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Abstract  

In order to cope with the emission regulations and meet with the zero carbon 
policy requirements, ammonia (NH3), as a carbon-free fuel, has a widely potential 
application for internal combustion engines. Due to the physical and chemical 
properties of ammonia, which lead to the issues of combustion instability and high 
emissions, the lower combustion efficiency and higher emission are the main 
challenges for ammonia as a fuel in application. The fundamental combustion 
experiment is an indispensable method to investigate combustion characteristics 
of ammonia. In this work, based on the Controllable Active Thermo-Atmosphere 
experimental platform, the experimental researches of ammonia and ammonia 
blending fuels have been explored in different addition ratios, co-flow 
temperatures, co-flow velocities, equivalence ratios and injection pressures. 
Furthermore, a pollutant generation simulation prediction has been used to reveal 
the emissions production mechanism at a high-temperature and high-background 
pressure condition, using the detailed chemical reaction kinetic mechanism. 

Firstly, auto-ignition characteristics of turbulence jet flame of pure ammonia 
at a high temperature, based on Controllable Active Thermo-Atmosphere burner, 
have been investigated. The overall color of ammonia jet diffusion flames is 
orange. With jet pressure increases from 1.3 bar to 2.5 bar, lowest auto-ignition 
temperature increases from 1128 K to 1218 K. The ammonia jet flow cannot reach 
min auto-ignition temperature because a higher jet velocity reduces the mixing 
time between the jet flow and the co-flow. Flame morphology parameters 
including length, area and perimeter increase with co-flow temperature increases, 
while first increase then decrease when the injection pressure increases. If 
injection pressure beyond 2.2 bar, ammonia combustion is incomplete, which lead 
to a decline of flame morphology parameters. Once the co-flow temperature 
beyond the critical temperature (1198 K), slope of ignition delay and lifted height 



 

 
 

decrease because the effect of co-flow temperature on ignition delay and lifted 
height dramatically reduces. Lifted height data are satisfactorily fitted by a 
modified mixing-strain model, showing that ammonia auto-ignition is controlled 
by the large-scale mixing. With increasing in co-flow temperature from 1148 K to 
1223 K, standard deviation of lifted height shows a 90% decline which means 
combustion stability of ammonia increases significantly. A standard deviation of 
lifted height below 2 indicates a stable flame. 

Second, three different flame enhancement methods (ammonia-hydrogen, 
ammonia-methane and ammonia-oxygen) have been investigated. Compared to 
pure ammonia, both ammonia-hydrogen and ammonia-methane flames have a 
higher flame brightness and a large flame area. Flame morphology parameters of 
ammonia-hydrogen increase tendency become slowly when hydrogen ratio 
beyond 10%. The 20% hydrogen is an optimal ratio for combustion stability of 
ammonia-hydrogen blending fuels because standard deviation declines tendency 
decreases. With co-flow temperature increases, ignition delay and lifted height of 
two blending fuels show a downward trend, and both are lower than that of pure 
ammonia combustion. Hydrogen has a stronger flame enhancement ability than 
methane which shows a max 46% decreases to ignition delay. Adding 20% 
hydrogen or 8% methane into ammonia can decrease 175 K or 50 K of minimum 
auto-ignition temperature compared to pure ammonia respectively. The brightness 
of ammonia-oxygen flame is brighter than that of pure ammonia, which represents 
that chemical reaction of combustion is more violent. With excess oxygen 
coefficient (Ro) increases, the ignition delay first decreases then increases. The 
ignition delay of ammonia-oxygen has a 30% to 39% decline than the pure 
ammonia at same co-flow temperatures. 

Finally, the auto-ignition and emission characteristics of ammonia, ammonia-
hydrogen, ammonia-methane and ammonia-oxygen blending fuels at different 
temperatures have been investigated by CHEMKIN simulation. As the 
temperature increases, the NO, NO2 and N2O, all increase. NO is the main 
combustion pollutant under high temperature conditions. For ammonia-hydrogen 
blending fuels, with the increase of temperature and hydrogen ratio, NOx 
increases. The N2O has an obvious increment at the auto-ignition boundary. 
Compared to the pure ammonia, ammonia disassociation blending fuel has a 
lower N2O emission at auto-ignition boundary. The NOx of ammonia/10% 
methane blending fuel is higher than that of pure ammonia. The NO and CO2 
show a competition under higher temperatures. When temperature beyond 1400 K, 
the NO will be main pollutant. 
Key words: Ammonia, Auto-ignition, Turbulent flame, NOx pollutant.  
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Chapter 1 

Introduction  

1.1 Global carbon policy 

In September 2020, China government proposed peaking CO2 emissions 
before 2030 and achieving "carbon neutrality" by 2060 at the 75th session of the 
United Nations General Assembly [1]. In December 2020, China further 
announced that CO2 emissions would be reduced by 65% by 2030 [2]. On July 16, 
2021, China launched national carbon market, which included the transportation 
industry in China's carbon trading scheme [3]. These political and economic 
policies demonstrate the Chinese government's determination to achieve "carbon 
neutrality" and provide a strong foundation for developing zero-carbon 
technologies in China. The main driver behind these radical policies is China's 
heavy fossil fuel dependence and severe carbon emissions. By the end of 2020, 
crude oil import dependence had reached 73% and natural gas import dependence 
was over 40% in China. This high external dependence has become an important 
challenge for China's energy transition. Developing carbon-neutral alternative 
fuels is an important way to reduce energy dependence, which can help promote a 
decline in national gasoline and diesel consumption. In order to address energy 
challenges, using carbon-neutral alternative fuels has great potential to reduce 
CO2 emissions and conserve fossil fuels. 

Meanwhile, Europe is striving to be the first climate-neutral continent in the 
world. A priority objective for the EU is to drastically reduce CO2 emissions from 
passenger cars and vans by imposing reductions of 55% for passenger cars and 
50% for vans by 2030 [4,5]. The EU also plans that from 2035 all new vehicles 
will have net-zero emissions to achieve neutrality in carbon emissions as already 
set for 2050 [6-8]. To this end, among other measures, the aim is to promote 
growth in the market for vehicles with zero or very low emissions. Strict emission 
standards are also an important driver to develop zero-carbon fuels. On November 
10, 2022, the European Commission put forward a new road vehicle emission 
standard framework proposal, EU7 (COM_202/586). This proposal aims to ensure 
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that EU7 regulations are ahead of major global markets such as the US and China 
to maintain a competitive advantage. On December 18, 2023, the European 
Parliament and the Council of the European Union reached a provisional 
agreement on the EU7 emission regulation, determining important technical 
requirements and implementation dates. As the European Union has basically 
established its carbon emission reduction regulatory path (EU2023/851), it will 
completely phase out vehicles powered by fossil fuels by 2035, so the period for 
the actual implementation of EU7 will be extremely limited. This also shows 
major challenges for car manufacturers worldwide in terms of planning, 
designing, developing and producing with low carbon emission. New zero-carbon 
vehicles need to be developed. 

Electric vehicles are an important technology for reducing carbon emissions. 
However, electric vehicles also face many challenges. Issues like high prices, 
lithium mineral extraction and recycle, and distributing electricity to fuel cell 
vehicles limit the widespread adoption of batteries and fuel cells [9-11]. The lack 
of hydrogen fuel infrastructure for fuel cell vehicles also poses barriers. Given the 
infrastructure gaps, immature market, high battery costs, and urgent need to meet 
emission regulations, transitioning entirely to electric vehicles within a short 
timeframe will be difficult. Thus, developing alternative zero-carbon fuels for 
internal combustion engines is potential to help reduce CO2 emissions in 
transportation industry. 

1.2  Global ammonia fuel policy and application 

Hydrogen (H2) energy is one of the most promising clean energy sources due 
to hydrogen's excellent properties like its high heating value, non-carbon 
emissions, and abundant resources. However, hydrogen's low liquefaction 
temperature and high storage cost have hindered its widespread application. As a 
result, many researchers are focusing on hydrogen storage and transformation 
technologies. In fact, liquefaction temperature of ammonia (NH3) is much higher 
than hydrogen, offering the potential for lower storage pressures. Lower storage 
pressures can significantly reduce storage and transportation costs, which are 
about 10 times lower than for hydrogen [12]. 

From the perspective of ammonia preparation, the Haber-Bosch method is 
currently the only large-scale ammonia synthesis method, which consumes about 
1% to 2% of the world's energy, and 5% of natural gas, accounting for 1.6% of 
global CO2 emissions [13]. According to the source of hydrogen, ammonia can be 
divided into brown ammonia, blue ammonia and green ammonia. Brown 
ammonia refers to ammonia products that obtain raw hydrogen from methane 
reforming (SMR), heavy fuel oil hydrogen production, coal hydrogen production 
and other processes [14]. Blue ammonia refers to ammonia products that obtain 
ammonia from by-product hydrogen, SMR with carbon capture, electrified SMR. 
Green ammonia refers to electrolytic hydrogen production, biomass hydrogen 
production with carbon capture and other processes to obtain hydrogen or 
ammonia products, green ammonia is classified as basically zero carbon 
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emissions of ammonia [15]. Moreover, the industrial production and application 
of ammonia had a history of more than 100 years, and it has matured application 
infrastructure such as storage and transportation. Based on the energy properties 
of liquid ammonia and the existing application infrastructure, liquid ammonia has 
great potential as a hydrogen carrier. In terms of energy consumption, the energy 
consumption of synthetic ammonia is equal to that of hydrogen liquefaction. From 
the perspective of storage and transportation, liquid ammonia storage and 
transportation is more convenient. On the one hand, the transportation regulations 
of ammonia are systemic. On the other hand, the cost of ammonia storage and 
transportation is lower compared to liquid hydrogen. 

In recent years, China has paid increasing attention to ammonia development 
and application. Storage capability of ammonia, as a new energy source, have led 
to a further exploration. Ammonia has transitioned from a fertilizer and chemical 
raw material into a novel "zero carbon" energy carrier. Many companies are now 
focusing on ammonia's application, as shown in table 1.1 highlighting main 
ammonia power and engine projects in China. 

Table 1.1: The application project of ammonia in China 

Date Organization or 
Enterprise 

Project 

Jan 2022 CHN Energy 
Investment Group 

Combustion technology of ammonia-coal 

April 2022 State Power 
Investment 
Corporation 

Limited  

Research on ammonia energy gas turbine 
technology 

Dec 2021 Foshan Xianhu 
laboratory 

Research on ammonia- natural gas mixed 
combustion, ammonia-hydrogen zero 

carbon and zero carbon pure combustion 
Dec 2019 China State 

Shipbuilding 
Design of tons class ammonia fuel ship 

Dec 2021 Jiangnan Shipyard Green ammonia ship 

Aug 2022 Fuzhou university Ammonia-hydrogen station 
 

In order to cope with the increasingly stringent emission regulations of the 
internal combustion engines and meet with the zero carbon policy requirements, 
the traditional internal combustion engine industry has an urgency to develop new 
clean energies. The ammonia-hydrogen combustion technology that using 
hydrogen to ignite the ammonia has been proposed. Tongji university, cooperated 
with Tsinghua university, proposed ammonia-hydrogen fused fuel can be used to 
reduce the carbon emission. Furthermore, Tongji university establish the 
ammonia-hydrogen engine test platform and begin to investigate the ammonia 
emission control strategy in cylinder. In Asia, Japan is the first country to realize 
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the ammonia potential as a hydrogen carrier. A ‘green ammonia’ strategy has 
been designed by Japan Science and Technology Agency (JST) to improve the 
leading position in chemicals production and energy application [16]. IHI 
(Ishikawajima-Harima Heavy Industries) has developed a low NOx burner for 
ammonia-methane mixture combustion in medium power generators. The 
company has successfully developed a 2 MW class gas turbine with an ammonia 
mixture combustion ratio of 20% [17]. Mitsubishi Heavy Industries Engineering 
and Mitsubishi Hitachi Electric Power Systems aim to develop an ammonia 
supply system for gas turbines [18]. The Japan Institute of Industrial Technology 
(AIST) has successfully realized the ammonia/air combustion using a 50 KW 
micro-gas turbine system [19]. In this system gaseous ammonia fuel and diffusive 
combustion had been used in the combustion chamber to enhance flame stability. 
The ammonia/air gas turbine had a combustion efficiency of 89%-96% at 80,000 
rpm. The emissions of NO and unburned NH3 depend on the burner inlet 
temperature. Selective non-catalytic reduction (SNCR) can be used between 
unburned NH3 with NO to reduce emissions [19]. The results of the NH3/CH4/air 
combustion test showed that an increase in the NH3 fuel proportion significantly 
increases NO emission [19]. South Korea Energy Research Institute predicted: 
between 2030 and 2050, the total demand for ammonia in South Korea will 
increase from 21 million tons to 75 million tons. 80% will be used as a carrier of 
hydrogen energy, and 20% ammonia will be used as a zero-carbon fuel in power 
generation and transportation [20]. Korean researchers successfully tested a 
passenger car with 70% ammonia/30% gasoline. This fuel substitution ratio 
reduces carbon emissions by about 70% compared to pure gasoline. Because 
ammonia is corrosive to materials including copper, zinc and their alloys, the team 
also conducted a series of tests to determine which components needed to be 
upgraded during the fuel conversion process [21].    

