intensity at different heights in Fig. 2(b). Therefore, the NO-PLIF plateau can roughly estimate the NO
concentration in this burner.
Increasing 𝑆 from 0.6 to 1.0 reduces the NO-PLIF intensities in Fig. 1, especially for 𝜙 = 0.9 [11]. The reduction
is mainly accomplished in the MRZ. Furthermore, the same NO mole fraction in Fig. 2(c) corresponds to a lower
NO-PLIF intensity at larger 𝑆. This means that the exhaust temperature is lower at 𝑆 = 1.0 because the Boltzmann
population fraction of NO increases monotonically with increasing temperature. The increased heat loss due to
enhanced recirculation close to the nozzle is likely responsible for the lower flame temperature at larger 𝑆. The
lower temperature of the MRZ inhibits the formation of active OH radicals. Increasing 𝑆 thus exacerbates the
decreasing rate of OH concentration in Fig. 2(b). For 𝜙 = 0.9 and 𝛼𝑁𝐻3 = 100%, the peak OH-PLIF intensity at
𝑆 = 1.0 is five times lower than at 𝑆 = 0.6. This greatly suppress the formation of NO in the MRZ. The intense
heat loss in the MRZ of pure ammonia flame largely suppresses the reactions producing OH. Lower OH further
slows down chemical reactions, including fuel-type NOx pathways. The re-increase of OH at the outlet in Fig.
2(b) confirms that incomplete combustion also contributes to the significant reduction of reactive OH and NO
radicals at 𝜙 = 0.9 and 𝛼𝑁𝐻3 = 100%.

Conclusions
The emission characteristics of ammonia-methane-air premixed swirling flames with different swirl intensities
were studied using a single-stage swirl burner. NO/OH-PLIF indicated that the formation of NO was mainly
determined by the main reaction zone via the fuel-NOx pathway. The plateau of NO-PLIF intensity can be used
to roughly estimate the NO concentration in this burner, but the correlation depends on the swirl intensity. OHPLIF decreases exponentially downstream of the reaction zone due to OH super-equilibrium. By increasing the
swirl number from 0.6 to 1.0, the concentration of NO in exhaust gas was significantly reduced for 𝜙 = 0.90 and
𝛼𝑁𝐻3 > 80%. Based on the different NO-PLIF intensities at the same NO mole fraction, we inferred that the
increased heat loss near the nozzle at larger swirl intensities reduces the flame temperature in the main reaction
zone. The lower temperature of the reaction zone can explain the phenomenon of inhibited formation of OH
radicals and incomplete reaction under large 𝛼𝑁𝐻3 , ultimately resulting in low NO emissions.
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Introduction
In the UK, 4.4 million tonnes per annum of heating oil is consumed by small-medium industrial sites, equating to
14.1 Mt CO2/year emissions [1]. These sites are located off the gas grid and rely on trailer delivery with up to 15
days worth of back-up storage. Such plants like distilleries rely currently solely on propane as a fuel. The current
fuel must be replaced with a zero carbon fuel to meet the net zero target by 2050 [2]. Recently, ammonia and
hydrogen have received attention world-wide as potential zero-carbon alternative fuels. But the transition from
propane to ammonia/hydrogen blends must be gradual to maintain the productivity of these sites. In that regard,
propane/ammonia/hydrogen ternary blends are of interest to this investigation. Previous study by Mashruk et al.
[3] has examined stability maps of methane/ammonia/hydrogen ternary blends in an industrial scale swirl burner.
But no such study is currently available involving propane as a fuel. Thus, the current study focuses on
determining stability zones for different propane/ammonia/hydrogen turbulent swirling flames.

Materials and Methods
This work employed a newly designed stratified combustor at Cardiff University with both premixed and stratified
operability modes. The premixed tangential swirler with a geometric swirl number of S g = 1.05 was employed.
Fuel and air flows in the burner were supplied using dedicated Bronkhorst mass flow controllers (±0.5% within a
range of 15-95% mass flow). Ternary blends stability zones were obtained with a constant H2vol.% = 10 – 50%
(intervals of 10%). In addition, ammonia/propane and ammonia/hydrogen stability maps were also investigated.
Experiments were conducted at atmospheric pressure (1.1 bara) and inlet temperature (288 K) with a constant fuel
inlet thermal power of 10 kW. A Logitech C270 camera was used to monitor the flame stability at a distance of 5
m.