America has been pioneering ammonia energy application. In the 1960s, 
America began developing long-distance pipeline transportation of liquid 
ammonia, with two lines still in operation today-the longest stretches over 1900 
miles [22]. Based on the advanced ammonia transportation, companies pay 
attachment to use ammonia into heavy-duty car. Moreover, A 2008 US patent 
proposed a 90% ammonia engine system [23]. Recently, Amogy has invested $46 
million to accelerate the commercialization of its ammonia-powered technology 
in heavy transportation. Amogy's scalable ammonia-powered zero-emission 
energy systems have already been successful in heavy-duty tractors. Due to the 
high requirement of agricultural machinery in America, a diesel-ammonia dual 
fuel heavy-duty farm tractor had been designed [24]. An ammonia recycles in 
farm is a potential energy cycle method to enhance the energy efficiency. 

Europe leads the research and development of ammonia fuel Marine engines. 
Man and Wartsila are both involved in the development of ammonia fuel engines 
[25,26]. Since 2019, Man has been working on developing a two-stroke ammonia 
engine by using diesel principles. These dual-fuel system is scheduled to be 
available until 2024. Compared to automobile, the advantage is that no space 
limitation to assemble an after-treatment system to reduce NOx emission in a ship. 
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Wartsila [27] mainly conducts research in the field of medium and high-speed 
machines, and expects to launch ammonia hybrid fuel engines with a ratio of up to 
70% ammonia, and to launch pure ammonia fuel engines. The International 
Maritime Organization (IMO) has set ambitious targets for reducing greenhouse 
gas emissions. Overall greenhouse gas emissions should fall by at least 50% and 
CO2 emissions by at least 70% by 2050, so at least 15% of long-haul ships should 
be powered by ammonia or hydrogen by 2050 [28]. Deutsche Rail and Fortescue 
Future Industries partnered to modify diesel locomotives to use ammonia and 
hydrogen fuels. A small onboard ammonia dissociation unit produces the 
hydrogen needed for combustion [29]. The Netherlands envisages a transnational 
market for ammonia and hydrogen and a renewable energy supply network, with 
storage of excess hydrogen produced by wind power. Ammonia is an important 
storage and transport carrier, and the network will include Belgium and Germany 
[30]. 

1.3 Introduction of ammonia fuel internal combustion 
engines  

The investigation into ammonia combustion's application potential has a 
lengthy history dating back to 1809, when the first officially documented 
flammability testing of NH3 limits in oxygen was published [31]. Thirteen years 
later, a design was proposed for using ammonia as fuel to power small vehicles, 
which led to limited application of this fuel in internal combustion engine vehicles 
in Europe from 1905 to 1942 [32]. The main purpose at that time was utilizing 
ammonia as a civilian alternative fuel to address the problem of diesel shortages 
during wartime. 

Following the end of the war, due to the limitations of ammonia fuel 
application technology at the time as well as advances in gasoline and diesel 
vehicle technology, ammonia fuel vehicles gradually faded from focus. It was not 
until the 1960s that the United States undertook extensive research into the 
feasibility of NH3 combustion within military equipment such as gas turbines, 
compression ignition engines, and spark ignition engines. Considering its high-
octane number of over 130 [33], ammonia was considered a potential alternative 
fuel option for spark ignition engines [34]. Both laboratory tests and engine tests 
showed that compared to hydrocarbon fuels, utilizing NH3 in combustion systems 
had disadvantages including lower mass calorific value, lower combustion speed, 
higher ignition energy, a narrow flammable range, higher autoignition 
temperature, lower adiabatic flame temperature, longer ignition delay and slower 
chemical reaction kinetics. Ultimately these factors resulted in inferior 
performance in terms of power and efficiency when used under similar conditions 
as hydrocarbon fuels. 

In addition, the toxicity of NH3 poses non-negligible impacts on human health. 
The corrosive nature of ammonia can also corrode materials like copper, brass, 
bronze, zinc alloys and plastics. Due to ammonia contains nitrogen, its 
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combustion also significantly increases the potential for nitric oxide production. 
Therefore, conventional combustion systems require retrofitting or redesigning to 
enable the reliable, safe and clean application of pure NH3. Given the 
characteristics of ammonia as a fuel, in order to utilize it within internal 
combustion engines, many researchers have explored mixing ammonia gas with 
other fuels to investigate the application of ammonia. 

1.3.1 Pure ammonia spark internal combustion engines 

The stoichiometric air-fuel ratio of ammonia is approximately 6, compared to 
14.3 for diesel and 14.7 for gasoline. This means more ammonia is required in the 
same amount of air. As a result, injecting a larger quantity of ammonia is needed 
to attain a similar energy density to gasoline and diesel [35]. However, the lower 
combustion performance of pure ammonia means engine performance may 
decrease due to the increased ammonia injection. 

Starkman investigated pure ammonia as a fuel in spark internal combustion 
(SI) engines [36]. The power output is reduced by 12-14% compared to the power 
output using iso-octane and the fuel consumption of ammonia is high. Loullier [37] 
determined that SI engines using pure ammonia show a higher indicated mean 
effective pressure (IMEP) than SI engines using methane. But the max NOx 
emission reach to 8000 ppmv, far surpassing gasoline levels. An amount of NH3 
emissions (8000 ppmv) was measured in the exhaust gas [37], which indicates 
that ammonia escape is another potential risk for ammonia engines due to its 
corrosive and toxic. Given ammonia's high octane and antiknock potential, 
Mounaim [38] studied the performance of spark-assisted compression ignition 
single-cylinder engines with a higher compression ratio (CR=14-17). The results 
show that pure ammonia can be used over a wide operating range and showed a 
good potential compared with a current single cylinder SI engine. 

In summary, pure ammonia engines still face challenges in internal 
combustion engines directly: lower power, higher emissions and narrow 
combustion conditions. Pure ammonia engines need much more modifications to 
match hydrocarbon fuelled engine performance. The available method is that 
ammonia need a pilot flame to ignite ammonia or dual-fuel combustion. So, liquid 
hydrocarbon fuels (gasoline/diesel), recycle fuels (methanol/ethanol/dimethyl 
ether), gas fuels (methane/natural gas) or zero carbon fuels (hydrogen). 

1.3.2 Ammonia-hydrogen spark internal combustion engines 

Injecting ammonia or hydrogen separately from the intake manifold is a 
reasonable strategy for SI engines. As early as 2013, Frigo [39] design an electric 
fuel injection system which inject the gaseous ammonia and hydrogen using two 
injectors. The experimental results show that the engine performance is lower than 
initial 4-stroke gasoline engine and the max nitric oxide (NOx) reach to 1700 ppm. 
The ammonia-hydrogen mixture ratio and injection reliability need to solve. After 
further ammonia-hydrogen engines research by Mørch [40], the experiment 



1.3 Introduction of ammonia fuel internal combustion engines 7 

 
 

results showed that mixing ammonia with 5% hydrogen still has a good power 
performance. Increasing the hydrogen content to 10vol%, the engine thermal 
efficiency increased by 0.5% compared with the pure gasoline engine. However, 
when the hydrogen content was increased to 20%, NOx emissions of 750 ppm 
were generated, indicating the need for SCR on the exhaust under these conditions. 
Rousselle tested a GDI PSA engine (compression ratio 10.5:1) in 2021 [41] and 
the engine operated stably under majority conditions with 10% hydrogen and 90% 
ammonia. Thus, adding proper amount of hydrogen into ammonia can reduce the 
shortages of ammonia and enhance the combustion performance. But due to the 
hydrogen increases, the emission has an obvious change. With the hydrogen ratio 
increases, the thermal NOx production increases due to flame temperature 
increases. Dinesh [42] found when the hydrogen is close to 20%, the engine has a 
balance power and emission performance. 

A non-negligible problem with using ammonia mixed with hydrogen as fuel 
in vehicles is the need to install ammonia storage tanks and hydrogen storage 
tanks, which increase a lot of space and cost in fuel system. In order to solve the 
lower combustion performance of ammonia and the high storage cost of hydrogen, 
the ammonia dissociation technology is a potential method in ammonia engine. 
The ammonia dissociation means the ammonia can be dissociated to hydrogen 
and nitrogen in high temperature w/wo catalyst. The chemical function is: 
2NH3=>3H2+N2. Therefore, some scholars considered partial cracking of 
ammonia to obtain hydrogen, and the combustion enhancement effects of partial 
dissociation gas (NH3/H2/N2) were basically the same as hydrogen addition [43]. 
Gill [44] injected ammonia cracked gas into the intake port of a direct injection 
single-cylinder diesel engine, and studied its combustion and emission 
characteristics. The experimental results showed that the mixed gas after ammonia 
dissociation can be used as an alternative fuel for diesel engine. A Hydrogen 
Generation System (HGS) of ammonia was successfully developed and coupled to 
an ICE fuelled with ammonia by Comotti [45]. The main component of the HGS 
is a cracking reactor housing a ruthenium-based catalyst. This system can use the 
combusted gases exhausted by the engines as a thermal source. Beside the 
cracking reactor, an integrated system was designed and realized, in order to allow 
system cold-start and increase overall efficiency during steady state operations. 
Ryu [46] developed an ammonia cracking device in the engine exhaust manifold. 
The cracking device is heated according to the exhaust gas temperature. The 
experimental results showed that the hydrogen produced by partial ammonia 
cracking can improve engine performance and reduce exhaust emissions. The 
ammonia cracking dissociation rate is affected by the ammonia flow rate, and the 
effect is better when the ammonia flow rate is low, which can increase the engine 
output power and reduce the fuel consumption to a certain extent. Furthermore, 
only 5% dissociation ratio can improve the combustion stability and efficiency by 
a single cylinder spark-ignited engines experimental test and about 1% of 
unburned NH3 was found in the exhaust [47]. Adding hydrogen can reduce NH3 
emissions and enhance combustion, while worsen NOx emissions. Mercier [48] 
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studied the effects of ammonia-hydrogen blending fuel with different cracking 
rates on the performance and emission characteristics of a single-cylinder spark 
ignition engine. Experiments were carried out under different equivalence ratio, 
cracking rate and loading conditions. The results showed that: even with a small 
amount of nitrogen in the mixture, ammonia dissociation technology can improve 
combustion stability and extend the engine's operating range at low loads. When 
the ammonia cracking rate reaches 10%, the stability of fuel combustion can be 
significantly improved; however, in terms of emissions, when the cracking rate 
reaches 15%, the N2O produced by combustion will increase exponentially. As 
dissociation increases combustion efficiency, it reduces unburned ammonia 
emissions, but the hydrogen emissions increase with disassociation ratio increases. 
Although the hydrogen content in the exhaust emissions is still less than 2%, the 
potential impact of hydrogen on global greenhouse effect is not be ignored. The 
N2O emission must be considered because when the dissociation ratio is 15%, it 
reaches to the double value (60 ppm), which is equal to 1.5% of CO2. The best 
equivalent ratio to run the engine is rich fuel condition, because NOx emission 
decline, but unburned ammonia can be captured by the after-treatment system. 
The hydrogen produced by dissociation contains a large amount of nitrogen, 
which hinder flame propagation. In addition, the ammonia dissociation device 
needs to operate at about 700℃ [49], so the temperature of the hydrogen produced 
is usually high and needs to be cooled to allow the injector to function properly. 
The pressure of the decomposing gas decreases after cooling, which may 
negatively affect the mixed gas injection system. Therefore, the combustion 
characteristics of ammonia cracking gas need to be further investigated. 

In summary, utilizing ammonia as the primary fuel in internal combustion 
engines presents several challenges. These include the difficulty in igniting pure 
ammonia, and a slow combustion speed. To overcome these obstacles, many 
researchers are investigating advanced methods such as mixing ammonia with 
hydrogen and partially cracking ammonia to enhance its potential use in internal 
combustion engines. Controlling in-cylinder combustion is indispensable and 
significant for the efficient operation of these engines. 

1.3.3 Ammonia compression ignition internal combustion 
engines 

The researches on compression ignition (CI) engines are less extensive than 
spark ignition (SI) engines. A successful compression ignition of CI engine has 
been obtained in high CR (35:1). Auxiliary devices such as glow plugs, glow coils, 
and heating jackets can be used to achieve stable combustion with a lower CR 
(<30) [50]. Consequently, dual-fuel engines play a critical role in the 
advancement of ammonia-fuelled CI engines. Diesel remains the preferred fuel 
for ammonia CI engines, serving either as a pilot flame or the primary fuel in 
diesel-ammonia dual-fuel engines. Based on ammonia-diesel high-pressure 
injection dual-fuel (HPDF) mode, the ammonia high-pressure spray model was 
established. The results showed that the maximum ammonia ratio is close to 80%, 
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based on low pressure injection dual fuel (LPDF) mode, further increasing the 
diesel substitution rate will increase the misfire probability. While the diesel 
substitution rate may achieve 97% under the high-pressure injection dual fuel 
(HPDF) mode. Compared with pure diesel mode, HPDF mode has similar thermal 
efficiency, cooling and exhaust losses, while it can significantly reduce equivalent 
CO with little increase in ammonia emissions. A CI diesel engine had been used 
to investigate diesel-ammonia combustion and emission performance [52]. In 
order to ignite ammonia, ammonia was injected into the intake manifold and 
diesel or bio-diesel was injected into the cylinder directly. The advantage of this 
solution is that it does not need to redesign the intake system. The experimental 
results showed that under certain load conditions, adding more ammonia, can 
exceed the rated power [52]. When the percentage of ammonia gas does not 
exceed 60%, NOx emissions will not increase significantly. Zehra [53] 
investigated emission characteristics using ammonia and diesel on a small diesel 
engine. The experiment found that injecting ammonia into the intake manifold 
will improve the effective efficiency of the engine at 2200, 2600 and 3000 rpm. 
But the emissions of NOx, CO and HC also increased with the addition of 
ammonia. Adding 11% of ammonia lead to an increase of 23% in NOx emissions. 
At the 2600 rpm, although the growth rate of CO2 decreased, the emissions of CO, 
HC and NOx all increased. Ebrahim Nadimi [54] explored the combustion and 
emissions performance of pure ammonia and ammonia/diesel dual-fuel CI engines. 
Ammonia can provide 84.2% of the input energy, while improving thermal 
efficiency (ITE) by increasing diesel substitution. Increasing the ammonia energy 
share shifted the combustion mode from pure diesel diffusion combustion to 
combustion in dual-fuel mode. While ammonia significantly reduced CO2 and 
particulate matter emissions, it also increased NO emissions and unburned 
ammonia (14,800 ppm). Ammonia can be used instead of diesel to reduce 
greenhouse gas emissions. The critical ammonia ratio is 35.9% to make a balance 
to NO and CO2 emission.  

Solubility of ammonia in ethanol and methanol offers new dual-fuel 
possibilities, with dimethyl ether (DME) being another potential for ignition in CI 
engines [55-59]. Christopher [60] studied combustion and emission characteristics 
of ammonia and dimethyl ether on a CI engine, which dimethyl ether was used for 
ignition. Studies indicate that high auto-ignition temperature and low flame speed 
extend ignition delay of ammonia, limiting engine load. The addition of ammonia 
to the fuel also reduces combustion temperature, resulting in higher CO and HC 
emissions. However, raising the injection pressure above 30 bar can mitigate these 
effects. 

In summary, utilizing ammonia as a primary fuel in internal combustion 
engines presents several practical challenges, including higher ignition 
temperatures, slower flame speed, unstable combustion, and higher combustion 
pollutants. Therefore, enhancing the combustion efficiency with lower emission 
of ammonia or ammonia blending fuel is a critical issue. Due to the difficulty of 
observing and recording combustion in internal combustion engines, researchers 
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have proposed various methods to improve the combustion activity of ammonia or 
mixture fuels, using fundamental combustion devices. Understanding the 
fundamental combustion characteristics of ammonia and ammonia blending fuels 
are essential for guiding fuel design, combustion control, and engine development 
specific to ammonia. 

1.4 Introduction of ammonia fundamental combustion 
researches 

Based on the preceding discussion, two primary challenges need to be 
addressed for the effective use of ammonia in engines: enhancing the combustion 
performance of ammonia fuel, and achieving cleaner combustion with ammonia. 
These challenges are intrinsically linked to physical and chemical properties of 
ammonia. The first issue is largely influenced by lower flame speed and higher 
ignition temperature of ammonia, while the second is associated with the presence 
of nitrogen in the ammonia fuel. Figure 1.4.1 provides a comprehensive summary 
of methods to enhance ammonia combustion. However, only "fuel blending" and 
"process intensification" show potential for application in internal combustion 
engines. 

 
Figure 1.4.1: The main flame enhancement methods 

1.4.1 Flame enhancement researches based on fuel blending 

Hydrogen is the optimal additive for design ammonia blending fuels, not only 
because of its high flame speed, extensive flammable range and higher 
combustion stability, but also due to hydrogen is an advanced zero-carbon fuel. 
To understand the impact of hydrogen on ammonia combustion, many researches 
have been conducted using rapid compression machines (RCMs) [61-67] and 
shock tubes [68-75]. These experiments have explored the basic combustion 
properties of ammonia-hydrogen blends under a variety of conditions. 

The hydrogen addition into ammonia has been verified to have an 
enhancement ability for the mixture chemical reactions, with experiments 
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demonstrating that a mere 5% addition of hydrogen can reduce the ignition delay 
of ammonia in RCMs tests [61]. Through experiments in a constant volume 
combustion chamber, Hayakawa [76] determined the laminar flame velocity and 
Markstein length of ammonia/air premixed flames at 0.5 MPa. The results 
indicate that the maximum laminar burning velocity is below 7 cm/s, substantially 
slower than that of traditional hydrocarbon flames. The ammonia/air premixed 
flame is orange, and Hayakawa [77] found that the source of the orange light is 
the spectral band of NH2 and the superheated water vapor spectral band [78].  

In 2020, Lhuillier [79] acquired experimental data on the laminar flame speed 
of ammonia with hydrogen mixtures ranging from 0% to 60%, using the spherical 
explosion method. It was observed that the reaction rate increases with both the 
addition of hydrogen and rising temperatures. The combustion performance of 
ammonia is notably improved with hydrogen content between 20% and 40%, even 
the enhancement effect decreases when the proportion of hydrogen falls below 20% 
or rises above 60%. Kumar [80] evaluated the accuracy of different mechanisms 
(GRI-Mech3.0, Tian and Konnov) for simulating hydrogen/air combustion. The 
Tian and Konnov mechanism were able to predict the downward trend in flame 
speed when NH3 was added, with maximum flame speeds dropping by 90-95%. 
Rocha [81] investigated the flame speed and NO emissions of premixed 
ammonia-hydrogen blending fuel. The findings confirmed that a pure NH3 flame 
experiences a longer ignition delay and a slower flame speed, but with the 
addition of H2, the flame speed increases exponentially. Concurrently, there is a 
significant rise in NOx emissions, underscoring the balance involved in 
optimizing ammonia-hydrogen fuel blends for internal combustion engines. 

Methane (CH4), the primary component of Liquefied Natural Gas (LNG), is a 
widely used fuel in ships [82-84] and heavy-duty vehicles [85-89]. In recent years, 
nearly 11 million vehicles using LNG as it main fuels [90]. Italy ranks as the sixth 
largest owner of natural gas vehicles with close to 600,000 units, while China is 
the seventh with nearly 500,000 natural gas vehicles [91]. Consequently, methane 
has also been considered as a potential flame enhancement additive for ammonia 
combustion. Extensive researches have been conducted to evaluate the 
combustion performance of ammonia-methane mixtures, focusing on aspects such 
as reaction mechanisms, laminar flame properties, and emission characteristics. 
Wang [92] introduced a new NH3/syngas/air reaction mechanism derived from an 
experimental study of laminar flame propagation using the heat flux method at 
298 K. The simulation results from mechanism showed a good match with 
experimental data for NH3/CH4 mixtures. Due to a higher combustion 
performance of methane, the methane addition can increase the adiabatic flame 
temperature of ammonia-methane mixtures fuel [93]. As the proportion of 
methane in the mixture rises, both the flame temperature and the heat release rate 
continue to increase [94]. Concurrently, the flame speed increases, indicating an 
elevation in the mole fractions of H, O, and OH radicals [95]. The variation in 
flame brightness can serve as an indicator of the ammonia concentration within 
the mixture. In a study [96], the chemiluminescence of premixed ammonia-



12  Introduction 

 

methane-air flames was analyzed. The intensity of chemiluminescence from 
excited radicals such as NO*, OH*, NH*, CN*, CH*, and CO2* was examined, 
revealing that the fraction of ammonia in the mixture could be deduced from the 
presence of these free radicals. 

Furthermore, the addition of methane is known to reduce the ignition delay 
[97] and expand the combustion limits [98]. However, the relationship between 
ignition delay and methane ratio is not linear, particularly when the ammonia 
fraction exceeds 50% [99]. This non-linear relationship underscores the 
complexity of optimizing ammonia-methane blending fuel for combustion 
applications and indicates that there are multiple factors that have effect on 
combustion behavior. 

1.4.2 Other main ammonia flame enhancement methods 

Combustion performance of ammonia can be improved in oxygen-enriched 
condition [100]. The experimental in constant volume combustion chamber 
showed that the max laminar flame speed can increase to 113 cm/s when the 
oxygen volume is 40%, and the ignition delay has been decreased at 21%-35% 
oxygen ratio. In oxygen-enriched condition, on the one hand, the increment of 
oxygen intense the ammonia propagate due to the flame temperature increases; on 
the other hand, increased rates of ammonia oxidation reactions lead to higher 
laminar flame speeds and shorter ignition delays of the ammonia/air mixture. 
However, the NOx production also increases due to the oxygen reaction and 
mechanism booster. The optimal oxygen ratio is not clear to make a balance 
between high combustion performance and low emission. Using oxygen-enriched 
combustion technology into ammonia has a wilder application potentiality. 