Results and Discussions
Initial operability maps using propane/ammonia binary fuels,
Fig. 1, showed a decrease in stability with ammonia addition.
The stable region remains somewhat constant up to 70vol.%
NH3 but further increase in ammonia flow reduces the stable
zone severely as ammonia chemistry becomes dominant. It
must be noted flashback was not observed in these binary
blends as the flame speeds were not high enough to force
flashback.
Figure 2 shows the stability map of propane/ammonia/10%
hydrogen blends. Up to 20vol.% ammonia, the stable zone
limits were similar to the binary propane/ammonia blends.
Fig. 1. Stability map of propane/ammonia flames.
But from 30-50vol.% ammonia, propane mole fraction
decreases by a certain margin to allow hydrogen chemistry becoming dominant and thus enhancing the stable
zone region. As ammonia mole fractions increases beyond 50%, ammonia chemistry takes over and stability zone
shrinks.

Fig. 2. Stability map of propane/ammonia/10%
hydrogen flames.

Fig. 4. Stability map of propane/ammonia/50%
hydrogen flames.
Based on the results and analysis of the operability
limits 12 blends, Table 1, were chosen for further
analysis. Experiments were carried out at four
equivalence ratios (0.6,0.8,1.0 and 1.2) for these blends.
Chemiluminescence (OH*, NH*, C2*, NH2*),
spectrometry (200 – 1050 nm range), temperature (5
locations [4]) and exhaust emissions measurements
(NO, NO2, N2O, NH3, CO, CO2, O2 and H2O) were
taken at each point to identify possible suitable blends
for decarbonization of this sector. These analyses will
be discussed in the extended manuscript.

Fig. 3. Stability map of propane/ammonia/30%
hydrogen flames.
Figures 3 and 4 show the ternary operability limits with
constant 30vol.% and 50vol.% H2, respectively. With XH2 ≥
0.3, flashback phenomenon is observed as the flame
speed increases substantially. For the 30vol.% hydrogen
flames, the stability zone only widens when propane
mole fraction drops below 30% and performs better
than 10vol.% H2 scenarios. Even though flashback was
only observed for 70/30vol.% NH3/H2 blend in Fig. 3,
flashbacks were observed for 50vol.% H2 cases in wider
cases (XNH3 ≥ 0.3). For these cases, XNH3 ≥ 0.3, wider
blow off limits were also observed due to high
hydrogen and low propane presence in the blends.
Table 1. Selected blends for further analysis

Conclusions
This work delivered the stability maps of premixed
C3H8/NH3/H2 ternary blends in an industrial scale swirl
burner. Increase of hydrogen mole fractions has
widened the operability limits, given that other two fuel mole fractions were in a certain range to allow hydrogen
to take over the flame chemistry. For XNH3 ≥ 0.7 and XH2 ≤ 0.2, ammonia chemistry becomes dominant and shrinks
the operability regions. Based on these results, 12 blends have been chosen for further detailed analyses and will
be reported in an extended manuscript. These results and analyses will identify the blends for decarbonization of
these industrial sites.
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Introduction
Ammonia – a carbon free fuel is being considered by various research groups and organizations as a potential
alternative fuel to tackle global warming issues of the 21st century. However, ammonia faces some challenges as
a fuel in terms of toxicity [1], excessive production of nitrogen oxides [2], low flame speed [3], lower energy
density [4] and corrosion [5] but most of these drawbacks can be tackled by the use of doping agents, such as
hydrogen and/or methane to improve combustion characteristics [6]–[9]. Previous studies [4], [10], [11] have
identified 70/30vol.% NH3/H2 blend as a potential alternative to premixed close-to-methane flames with the blend
exhibiting comparable flame speeds at lean conditions and wider stability region. Although a considerable number
of studies have been conducted to understand the flame and emissions characteristics of premixed
ammonia/hydrogen blends, data is limited for the stratified combustion of these blends. Recent experimental work
by Ichikawa et al. [12] investigated three-layer stratified C16H34/NH3/C16H34 injection in a constant volume
combustion chamber, and a numerical study by Tomidokoro et al. [13] investigated flame propagation and NO
reduction behavior of laminar stratified ammonia/air flames. Nevertheless, no studies have explored the effects
of stratification in ammonia/hydrogen flames. As a result, this study investigates the effects of H2 stratification in
premixed ammonia/hydrogen/air swirling flames in terms of combustion characteristics and emissions
performance.

Materials and Methods
This work employed a newly designed stratified combustion chamber at Cardiff University with both premixed
and stratified operability modes. The premixed tangential swirler with a geometric swirl number of S g = 1.05 was
employed. Fuel and air flows in the burner were supplied using dedicated Bronkhorst mass flow controllers
(±0.5% within a range of 15-95% mass flow). The supplied air was split into two streams – most of the air (stream
1) was premixed with the fuel supplied, while a small portion (stream 2) was injected directly through a central
injector with a swirling property. Supplied H2 had two entry points – one for premixing with air and ammonia,
another around the central injector to burn with the aid of the central air (stream 2). 70/30 vol.% NH3/H2 blend at
different percentages of H2 stratification (0-100%) and three different global equivalence ratios (0.8, 1.0 and 1.2)
was chosen for this study.
Experiments were conducted at atmospheric pressure (1.1 bara) and inlet temperature (288 K) with a constant fuel
inlet thermal power of 10 kW. A pair of LaVision CCD cameras were employed to obtain line-of-sight
chemiluminescence traces of various species. The units were triggered simultaneously at a frequency of 10 Hz
with constant gain. A range of optical (Edmund) filters were used for each species of interest, namely OH* (309
nm; A2Σ+–X2Π system) [14], NH* (336 nm; A3Π–X2 Σ- system) [14]–[17] and NH2* (630 nm; single peak of the
NH2 α band) [14], [18].
2-D NO-PLIF data was obtained by exciting NO species at 235.782 nm. A 10 Hz Nd:YAG laser (Continuum
PowerliteTM Precision II) operating at the third-harmonic (355 nm) was used to pump a dye laser (Sirah CobraStretch) operating on Coumarin 102 dye solution. The dye has a peak of 473 nm, which then doubled to produce
an output wavelength of ~236 nm. The offline signal was recorded at 235.803 nm and subtracted from the online
signal to minimise interference. Shot-to-shot variation was recorded using LaVision Davis 10 system and
corrected for the acquired data.
Temperature profiles were obtained via K and R type thermocouples feeding a data logger with a frequency of 1
Hz. Thermocouple data were taken for 120 s for each point and averaged. Exhaust emissions (NO, N2O, NO2,
NH3, O2 and H2O) were measured using a bespoke Emerson CT5100 Quantum Cascade Laser analyser at a
frequency of 1 Hz, a repeatability of ±1%, 0.999 linearity, and sampling temperature up to 190°C. A heated line
at 160°C was employed to avoid condensation and capture exhaust samples. Dilution methodology was introduced

by adding N2 in the sample using high precision
Bronkhorst EL-FLOW Prestige MFC. The N2 then
get heated up to 160°C by the system prior to mixing
with the exhaust samples.