According to the increase of jet fuel temperature, the pure ammonia 
combustion stability and flammable limit can be enhanced [101]. With the initial 
temperature of ammonia gas increases, the flame structure and color have an 
obvious change. The reason is that chemical reactions and heat transfer increase 
due to flame temperature increases. The chemical free radical of OH, H and N has 
an important function on preheat combustion. However, the preheat temperature 
need to reach 600 K and the higher preheat requirement temperature hinders its 
application in combustion engines. 

1.4.3 Ammonia emission researches 

The management of NOx emissions can be summarized two primary 
strategies: one consists of reducing NOx formation within the combustion 
chamber through various combustion methods; the other involves mitigating NOx 
post-combustion, typically through Selective Catalytic Reduction (SCR) 
technology. Ammonia combustion, however, presents unique challenges due to 
inherently higher levels of fuel NOx emissions compared to traditional fuel like 
gasoline or diesel. It is a huge challenge to use the general SCR device into pure 
ammonia or ammonia blending fuel engines because of a higher fuel NOx 
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emission from ammonia compared to gasoline or diesel engines. So, the 
combustion control of emission production in cylinder is indispensable for 
ammonia and ammonia blending fuels engines. 

The strategy for controlling NOx emissions from ammonia combustion is 
intrinsically linked to the chemical mechanisms of NOx formation. The 
conventional mechanism for NOx generation from nitrogen is the Zeldovich 
mechanism [102]. For ammonia combustion, two pathways for NOx formation are 
identified: thermal NOx and fuel NOx. The thermal NOx is from N2 oxidation 
reaction at 1800 K; and the fuel NOx is form ammonia fuel. The main limiting 
reactions of Zeldovich mechanism is N2+O=NO+N which happen above 1800 K 
usually. Conversely, for ammonia, fuel NOx constitutes the primary source of 
emissions [103], producing directly from the nitrogen content within the ammonia 
fuel itself. Historically, researches on chemical reaction kinetics of ammonia were 
not directed towards validating and simulating its combustion but was instead 
focused on its role in the formation of nitrogen oxides within the broader context 
of hydrocarbon fuel combustion at high temperatures. Thus, a series of 
investigations needs to be developed to delineate the specific combustion 
characteristics of ammonia and its implications for NOx production. 

Miller [104] proposed the first complete ammonia combustion mechanism 
based on the experimental data of NH3/O2 and NH3/H2/O2 flame in shock tube. 
This mechanism can accurately predict the production compared with experiment 
results, but the lack of ammonia disassociation mechanism has a worse effect on 
ammonia production especial in poor-oxygen condition. HNO is produced by the 
reaction of NH2+O, NH+OH, or NH+O2, and then HNO produces NO. In rich-
ammonia condition, NH2 and NH are rapidly converted to N atoms, facilitating 
the formation of NO and the conversion of NO to N2. In order to improve Miller 's 
mechanism, the study of ammonia combustion was extended to more pressure and 
temperature conditions [105,106]. The effect of ammonia addition on soot 
production in n-heptane flames has been systematically investigated [107]. The 
results indicated a significant reduction in the soot volume fraction upon the 
introduction of ammonia, signifying that ammonia inhibited the formation of soot. 
Moreover, a marked decrease in OH free radical concentrations is observed with 
ammonia addition, showing that ammonia contributes to the chemical suppression 
of soot oxidation mediated by OH radicals. Recently, A lot of mechanism for 
ammonia combustion has been proposed in different experimental devices. The 
popular mechanisms had been selected in table 1.2. 

Enhancing background pressure has been identified as an approach to mitigate 
emissions. Studies on NH3/air swirl flames within a gas turbine framework had 
shown that an increase in pressure leads to a reduction in both NOx and residual 
NH3 emissions [108]. The observed shortening of flame length with rising 
pressures points to an increased rate of chemical reactions. Further investigations 
revealed that elevated pressures can promote the generation of N2 and lower the 
threshold temperatures for N2 conversion [109]. The effects of high pressure on 
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combustion dynamics and NOx reduction are currently the focus of continued 
research efforts [110-113]. 

Fuel preheating is a potential strategy to improve combustion efficiency and 
reduce NOx emissions, and it has been extensively utilized in the combustion of 
hydrocarbon fuels [114-116]. Experiments on laminar non-premixed flames using 
pure ammonia [117] had demonstrated that preheating the ammonia fuel extends 
the flammability limits due to the enhancement of chemical reaction kinetics, as 
well as heat and mass transfer processes, at elevated fuel injection temperatures. 
Moreover, a pronounced decrease in NOx emissions was observed alongside a 
reduction in unburned ammonia residues, indicating a more complete combustion. 

Water injection technology is an innovative attempt for ammonia gas turbine 
or ICEs. The water addition serves a dual purpose: it not only elevates the thermal 
efficiency of the engine and mitigates knocking tendencies but also effectively 
mitigates NOx emissions associated with ammonia combustion. Studies involving 
the steam injection into the combustion chamber of ammonia or ammonia-
hydrogen gas turbines had consistently reported a substantial decrease in NOx 
emissions. However, these studies also noted an increase in the steam content of 
the exhaust [118-120]. Subsequently, the influence of water on ammonia 
combustion was investigated using fundamental combustion devices. 
Investigations on the combustion characteristics of NH3/H2 flames with steam in a 
premixed vortex burner revealed that the introduction of water vapor led to a 
reduction in NOx concentrations within the flame zone [121].  

Ariemma [122] investigated the effects of water on the emissions from pure 
ammonia gas combustion. The results indicated that ammonia itself could 
promote the DeNOx chemical reaction, and the presence of water further 
enhanced this DeNOx reaction. The kinetic principle of the chemical reaction is 
that steam can consume the O radical H2O+O=OH+OH through the reaction 
decomposition, so it inhibits the reaction NH2+O=NO+H2 and reduces the 
generation of NO. Experimental evidence confirmed that water can reduce NOx 
emissions without compromising the stability of premixed and non-premixed 
combustion. Javed [123] studied the impact of water vapor on the catalytic 
reduction of nitrogen oxides in soot, finding that water exerted a slight inhibitory 
effect on NO reduction. The addition of 2.75% water vapor did not alter the 
optimal temperature for reduction but expanded the temperature range conducive 
to reduction and increased the amount of NO reduced. 

Due to the lower combustion stability, the plasma assisted method has been 
used to enhance ammonia combustion. Relevant studies have provided evidences 
that the combustion stability of ammonia, along with reduced NOx emissions, can 
be effectively improved by non-equilibrium plasma [124, 125]. While plasma and 
electrochemical reactions are known to increase flame speed [126], the 
cooperative mechanisms between these processes require further experimental 
investigations to be fully understood. 
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Table 1.2: The main ammonia mechanisms 

Mechanism Species 

/Reactions 

Experiment Mixtures T (K) P (bar) Φ 

Glarborg [137-139] 151/1395 FR spec [138] NH3/CH4/O2 900-1800 1.06 0.13, 1.07,1.55 

RCM IDT [62] NH3/CH4/O2/Ar/N2 900-1100 20, 40 0.5, 1.0, 2.0 

Stagni [140-142] 31/203 JSR/FR 
spec [140] 

NH3/O2/He 500-2000 1 0.01-0.375 

156/2437 ST IDT [141] NH3/O2/N2 1100-1600 20-40 0.5-2.0 

RCM IDT [61] NH3/O2/Ar 1000-1130 40-60 0.5-2.0 

JSR/FR 
spec [142] 

NH3/CH4/O2/He 500-2000 1 0.5, 1.0, 2.0 

CEU [143-145] 91/445 ST IDT [146] NH3/CH4/air 1400-1800 2, 5 0.5,1.0,2.0 

FR spec [145] NH3/CH4/O2 900-1800 1.06 0.13, 1.07,1.55 

USD [147] 68/311 RCM IDT NH3/CH4/O2/Ar/N2 900-1100 20, 40 0.5, 1.0, 2.0 

Okafor [148,149] 59/356 Flame spec [40] NH3/CH4/O2 900-1800 1.06 1.07 

Dagaut [150] 41/250 Flame spec NH3/CH4/O2 900-1800 1.06 1.07 

Otomo [151] 32/204 Flame 
spec [152] 

NH3/H2/air 450-925 30, 100 1 

Mei [153,154] 38/265 Flame 
spec [153] 

NH3/O2/N2 298 1 0.6-1.5 

Flame 
spec [154] 

NH3/H2/N2/air 298 10 0.7–1.4 

1.4.4 Ammonia auto-ignition researches 

Auto-ignition is a critical combustion mode, particularly relevant for 
compression ignition (CI) engines, and understanding its characteristics is 
essential for engine design and operation. However, the experimental data on the 
auto-ignition characteristics of ammonia in turbulent conditions are currently 
limited. Chen [127] investigated on a non-premixed laminar ammonia flame in an 
air co-flow at temperatures ranging from 723 K to 923 K, and observed that 
ammonia jet flame stability was significantly inferior to that of hydrogen. The 
experimental results indicated that ammonia requires a higher jet or co-flow 
temperature to maintain combustion stability, showing the necessity for a 
specialized ammonia burner designed for higher temperature co-flows to further 
investigate ammonia combustion. A study on ammonia-methane non-premixed 
flames [128] revealed that at an ammonia mole ratio of 50%, the fuel mixture was 
unable to sustain a stable flame. This is attributed to the combined effects of 
ammonia and the co-flow velocity, leading to increase lifted height and reduce 
combustion stability. The exploration of suitable auto-ignition evaluation methods 
for ammonia is also crucial. Since ammonia behaves as a gas in air, 
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methodologies used for analysing the auto-ignition characteristics of hydrocarbon 
gas fuels could be adapted for ammonia. A lifted height model based on a 
modified large-scale mixing model has shown good match with experimental 
behaviours of acetylene auto-ignition [129], showing a strong dependence of 
flame auto-ignition stability on ignition delay and chemical kinetics. Liu [130] 
investigated the auto-ignition in different oxygen content and found that: with the 
oxygen ratio decreases, the lifted height increases. A lifted height model 
considering the mixed effects of small-scale strain and large scale is established, 
based on Li’s model. In [131], dimensionless number model Kamix/Daign had been 
used to describe the lifted height behaviours and found the lifted height were 
positively correlated with Kamix/Daign. It also found the lifted height model need to 
consider both Kolmogorov time scale and the chemical time scale. Due to the high 
flame speed and low ignition delay of hydrogen, the model from hydrocarbon fuel 
data do not have a good match with pure hydrogen auto-ignition. Thus, a modified 
hydrogen auto-ignition stability model has been proposed in [132], considering 
flame propagation and stability. A new model considering contribution of the Ka 
and Da had been proposed in [133], and found the flame propagation had a higher 
contribution to hydrogen combustion but the auto-ignition had a stronger 
contribution to hydrocarbon fuel.  

In summary, recently, ammonia researches focus on laminar premixed flame 
to establish the mechanism of ammonia. Compared with laminar flame 
fundamental researches, there are few reports on ammonia turbulent diffusion 
flame which is widely used in CI engines [134,135]. Turbulent flames not only 
enhance flame speed but also impact flame extinction limits through diffusion 
thermal instability [136]. Additionally, the combustion characteristics of ammonia 
become increasingly complex under turbulent conditions. Therefore, it is of great 
significance to study the combustion of ammonia fuel under turbulent conditions 
to reveal the combustion characteristics of ammonia. As for the insufficient 
experimental data of ammonia turbulent diffusion combustion, the turbulent auto-
ignition combustion characteristics of ammonia fuel at high temperature are not 
clear, which is not enough to reveal the combustion characteristics of ammonia 
fuel under turbulent conditions and is not enough to guide the design of ammonia 
engine. Thus, the study of ammonia and ammonia blending fuels (hydrogen, 
methane and oxygen) turbulent auto-ignition characteristics should be clarified 
based on an advanced combustion burner. 

1.4.5 Researches on Controllable Active Thermo-Atmosphere 
burner 

The Controllable Active Thermo-Atmosphere burner often referred to as the 
Dibble burner, is an experimental device that has been extensively utilized for the 
investigation of auto-ignition phenomena within high-temperature and turbulent 
flow fields. Different with the burners with cold co-flow and closed pressure, the 
Controllable Active Thermo-Atmosphere burner can separate the combustion 
process from the complex fluid circulation in the engine cylinder. The chemical 
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reaction in the jet diffusion combustion process and the auto-ignition combustion 
stability mechanism of the lifted flame can be studied. A center jet of fuel is 
injected into the high temperature co-flow which supplies thermal field to the jet 
fuel auto-ignition. The large diameter of the co-flow is produced by hydrogen 
combustion and isolates the jet flow from the environment, so that the fluid 
domain may be simplified as a two-stream flow. Due to a clear physical boundary 
and a simple geometry structure, the burner is potential and popular to use in the 
experiment test and simulation. In 2002, Professor Robert Dibble studied the 
experiment of H2/N2 jet flames. Through series of studies, a turbulence model was 
proposed to predict the lifted height of the jet flames, which is a critical parameter 
in assessing flame stability and auto-ignition behavior. The lifted height is 
influenced by both the turbulent mixing of the fuel with oxidizer and the kinetics 
of the combustion reaction [155, 156]. Subsequent researches expanded on 
Dibble's work by examining the auto-ignition characteristics of CH4 jet flames 
within a high-temperature co-flow, shown in figure 1.4.2 [157]. These 
experimental investigations yielded insights into the sensitivity of the lifted height 
to various parameters, such as jet and co-flow velocities, as well as co-flow 
temperature.  

  
(a) Burner schematic (b) Lifted CH4 flame 

Figure 1.4.2: Burner schematic (left) and luminosity image of a lifted CH4/air 
jet flame in vitiated co-flow(right). 

Further studies on the flame stability of the lifted flame were finished by 
University of Sydney [158-160]. The stability of H2/N2 flame is controlled by fuel 
auto-ignition and flame propagation at different temperatures, while that of 
CH4/air flame is different. Then, the OH and CH2O had been used to characterize 
the flame structure, and found the fluctuation of heat release rate with OH, which 
was used as a sign of auto-ignition combustion [161,162]. Delft University of 
Technology [163-166] modified the burner and studied the burner parameters, 
velocity, temperature, and OH production of a variety of fuel jet flames (Reynolds 
number from 3000 to 9500). It is found that the formation of fire core is the main 



18  Introduction 

 

factor for the stability of the lifted flame, and the increase of turbulence intensity 
will inhibit the auto-ignition once the chemical reaction proceeds slowly. 

A series of researches had been implemented in Tongji University based on 
Dibble burner. Tongji University [167,168] studied auto-ignition combustion 
mechanism and flame stability mechanism of different liquid fuels. The concepts 
of critical temperature and stability mechanism of liquid fuel had been proposed. 
The conclusion was that auto-ignition of liquid fuel had been controlled by 
physical mixing process and chemical reaction at different temperature regions. 
The liquid fuels like diesel-propane, ethanol and dimethyl ether had been 
investigated [169,170]. The experimental result of diesel-propane found that: both 
chemical factor and physics factor control the flame lifted height in different 
temperatures, and lower ignition delay fuel can improve the mixture combustion 
performance. The experimental results of ethanol and DME found that: the lifted 
height is controlled by ignition delay, and fluctuation of lifted height is affected 
by the sensitivity of co-flow temperature. The higher sensitivity of co-flow 
temperature, the more dramatic fluctuation of lifted height occurs. The lifted 
flame phenomenon at a high co-flow temperature is mainly controlled by ignition 
delay and reaction path before auto-ignition. 

Besides the liquid fuels, the gas fuels like H2/N2 [171], H2/CO2 [172], 
H2/Ar/O2 [173] and CH4 [174] has been tested based on Dibble burner. Xie [172] 
investigated the H2 auto-ignition performance in a series of co-flow gas (N2, Ar 
and CO), and found that different co-flow lead to a different flame brightness, 
lifted height and auto-ignition temperature. Yu [173] investigated the 
hydrogen/oxygen co-axis auto-ignition performance in Ar co-flow, and found that: 
increasing the oxygen ratio can improve the flame performance and the flame 
lifted height is different based on different oxygen injection method. Qin [174] 
investigated the methane auto-ignition characteristics at a high background 
pressure based on a modified dibble burner. The results were that: with the 
background pressures increases, the lifted height and flame fluctuation decline 
which represent the flame stability has an obvious improvement in a higher 
background pressure. But the flame color transform to a luminous yellow at a 
higher background pressure, which means soot production.  

Previous researches, based on Controllable Active Thermo-Atmosphere 
burner (CATA), had mostly focused on high calorific value gaseous or liquid 
fuels such as hydrogen, methane, propane, ethanol and diesel. It is still unclear 
about low calorific value fuels such as ammonia and ammonia blending fuels. 
Due to the physical and chemical properties of ammonia (extremely high auto-
ignition temperature and combustion instability), a higher temperature is required 
to achieve stable auto-ignition. Using Controllable Active Thermo-Atmosphere 
burner to study auto-ignition of ammonia fuel has obvious advantages: on the one 
hand, the Controllable Active Thermo-Atmosphere burner can provide a stable 
homogeneous high temperature auto-ignition conditions for ammonia fuel; on the 
other hand, a large of researches fundamental flames provides a research guideline 
for the combustion of ammonia and ammonia blending fuels. 
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Prior studies utilizing the Controllable Active Thermo-Atmosphere burner 
have predominantly focused on fuels with high calorific values, such as hydrogen, 
methane, propane, ethanol, and diesel. The combustion properties of low calorific 
value fuels, notably ammonia and ammonia blending fuels, remain less report. 
Because of high auto-ignition temperature and combustion instability of ammonia, 
a higher temperature environment is necessary for a stable auto-ignition. Using 
the Controllable Active Thermo-Atmosphere burner to investigate auto-ignition 
characteristics of ammonia presents distinct advantages: it can generate stable, 
homogeneous high-temperature conditions suitable for ammonia auto-ignition, 
and reveal fundamental flame behaviors to guide studies on ammonia. The 
ammonia fuel combustion experiment, based on the Controllable Active Thermo-
Atmosphere burner, can explore the combustion characteristics of turbulent jet 
flame, reveal the auto-ignition flame stability mechanism of ammonia fuel at high 
temperature, supply the ammonia fuel turbulent combustion database, and guide 
the fuel control strategies of ammonia CI engines.  

1.5 The contributions and outline 

In this thesis, the auto-ignition characteristics of ammonia have been 
investigated at a high homogeneous temperature co-flow, based on the 
Controllable Active Thermo-Atmosphere burner firstly. In order to evaluate the 
different flame enhancement methods, which include the fuel blending (hydrogen 
and methane) and oxygen-enriched combustion, have been tested under various 
conditions. The auto-ignition boundary, flame morphology parameters, flame 
ignition delay, lifted height and combustion stability have been investigated. The 
main research route has shown in figure 1.5.1 and the outline has summarized in 
figure 1.5.2. 

In chapter 2, the experimental platform has been introduced, including 
controlled thermal atmosphere burner, co-flow control system, jet control system, 
cooling system and data acquisition system. The experimental parameters and 
boundary conditions of combustion characteristics have been defined. The 
simulation method has been introduced with validation. 

In chapter 3, the turbulent jet flame characteristics of pure ammonia in a high-
temperature co-flow have been investigated. The jet flame morphology of 
ammonia, auto-ignition boundary, ignition delay, combustion stability mechanism 
and flame fluctuation have been explored and summarized. 

In chapter 4, combustion characteristics of ammonia-hydrogen and ammonia-
methane blending fuels have been investigated. The jet flame morphology, lifted 
height, ignition delay, combustion stability mechanism and flame enhancement 
ability have been explored and summarized. 

In chapter 5, combustion characteristics of ammonia-oxygen mixture at a high 
temperature have been investigated. The jet flame morphology of ammonia, auto-
ignition boundary, ignition delay, combustion stability mechanism and 
combustion diluent effect have been explored in oxygen-enriched condition.  
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In chapter 6, emission characteristics of ammonia, ammonia-hydrogen, 
ammonia dissociation fuel, ammonia-methane and ammonia-oxygen blending 
fuels have been predicted and investigated by CHEMKIN simulation. 

 
Figure 1.5.1: The main research route 

 
Figure 1.5.2: The outline of research 

 



 

 
 

Chapter 2 

Controllable Active 
Thermo-Atmosphere experimental 
platform of ammonia fuel 

2.1 Overview of test platform based on Controllable 
Active Thermo-Atmosphere burner 

The combustion experimental platform of ammonia and ammonia blending 
fuels is illustrated in figure 2.1.1, including four integral components: the 
Controllable Active Thermo-Atmosphere burner, the gas supply system (which 
includes the co-flow control system and the jet fuel control system), the cooling 
system, and the data acquisition system. Central to the test system is the 
Controllable Active Thermo-Atmosphere burner, capable of providing a stable co-
flow temperature field essential for the ammonia and ammonia mixture jet flows. 
The gas supply system is divided into a co-flow air control system and a jet fuel 
control system. The former controls the co-flow supply, allowing for precise 
control over the flow field's temperature and velocity via adjusting the hydrogen 
blower and a float flowmeter. The latter system is designed to mix the ammonia 
blending fuels and controlling the jet flow injection, consisting of a premixing 
tank, a solenoid valve, pressure reducing valves, a float flowmeter, a high-
pressure gauge, an electric relay and a flame arrester. The cooling system is 
connected to both the jet tube and the burner, designed to initiate a continuous 
recirculation of water once the experiment begins, which is critical for 
maintaining the operational integrity of the test apparatus. The role of data 
acquisition system is to monitor the co-flow temperature, as well as the pressure 
and temperature within the burner, to capture visual data via a high-speed camera 
and to control the electric relay. Each component in combustion test system is 
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detailed to facilitate a comprehensive analysis of the combustion properties of 
ammonia and ammonia blending fuels. 

 
Figure 2.1.1: The test platform of ammonia and ammonia blending fuels, based on 

Controllable Active Thermo-Atmosphere burner. 
 

2.1.1 The introduction of Controllable Active Thermo-
Atmosphere burner 

The conception of Controllable Active Thermo-Atmosphere burner has been 
proposed by Prof Robert in 2002. The burner in this work had been reformed in 
Tongji University and a series of liquid/gas fuels had been investigated [167-174]. 
Owing to its capacity to maintain a stable high-temperature field, the Controllable 
Active Thermo-Atmosphere burner is particularly suited for experimental 
investigating the auto-ignition characteristics of fuels with elevated temperatures.  