Results and Discussions
Figure 1 shows the changes in radicals and NO
formation with increasing percentages of H2
stratification at stoichiometry (global ϕ = 1.0). Note
that the origin corresponds to the burner centreline.
Measured NH2* intensities were found to be
significantly higher than OH* and NH* intensities
across all flames, with NH* being the lowest among
the three species. The radicals and NO formations
concentrate towards the central axis as the H2
stratification increases from the central injector.
Also, OH*, NH* and NH2* intensity decreases and
concentrate closer to the burner exit with increasing
H2 stratification, which results in lower NO
productions in the flame zone. Earlier studies [19]–
[22] have identified HNO as the main intermediary
for NO productions with reactions NH + OH ↔
HNO + H and NH2 + O ↔ HNO + H as the main
contributors for HNO production. Similar to
previous studies [17], [23], [24], a positive
correlation assumption between ground state and
emitting species would indicate drop in these
radicals formation with increasing H2 stratification,
which will in turn reduce HNO production, thus
suppressing the NO formation. Temperature
measured at the burner nozzle with various
thermocouples also indicate drops in temperature
with increasing H2 stratification, which is in line with
temperature dependent.

Fig. 1. Abel transformed chemiluminescence (OH*,
NH* and NH2*) and NO-PLIF images with changing
H2 stratification at stoichiometry. Colourmap for the
chemiluminescence images are normalized to species
dataset max. Red dashed line in the top right NO-PLIF
image shows the laser sheet crossing the flame.
the measured OH* and NO intensity, as they are both

Figures 2 and 3 reports the measured NO and NO2 emissions at the exhaust. NH3 emissions were negligible up to
stoichiometry but beyond the measurement capability of the analyser at 1.2 ϕ, suggesting another equivalence
ratio for improved emissions (NH3 and NOx) maximized performance. N2O emissions will be discussed in detail
in the extended manuscript. Similar to NO-PLIF data, measured NO at the lean and stoichiometry conditions
display decreasing trends with increasing H2 stratification. However, NO2 data display an increase at 20%
stratification, followed by a decreasing trend. Even though, no NO2 readings were observed at stoichiometry, with
small amounts of NO2 being recorded at ϕ = 1.2. Further kinetic analyses are necessary to understand these trends.

Fig. 2. Sampled NO emissions with
changing H2 stratification and ϕ.

Fig. 3. Sampled NO2 emissions with
changing H2 stratification and ϕ.

Conclusions
Effects of hydrogen stratification in premixed ammonia/hydrogen/air flames were investigated for the first time.
The data shows a decrease in OH*, NH* and NH2* radicals productions with increase in H2 stratification, which
in turn reduces NO formation. Further chemical kinetics analyses are necessary to understand the reaction
pathways and identify the important reactions for flame stability and emissions performance.
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Introduction
Nowadays, researchers are focused on the low-emission use of alternative fuels in terms of reducing the carbon
footprint. Ammonia as a hydrogen carrier reduces CO 2 pollution, however, high NO emissions still have to be
faced at the outlet, especially for lean flames which are the most common in use [1,2]. Synthetic fuels obtained
from gasification and pyrolysis processes may already contain CO 2, alongside CO and H2 [3,4], which affects the
co-combustion of ammonia. Moreover, ammonia-added flames show high sensitivity to temperature changes
[5,6]. Intensification of a heat transfer affects NO and CO emissions due to fluctuations in temperature and local
OH and H concentrations [7], so these issues need to be addressed to achieve reasonable accuracy for numerical
modeling of flames with ammonia in the fuel.

Materials and Methods
Lean premixed jet flames were investigated with an addition of ammonia to the fuel. Measurements and
calculations were carried out for 6% oxygen in the flue gases. Preheating of the combustion mixture to 473 K was
applied to both stabilize the flame and to avoid an ammonia slip with the flue gases. Four types of base fuel were
used during the tests, which represented natural gas, biogas, syngas and coke-oven gas. Moreover, four levels of
ammonia in the fuels were tested - 0%, 2.5%, 5% and 10%. The fuel composition was completed with methane,
while H2, CO and CO2 shares were fixed on values presented in Table 1.
Table 1. An overview of the test specifications using 10% share of ammonia in the fuel as an example.
Fuel

Name

Share in the fuel by vol. [%]
H2 CO
CO2
CH4
NH3
0
0
0
90
10
0
0
30
60
10
40
20
20
10
10
50
10
0
30
10