The configuration of the burner comprises a central jet flow, encircled by a 
co-flow. The intake of the co-flow is a lean mixture of hydrogen and air, which is 
ignited by a pilot flame of hydrogen with a purity of 99.99%. A high and flat 
temperature co-flow is produced by hydrogen combustion, then ammonia and 
ammonia blending fuels are auto-ignited in the co-flow downstream area. It 
enables the exploration of auto-ignition dynamics and stabilization mechanisms of 
ammonia flames within a temperature range from 900 K to 1600 K. Furthermore, 
by modulating the co-flow velocity, a controlled turbulent flow field can be 
produced, allowing for an investigation into the auto-ignition of ammonia under 
conditions of high-temperature turbulence that is more closely to the real 
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combustion conditions in engine cylinder. Moreover, the simple coaxial structure 
of the burner makes it more convenient to study the relationship between chemical 
reactions and turbulence, and an open structure also provides convenience for the 
arrangement of various testing instruments.  

The burner assembly structure is shown in figure 2.1.2. From top to bottom, it 
is mainly composed: the backfire control chamber, temperature flame stability 
chamber, porous combustion plate and the inlet of jet and co-flow.  

 
Figure 2.1.2: The structure drawing of burner assembly. 

 
Figure 2.1.3: The structure drawing of backfire chamber. 
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In order to avoid the possible backfire and auto-ignition combustion of 
hydrogen/air, a thermocouple is used to monitor temperature and a pressure sensor 
is used to monitor pressure fluctuations in the backfire control chamber. 
Appropriate temperature and pressure threshold are established, ensuring that 
when these limits are surpassed, the control circuit will close the solenoid valve 
autonomously to ensure experimental safety.  

 
Figure 2.1.4: Flame trap 

Complementing the temperature and pressure sensor, a flame trap (figure 
2.1.4) situated between backfire chamber and co-flow inject chamber is filled with 
silica beads with a 2-3 mm diameter. This flame trap serves two critical functions: 
firstly, it extinguishes any flame that may occur in the backfire chamber, thereby 
inhibiting further propagation upstream; secondly, it induces a more uniform 
distribution of the co-flow mixture by constricting the flow area due to the 
interstitial spaces between the beads. 

 
Figure 2.1.5: The porous combustion disk. 

In order to keep the co-flow flame stability, a porous combustion disk, the 
flame stability chamber and a central tube consist the co-flow stable combustion 
system. Figure 2.1.5 is a physical diagram of a porous combustion disk. The 
combustion disk is manufactured with a porous structure, the co-flow 
hydrogen/air premixed gas can pass through the porous combustion disk and is 
ignited above the disk to form small premixed flow flames. The flat flame builds a 
stable high-temperature atmosphere for the center jet fuel gas. The porous disk 
has 874 uniformly distributed small holes, the diameter is 1.2 mm, and the 



2.1 Overview of test platform based on Controllable Active Thermo-Atmosphere 
burner 25 

 
 

distance between the centers of every two small holes is 3 mm. Every 3 centers of 
the holes are the vertices of an equilateral triangle.  

The flame stability chamber is an area in which the hydrogen/air premixed 
stable flame occurs. It includes outer retaining ring with cooling channel and a 
pilot flame outlet. The flame stability chamber is shown in figure 2.1.6. 

 
Figure 2.1.6: The structure drawing of flame stability chamber. 

The outer retaining ring fabricated by stainless steel serves a critical role in 
maintaining a consistent combustion environment for the co-flow gas. It is 
designed to isolate the co-flow flame from external air currents, thereby 
preventing the flame from radially spreading towards the burner apparatus, which 
could potentially disturb the temperature field structure and stability. To mitigate 
excessive heat accumulation within the outer retaining ring, a copper tube is 
coiled around its circumference, using as a channel for coolant circulation. Water, 
selected for heat transfer properties, flows through this copper tubing, effectively 
removing excess heat from the retaining ring through convective heat exchange, 
thus maintaining a safe operational temperature of device. 

Additionally, a pilot flame outlet is positioned on the inner wall of the burner. 
The purpose is to ignite the co-flow, utilizing pure hydrogen (with a purity of 
99.99%) as the pilot fuel. The pilot tube has a diameter of 2 mm, ensuring a stable 
and controlled pilot flame. Once the co-flow combustion occurs, the pilot flow is 
terminated to eliminate any potential interference or measurement errors that 
could affect the experimental results. This setup is instrumental in enabling a 
stable combustion of the co-flow combustion while ensuring the accuracy of the 
combustion process. 

The central injector is shown in figure 2.1.8. A cooling water path is welded 
to the outer layer of the central injector. In order to avoid the impact of gas fuel 
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leakage on the test, a machined base is made to connect the injector to the base to 
ensure the safety and accuracy of the test. The outlet of the central nozzle is 40 
mm away from the upper surface of the combustion plate. This height is about 
twice the height of the co-flow flame, which ensures that the co-flow flame cannot 
interfere with the jet flame. 

 
Figure 2.1.7: The outer retaining ring. 

 
Figure 2.1.8: The jet flow injector. 

2.1.2 The introduction of co-flow control system 

The co-flow gas supply system, shown in figure 2.1.9 includes three parts: co-
flow hydrogen pipeline, co-flow air pipeline and pilot pipeline. The hydrogen of 
co-flow is supplied by a hydrogen tank group. High-pressure hydrogen pipelines 
and low-pressure hydrogen pipelines are arranged in the laboratory to supply co-
flow and pilot respectively. An explosion-proof solenoid valve is used to control 
the open and close, and a float flowmeter is used to adjust the hydrogen flow rate 
of the hydrogen pipeline. The blower supplies co-flow air with a max flow rate of 
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600 m3/h, and a flowmeter is installed in the co-flow air pipeline to measure the 
temperature and flow rate of the co-flow. The co-flow hydrogen pipeline and the 
air pipeline are connected through a three-way valve, thereby forming a uniformly 
mixed co-flow gas in the pipeline. Finally, the hydrogen/air mixed gas is divided 
into four channels through the pipeline and then enters the burner. The gas supply 
method of the pilot hydrogen pipeline is the same as that of the co-flow hydrogen 
pipeline. A solenoid valve is used to control the gas pipeline, and the pilot 
hydrogen flow is controlled by a float flow meter.  

The co-flow temperature is obtained by controlling the hydrogen content in 
the co-flow pipeline. Varying the volumetric flow rate of hydrogen alters the 
temperature within the co-flow. The temperature conditions during 
experimentation are monitored via a thermocouple, interfaced with an intelligent 
temperature control unit. To diminish the thermal influence of the combustion 
processes on the thermocouple, it is positioned 30 mm downstream from the jet 
nozzle's exit.  

In order to verify the uniformity of the co-flow temperature field, the 
thermocouple has been installed on a three-dimensional moving platform and the 
temperature has been measured at different locations. When the thermocouple is 
moved, the temperature is recorder after 30 seconds to let the thermal regime to be 
reached. For all the considered experimental conditions, the autoignition occurs in 
the uniform part of the co-flow field, which consists of a cylinder with a diameter 
of around 90 mm a height of around 180 mm. The co-flow thermal field has been 
empirically characterized and documented in ref [169]. 

 
Figure 2.1.9: The structure of co-flow system. 

Table 2.1 reports the co-flow chemical constituents determined by 
CHEMKIN software with the GRI-Mech 3.0 mechanism and corresponding to the 
reported co-flow temperature values (Y stands for the mass fraction). As can be 
inferred, when the co-flow temperature increases, the H2O concentration, namely 
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YH2O, augments slightly, while the nitrogen and oxygen mass fractions slightly 
reduce (the YO2 reduction is around 5% if the co-flow temperature passes from 
973 K to 1223 K). 

Table 2.1: Co-flow chemical constituents at different co-flow temperatures. 

Tcf YH2O YN2 YO2 

973 K 0.057 0.761 0.181 

1023 K 0.061 0.761 0.177 

1073 K 0.065 0.761 0.174 

1113 K 0.069 0.761 0.170 

1123 K 0.071 0.761 0.168 

1148 K 0.074 0.761 0.165 

1173 K 0.076 0.761 0.164 

1198 K 0.079 0.761 0.161 

1223 K 0.081 0.761 0.159 
The co-flow velocity is determined, based on the volumetric flow rate of the 

blower (measured at T=20 °C and p=1 atm), therefore the corresponding mass 
flow rate can be calculated. Then, by the mass conservation law, since the burner 
is exposed to the environment, the co-flow velocity can be determined by 
knowing both the burner cross section area (this is determined based on the burner 
diameter) and the co-flow density, the latter determined by means of the perfect 
gas law with the measured co-flow temperature (a static pressure equal to 1 atm is 
taken). For each set of air volumetric flow rate and co-flow temperature, because 
of the great excess of air flow rate with respect to the hydrogen one, air properties 
have been used to determine the co-flow velocity. Figure 2.1.10 reports the co-
flow velocities at different temperatures, for fixed values of the blower volumetric 
flow rates. As can be inferred from figure 2.1.10, the co-flow velocity is mainly 
controlled by the blower flow rate. However, for a fixed blower flow rate, the co-
flow velocity is also a function of the co-flow temperature (since the co-flow 
pressure is fixed, the density reduces when the temperature augments) and the 
latter is increased by augmenting the hydrogen flow rate. The co-flow temperature 
measured with the thermocouple is used as a feedback signal that acts on the 
hydrogen pressure reducing valve to reach the co-flow temperature target value. 
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Figure 2.1.10: Co-flow velocities at different temperatures. 

 

2.1.3 The introduction of jet control system 

The jet fuel control system has shown in figure 2.1.11. The jet gas is mixed by 
a premixed tank which is made by stainless steel and can withstand a maximum 
pressure of 2 MPa. The premixed tank is equipped with a safety valve and 
pressure gauge. Mixture fuels method of different blending ratios is based on the 
partial pressure law. When the preparation of ammonia-hydrogen blending fuels 
starts, the preparation operations are shown as follow: (1) close the outlet valve of 
the premix tank; (2) open the ammonia inlet switch of the premix tank; (3) adjust 
the gas pressure reducing valve to adjust the pressure of the gas in the premix tank; 
(4) observe the pressure gauge of the premix tank to make the ammonia pressure 
in the premix tank reach the predetermined value; (5) close the ammonia gas inlet 
switch and open the hydrogen gas inlet switch, and repeat the above operations, so 
that the hydrogen pressure in the premix tank reaches the predetermined value; (6) 
close the hydrogen inlet switch, disconnect the connecting pipeline between the 
gas cylinder and the premix tank after the preparation of ammonia-hydrogen 
blending fuel is completed. Once the outlet valve of the premixed tank opens, a 
solenoid valve in the jet pipeline controlled by the LH-04 relay module can be 
used to adjust different injection pulse width to realize the different injection time 
of ammonia-hydrogen blending fuel. In order to synchronize the injection of 
ammonia-hydrogen blending fuel and the operation of the high-speed camera, a 
synchronous trigger method is designed. The two signals are controlled 
simultaneously to ensure that the high-speed camera can begin to record the 
injection beginning moment once the solenoid valve is opened to inject fuel.  

As far as the evaluation of jet velocity is concerned, the presence of a water 
layer around the fuel pipe makes virtually null the heat transfer from the co-flow 
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to the fuel during the working conditions of the burner. The fuel jet outlet velocity 
can be consistently determined by assuming that its temperature is almost equal to 
the water-cooling temperature. Therefore, for each tested inject pressure, velocity 
of the ammonia jet has been determined, based on the measured fuel mass flow-
rate, the pipe cross section area and the fuel density (the density of the ammonia is 
calculated at the environment pressure and at the water-cooling temperature). 

 
Figure 2.1.11: Jet fuel control system. 

 

2.1.4 The introduction of cooling system 

The cooling system shown in figure 2.1.12 is designed to consist of two 
distinct channels, each with a function to dissipate heat effectively from critical 
components of the burner assembly. The first channel is integrated into the design 
as an annular passage surrounding the fuel jet tube, with its inlet located at the 
base of the jet tube. The second channel encompasses the outer retaining ring, 
with its inlet mounted onto the ring's structure. During experimental operations, 
the cooling water inlet temperature is maintained at an approximate 10 °C. The 
first cooling channel operates in close proximity to the fuel jet tube, forming a 
concentric arrangement that facilitates the removal of heat via convection directly 
from the tube's surface. This design allows for a high degree of thermal transfer 
efficiency due to the minimized thermal resistance between the hot surface and 
the cooling medium. The second cooling channel, encircling the outer retaining 
ring, is important for sustaining the ring by preventing thermal overload. The 
design of both cooling channels takes into account the flow rate that can be 
regulated based on real-time thermal load assessments. 

In summary, the cooling system's dual-channel approach is optimized to 
provide targeted cooling to the jet tube and outer retaining ring, ensuring that 
these components operate within their thermal design limits. The precise control 
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of water temperature and flow rate, with the design of the cooling channels, are 
critical to the successful mitigation of heat, thereby safeguarding the burner's 
performance and longevity. 

 
Figure 2.1.12: The cooling system. 

 

2.1.5 Data acquisition method 

The original flame images are captured by the Phantom V7.3 high-speed 
camera from American VRI Company. The camera has a maximum resolution of 
800×600, uses an SR-CMOS sensor, 14-bit depth of field, a full-frame shooting 
rate of 6688 frames/second, and a frame rate of up to 500,000 frames/second. The 
control software with the high-speed camera can be used to control camera 
performances, such as resolution, frame rate, and exposure time. In this work, the 
parameter settings of the high-speed camera were as follows: The resolution is 
512×512 pixels, the shooting frequency is 500 Hz, and the exposure time is 2 ms. 

In order to obtain the full flame data, a figure data extraction method is 
proposed, based on Python software. The detailed steps are shown in figure 2.1.13 
and 2.1.14 and can be summarized as follow: (1) in order to reduce the subsequent 
processing time, the original figure is converted to a grayscale flame image. The 
storage of each pixel only requires one byte, so converting flame images into 
grayscale images can reduce the subsequent processing time. The amount of 
calculation is reduced, and the grayscale image can still accurately express the 
characteristics of the image. (2) Based on the same method, a color image can be 
obtained to observe the flame combustion beginning point and flame brightness 
clearly. (3) Then the grayscale flame image is converted to a Binarization flame 
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image to get a clear flame morphology boundary. The threshold value of 
binarization need to be chosen. The main difference between real flame and 
obtained area (red line in 2.1.13e) is the key judgment to choose the optimal 
threshold. A brightness point in right corner of the flame in the original image, 
which is the thermocouple used to measure the temperature of the co-flow field, 
may be occurred sometimes. This point is relatively blurry in the original image 
and the grayscale image, but can be clearly seen after binarization. The image 
processing system can remove this point during the data extraction process to 
ensure that it does not affect the extraction of flame characteristic parameters and 
ensure the accuracy of test data extraction.  

 
(a) Originally figure            (b) Grayscale           (c) Colored grayscale 

 
(d) Binarization           (e) Flame data extraction 

Figure 2.1.13: Data processing method. 
The characteristic parameters extracted are shown in figure 2.1.15 (the 

horizontal dashed line represents the fuel pipe outlet position). By measuring the 
distance from the lowest point of the extracted jet flame to the injection outlet, 
namely H, the normalized flame lifted height can be calculated as H/d, where d is 
the fuel pipe inner diameter. The flame length is the distance L between the 
highest point and the lowest point of the extracted flame, while the flame 
perimeter is the length C of the extracted flame edge. Finally, the flame area is the 
area S enclosed by the extracted flame edge, and the flame perimeter-to-area ratio 
is the value of S/C. Since steady-state flames should be considered, 50 
consecutive flame pictures with visible flame have been selected for the 
experimental analysis, and the average value of each parameter is calculated as 
the characteristic parameter of the flame to ensure the reliability of the data. 
Finally, the contour information and the characteristic parameters, such as the 
lifted height, flame length, flame area and perimeter have been obtained.  
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Besides the flame geometric parameters, the flame brightness and ignition 
delay also can be obtained. The gray value is used to present the flame brightness. 
The gray value has been defined in Eq 2.1. The ignition delay can be recorded 
from the first image recorded by camera to the first image in which the flame can 
be observed in stable flame. The camera and electric relay have a synchronous 
control, so the first figure can be seemed the starting time of injection.  

Gray value=0.299×R value+0.587×G value+0.114×B value (2.1) 

 
Figure 2.1.14: Data processing flow diagram. 

 
Figure 2.1.15: Schematic diagram of characteristic parameters of the jet flame 

2.2 Experimental and simulation methods 

The experimental method and process are shown in figure 2.2.1 and 2.2.2. As 
an example of ammonia-hydrogen, the ammonia and hydrogen are blended 
homogeneously in a premixed storage tank controlled by jet flow control system 
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(cf. chapter 2.1.3); then jet flow is injected into a controllable thermal co-flow 
which is controlled by co-flow system (cf. chapter 2.1.2). Flame behaviors are 
recorded by a camera from the initiation of injection to close of the jet valve. 
Autoignition sequences are captured as video recordings. The flame characteristic 
parameters are extracted from each image frame employing the data acquisition 
method (cf. 2.1.5). 

 
Figure 2.2.1: Experimental test platform. 

 
Figure 2.2.2: Experimental test process. 
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To investigate the auto-ignition characteristics and emission production 
mechanism of ammonia and ammonia blending fuels, simulation tool of 
CHEMKIN is used. CHEMKIN is a computational software package designed to 
solve complex chemical kinetics problems and simulate various chemical 
reactions, including combustion processes in different reactor models. The 
software is capable to model closed homogeneous batch reactors, which are 
commonly used to calculate auto-ignition characteristics for different fuels under 
a wide range of temperatures, environmental pressures, and fuel types.  

In order to define chemical mechanism, the CUE and MEI mechanism have 
been selected by an extensive simulation from 1100K to 1500K, shown in figure 
6.2.1. Moreover, the pure ammonia in oxygen-enriched condition has been 
validated shown in figure 6.5.1. The simulation results show that the MEI 
mechanisms provide a good match with the experimental data, particularly at 
temperatures above 1200 K and excess oxygen coefficients near 0.2. 

 

2.3 Chapter Summary 

In this chapter, the experimental platform has been introduced and the main 
works have shown: based on the controlled thermal atmosphere burner, the 
combustion experimental system of ammonia and ammonia blending fuels had 
been designed and built, and the working process and components of the 
experimental system are introduced. The co-flow supply system, the jet system 
and the cooling system have been introduced in detail. The data acquisition 
system and data obtained method have been introduced. The parameters of 
combustion characteristics have been defined. 



 

 
 

Chapter 3 

Autoignition boundary and 
stability mechanism of pure 
ammonia turbulent flames under  
high-temperature co-flow 

3.1 Experiment conditions of pure ammonia auto-ignition 

The auto-ignition characteristics of pure ammonia have been investigated 
based on the experimental platform. The gas in premixed tank is pure ammonia 
(99.9%). In experimental test, the plastic pipelines and joints are replaced every 2 
days to avoid the ammonia leakage because of high corrosivity of ammonia. A 
specialized ammonia gas leakage detector is used to detect the leakage of 
ammonia in every pipeline and joint from the beginning to the end of test. The 
detector can be used continuously to detect the ammonia concentration to ensure 
the safety of human healthy. In order to form a turbulent co-flow with high 
temperature, the experimental conditions have shown in table 3.1.    

The auto-ignition performance of ammonia necessitates investigation due to 
its lower flame speed, higher ignition energy, longer ignition delay, and worse 
stability. Due to the challenges associated with the application of pure ammonia in 
internal combustion engines (ICEs), defining its combustion performance is 
critical for evaluating different flame enhancement methods. Furthermore, 
clarifying the auto-ignition characteristics of ammonia in turbulent conditions is 
significant for informing the design of ammonia burners and compression ignition 
(CI) engines. But the turbulence characteristics of ammonia auto-ignition remain 
insufficiently characterized globally. Consequently, experimental tests targeting 
auto-ignition characteristics of pure ammonia, aim to define the auto-ignition 
boundary, investigate the mechanisms of combustion stability, and analyse auto-
ignition characteristics within high-temperature turbulent fields. Subsequent 
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analysis will integrate results on flame morphology, geometric parameters, 
combustion boundaries, and stability to facilitate the advancement of ammonia 
combustion applications. The flame morphology, combustion boundary and 
combustion stability have been summarized in next section.   

Table 3.1: Experimental conditions of pure ammonia. 

Parameters Value 

Co-flow velocity (Ucf) [m/s] 23, 25, 27, 29, 32, 34 

Injection pressure (Pinj) [bar] 1.3, 1.6, 1.9, 2.2, 2.5 

Injection velocity (uinj) [m/s] 3.4, 9.4, 15.5, 21.5, 27.6 

Co-flow temperature (Tcf) [K] 1113-1223 

 

3.2 Morphology characteristics of ammonia jet flame  

Flame morphology is a fundamental parameter in the analysis of flame 
propagation and combustion efficiency. The jet flame combustion process of pure 
ammonia has shown in figure 3.2.1. The auto-ignition full process of ammonia jet 
flame can be recorded by high-speed camera from auto-ignition to extinction. 
Once the electric valve open, the ammonia injection begins and the cold ammonia 
flow jets into the high temperature co-flow. Then ammonia will mix with oxygen 
and absorb the energy from the high temperature co-flow. The temperature of 
ammonia/air gas increases until the auto-ignition occurs, as figure 3.2.1(a) shown. 
With the flame propagates, the flame length, flame brightness, flame area and 
flame perimeter increase from minimum to maximum. Once the jet flame 
parameter has not been increased, it means the combustion propagate to the max, 
shown as figure 3.2.1(b). After auto-ignition of the ammonia jet flow occurs, the 
flame length, flame area and flame brightness increase rapidly, and a stable lifted 
flame is formed. After the ammonia jet forms a stable lifted flame, the flame will 
continue for a period of time which is mainly determined by the pulse width of the 
ammonia jet solenoid valve. Finally, the electric valve close and the residual 
ammonia form injection system inject into co-flow. The flame length and area 
decrease rapidly, then jet flame is gradually extinguished, shown as figure 3.2.1(c). 
According to the images of the ammonia continuous lifted flame taken by the 
high-speed camera, it can be seen that the ammonia jet flame presents obvious 
turbulent flame corrugation characteristics. 

The ammonia jet flame at different co-flow temperatures have been reported 
in figure 3.2.2. The overall color of ammonia jet diffusion flame is orange with 
brighter yellow zone, the main reason for the formation of ammonia flame is the 
spectrum of the NH2 free radicals and water vapor in the ammonia flame [77,78]. 
With the Tcf increases, the flame brightness increases. The RGB average value 
and brightness can be used to evaluate the flame brightness, shown in figure 3.2.3. 
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The flame brightness shows an obvious increment once the Tcf >1173 K. A higher 
Tcf can form a brightness area at the center of jet flame. The center brightness area 
represents an intense combustion occurs. A higher Tcf can improve the 
combustion chemical reaction and form an intense lifted flame. When the Tcf 
increases, ammonia flame becomes longer, the overall injected ammonia can be 
burned, the jet flame become completer and more stable.  

 
(a) Auto-ignition        (b) Combustion         (c) Extinction 

Figure 3.2.1: Ammonia auto-ignition in the co-flow field captured by high-speed 
camera.  

(Tcf = 1223 K, Ucf = 25 m/s, and Pinj = 1.9 bar) 

 
1148 K       1173 K       1198 K        1223 K 

Figure 3.2.2: Ammonia jet flame at different co-flow temperatures. 