LHV
Power
3
[MJ/Nm ] [kW]
33.59
27.53
22.87
26.36
11.84
25.98
18.81
27.21

NH3 flow NOt max
[Nm3/h] [ppm]
0.30
8397
0.41
11753
0.82
24145
0.52
15852

Natural gas
NGA
Biogas
BIO
Syngas
SYN
Coke-oven gas COG
Experimental setup
The experimental test rig was composed of a fuel-air nozzle with a fixed diameter of 25mm and an inner quartz
glass tube with a diameter of 75mm. An outer ceramic chamber provided insulation and exhaust. Burner firing
rate has been adjusted to provide a constant outlet velocity from the burner nozzle, equal to 40 m/s. A volume
flow of the mixture was controlled and set to 0.0113 Nm3/s (40.7 Nm3/h). A conversion factor (CF) [8] of NH3
to NO was introduced to compare emissions for the selected fuels. Maximum theoretical emissions in the dry
flue gases were calculated assuming complete ammonia oxidation to NO. The fuels had different heating values,
so the actual ammonia flux delivered with the mixture for presented assumptions ranged from 0.3 to 0.82
Nm3/h, which resulted in significant discrepancies in terms of potential NO emissions.
Numerical calculations
Complementary numerical calculations were carried out using a reactor network and selected kinetic reaction
mechanisms. The final calculation results were presented for the seven mechanisms as follows: Xiao [9], Creck
[10,11], Li [12], Tian [13], UC San Diego [14], Okafor [15] and GRI-Mech 3.0 [16]. Particular attention was paid
to aspects of heat transfer between the glass inner chamber and the ambient ceramic outer chamber with measured
wall temperature. Values for an overall heat transfer coefficient (U [Wm-2K-1]) and a residence time were
determined from auxiliary CFD calculations.

Results and Discussions
Figure 1 presents the experimental combustion chamber. There were no flame stability issues for all the fuels
tested, as indicated by the UV detector. During the tests, NO emissions increased significantly for each of the
fuels tested as the share of ammonia in the fuel was progressively doubled. The results are shown in Fig 2.

Fig 1. A view of the
combustion chamber

Fig 2. Experimental NO emissions and calculated NH3 to NO conversion
factor as functions of the fuel ammonia share

Medium- and high-calorific fuels (NGA, BIO and COG) showed an increase in NO values similar to a logarithmic
trend. For syngas (SYN), however, a linear growth was conserved and the highest absolute emission of 5070 ppm
was obtained. The amount of NO in the flue gases did not reflect directly on the conversion factor, the lowest
values in the order of 20% were obtained for SYN and BIO with 10% NH3. The data were compared to the
numerical outcome. The reactor network model was developed on the basis of the initial data and measurements
of the ceramic chamber wall temperatures. The total heat transfer coefficients ranging from 0 to 45 Wm-2K-1 were
analyzed, the results are presented in Fig 3.

Fig 3. A comparison of experimental and numerical results for the selected mechanisms and fuels using the
reactor network
The share of NO in the flue gases was overestimated by half for the adiabatic conditions. The closest match to the
experimental data was between 30 and 40 Wm-2K-1, while complementary CFD results provided 32 Wm-2K-1, so
this exact value was used for further calculations. The differences between the curves were not extensive,
excluding GRI-Mech 3.0 for all cases above 5% of NH3 in the fuel. Its bad performance for higher levels of
ammonia has been previously confirmed by [15]. The best overall agreement was obtained using the Okafor,
San Diego, Tian and Creck mechanisms, which was in correspondence with the test results obtained by Colson et
al. [17] for premixed counterflow flames.

Conclusions
Among the fuels tested, the highest absolute emissions for SYN were accompanied by the lowest conversion of
ammonia to NO. CF ranged from 20 to 28% for 10% share of ammonia in the fuels. Improved determination of
heat transfer conditions has resulted in increased accuracy of the emission modeling even for simplified reactorbased models. The best quantitative agreement was obtained using the Creck mechanism, however, Okafor and
San Diego were selected for further detailed flow calculations because of their relatively low computational cost.
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