(Ucf = 25 m/s, Pinj = 1.9 bar) 

When the Tcf is lower (1148 K), the overall brightness of the flame is low, and 
the flame length is also significantly small. The reason is that only part of 
ammonia can be ignited in lower Tcf (1148 K) compared to higher Tcf (1223 K). 
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The unstable auto-ignition due to the low co-flow temperatures lead to a large 
amount of unburned ammonia. When the co-flow temperature reaches to 1223 K, 
the orange brightness of the flame is significantly enhanced, because the high 
temperature makes the high vibrational excited states of the molecule in the 
ammonia flame more pronounced [77, 96, 175].  

 
Figure 3.2.3: The flame brightness of ammonia at different co-flow temperatures. 

(Ucf = 25 m/s, Pinj = 1.9 bar) 

 
1.3 bar            1.6 bar                1.9 bar               2.2 bar             2.5 bar 

Figure 3.2.4: Ammonia jet flame at different injection pressures. 

(Ucf = 25 m/s, Tcf = 1173 K) 
Figure 3.2.4 shows the original images of the ammonia jet flames with 

different injection pressures under Tcf = 1173 K and Ucf = 25 m/s. It can be seen 
that the lifted height of the flame increases with an increase in injection pressure. 
When Pinj reaches to 2.5 bar, the overall brightness of flame become lower, 
compared to the brightness at Pinj= 2.2 bar. The flame length is significantly lower 
at Pinj= 2.5 bar, which indicates that the auto-ignition of the ammonia jet is 
incomplete. The reason is that the large amount of ammonia injects into the co-



40  Autoignition boundary and stability 
mechanism of pure ammonia turbulent flames under  high-temperature co-flow 

 

flow field, which cannot completely burn, leading to a large amount of unburned 
ammonia. 

According to the overall observation at different combustion conditions: the 
flame combustion efficiency and stability have an obvious influence by different 
co-flow temperatures, co-flow velocities and jet pressures. So, in order to control 
the ammonia auto-ignition with a higher combustion efficiency and a better stable 
flame, the characteristics of ammonia auto-ignition need a further analysis.  

In figure 3.2.5, the flame length and the flame area are reported at different 
co-flow temperatures, while figure 3.2.6 shows the corresponding flame perimeter 
and aspect ratio S/C. For both the figures, Ucf has been kept constant at 25 m/s, 
and Pinj is equal to 1.9 bar. As can be inferred from figure 3.2.5 and 3.2.6, the 
length, area and perimeter of the ammonia flame increase with Tcf. The flame 
length of ammonia combustion is primarily affected by the flame speed of 
ammonia. If the Tcf increases, the flame speed of ammonia augments [176], thus 
promoting the faster development of the ammonia flame in the axial direction; 
therefore, the diffusion ability of ammonia becomes stronger with an increment in 
the Tcf value, leading to an augmented flame area. The flame perimeter will also 
increase together with the value of Tcf, due to the more pronounced flame length 
and wrinkle. Froude number (Fr), the ratio of the initial momentum of the jet to 
the buoyancy force, is one of the important factors affecting the flame length. For 
turbulent jet flame, Fr and flame length are defined by the following Eq 3.1 and 
3.2 [173,177]: 

Fr =  
un ∙ φ

1.5

(
ρn
ρ∞
)
0.25

(
∆Tf
T∞

gd)
0.5  (3.1)  

Where, ∆Tf = Tf − T∞ represents the temperature difference caused by 
combustion, Tf  is flame temperature, and T∞  represents ambient temperature, it 
refers to the co-flow temperature.  ρn is the density of the jet, ρ∞ is the density of 
the environment gas, refers to the co-flow atmosphere gas density(ρCO); un is the 
velocity of jet, g is the local gravitational acceleration, and d is diameter of the jet 
nozzle. φ represents the chemical equivalent. 

L ∝ (
ρn
ρ∞
)
0.5

 (3.2)  

With jet pressure increases, the velocity and momentum of the jet increase, in 
the meanwhile, the Froude number increases. When the Froude number is large, 
the effect of buoyancy on the flame is weakened, and the momentum of the jet is 
the dominant factor. As the jet momentum increases, the flame length starts to 
increase. That the reason why flame length increases at 1.3-2.2 bar.   

The dashed curve plotted in figure 3.2.5, which follows Eq.3.2, has been 
determined, based on experimental data of co-flow temperatures, up to 1198 K. In 
fact, for a certain value of initial axial jet momentum, a fixed fuel flow-rate, an 
asymptotic flame length value exists: such a value is reached as the fuel jet can 
absorb enough heat from the co-flow to ensure a complete combustion. A knee 
occurs in figure 3.2.5 when Tcf =1198 K and for Tcf>1198 K the flame length 
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starts to be less sensitive to Tcf, and any further increment only reduces the lifted 
height. 

As can be inferred when examining figures 3.2.5 and 3.2.6, flame geometric 
features augment modestly as co-flow temperature surpasses 1198 K. This implies 
that at Tcf = 1198 K, Ucf =25 m/s and Pinj =1.9 bar, the jet ammonia already has 
acquired the sufficient heat energy from the co-flow field for thorough 
combustion fulfilment. The increment become slightly in flame parameters at 
Tcf =1223 K, due to ignition delay reduction. A smaller ignition delay represents 
the fuel jet reaches the auto-ignition state closer to the nozzle exit to diminish 
lifted height. 

 
Figure 3.2.5: Flame length, flame length model based on Eq. 3.2 and flame area of 

ammonia gas at different co-flow temperatures.  

(Ucf =25 m/s, Pinj =1.9 bar) 

 
Figure 3.2.6: Ammonia flame perimeter and S/C at different co-flow temperatures. 

(Ucf = 25 m/s, Pinj =1.9 bar) 

Figures 3.2.7 and 3.2.8 compare geometrical parameters of ammonia jet flame 
under different injection pressures. In particular, the experimental Tcf is 1223 K, 
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and the different curves refer to two co-flow velocities equal to 23 m/s 
(continuous lines) and to 32 m/s (dashed lines). The higher co-flow velocity 
generally augments the turbulence of the co-flow field around the ammonia jet; 
therefore, it promotes the heat transfer between the fuel and the co-flow field, 
leading to a growth in the length, area and perimeter of the jet flame. The rise in 
the ammonia jet speed (a higher Pinj) obviously corresponds to an increment in the 
ammonia volumetric flow rate: this enhances the mixing rate with the oxygen, and 
the temperature of the flame combustion will rise, thus improving the diffusion of 
the ammonia jet gas and promoting the chemical reactions. Furthermore, due to 
the increase in the jet momentum, the diffusion distance of the ammonia jet in 
both the axial and radial directions increase and lead to a flame morphology 
change. 

 
Figure 3.2.7: Length and area of ammonia flame at different jet velocities.  

(Tcf = 1223 K) 

 
Figure 3.2.8: Ammonia flame perimeter and aspect ratio at different jet velocities. 

(Tcf = 1223 K) 
However, when the jet pressure exceeds 2.2 bar, as reported in figure 3.2.7 

and 3.2.8, a rapid decline in the length, area and perimeter of the ammonia flame 
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can be noticed. In fact, the amount of ammonia injected into the co-flow field is 
high and cannot be fully burned [178]. Therefore, there may be a large amount of 
unburned ammonia in the co-flow field, which leads to the reduction in the length, 
area and perimeter of the ammonia flame.  

3.3 Auto-ignition boundary 

In order to find a better control strategy to avoid the unstable combustion, 
auto-ignition boundary of ammonia should be investigated and clarified. A 
definition auto-ignition boundary of ammonia is very important for its application.  

The ammonia auto-ignition boundary has shown in figure 3.3.1 at Pinj=1.9 bar. 
Every point has been tested at least 3 times to improve accuracy. The blue 
triangles, named “Auto-ignition”, represents a stable lifted flame can be formed in 
every times. The red circle, named “No combustion” represents no flame can be 
obtained by camera and data acquisition method. The black square, named “Auto-
ignition boundary” represents the flame can be observed sometimes which means 
it is difficult to form a stable flame at the boundary condition. With the co-flow 
velocities increases, a stable flame needs a higher co-flow temperature. The 
reason is that the heat exchange time between jet flow and co-flow decreases due 
to co-flow velocity increases. The jet flow does not have enough time to mix with 
oxygen and absorb energy from high temperature co-flow. As an example, by 
considering a co-flow speed of 23 m/s, the ammonia jet can be ignited at a co-
flow temperature beyond 1163 K, forming a stable lifted flame. 

 
Figure 3.3.1: Auto-ignition of ammonia at different co-flow velocities.  

(Pinj=1.9 bar) 

Figure 3.3.2 shows the auto-ignition boundary of ammonia under different 
Pinj with a fixed co-flow velocity equal to 25 m/s. With the jet pressure increases, 
the lowest auto-ignition temperature increases. For example, if Pinj=1.6 bar, the 
ammonia jet can be ignited and a stable lifted flame can be formed when the co-
flow temperature is beyond 1158 K. At the same co-flow temperature, a higher 
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injection pressure leads to a higher initial momentum and a higher jet velocity. In 
fact, a higher jet velocity reduces the mixing time between the jet flow and the co-
flow, therefore the ammonia cannot reach the auto-ignition temperature. Similar 
trends to the one reported in figure 3.3.1 have been obtained for different co-flow 
velocities.  

 
Figure 3.3.2: Auto-ignition of ammonia at different jet pressures. 

(Ucf = 25 m/s) 

3.4 Ignition delay and auto-ignition point  

Ignition delay is an important parameter to evaluate fuel combustion 
characteristics. A shorter ignition delay usually represents the fuel has a higher 
combustion efficiency and a better flammability. The figure 3.4.1 shows the 
ignition delay at Tcf = 1148-1123 K, Ucf = 25 m/s and Pinj =1.9 bar. When the co-
flow temperature is closer to 1148 K, ammonia is still in the unstable region of the 
combustion boundary (cf. figure 3.3.2). Therefore, a higher co-flow temperature 
lead to a higher the combustion stability, leading to a pronounced drop in the 
ignition delay up to Tcf = 1173 K. A lower co-flow temperature and a higher 
injection pressure let the ammonia cannot absorb enough energy from the co-flow 
at Tcf = 1148 K, leading to a high value of flame lifted height and to the presence 
of unburned ammonia. When the Tcf rises to 1173 K, the fuel reaches a stable 
lifted flame, and the ignition delay further decreases. Beyond this temperature, the 
energy exchange between the fuel and the co-flow is enough to ensure a stable 
flame. When the co-flow temperature exceeds 1198 K, the ammonia flame is 
always stable, and the influence of the co-flow temperature on the ignition delay 
of ammonia is reduced. The ignition delay has a stronger temperature sensitivity 
when co-flow temperature is lower than 1198 K, which means the chemical 
reaction control the ignition in a lower co-flow temperature. When Tcf >1198 K, 
the ignition decline trend decrease, which means the temperature effect on 
chemical reaction is not the key factor at high temperature. At the high co-flow 
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temperature, the physical gas mixing effect become the dominated factor on 
ignition delay because the temperature effect on chemical reaction has been reach 
to maximum. The temperature turning point is 1198 K of pure ammonia at Ucf =
 25 m/s, Pinj=1.9 bar and it also can be called temperature sensitivity limitation 
point. The ignition delay shows a near 18% decline once the Tcf increases form 
1148 K to 1173 K. But the decline is only near 6% when the Tcf increases form 
1198 K to 1223 K 

 
Figure 3.4.1: Ignition delay of ammonia at different co-flow temperatures.  

(Ucf = 25 m/s, Pinj=1.9 bar) 

 
1148 K                  1173 K                    1198 K                     1223 K 

Figure 3.4.2: Location of auto-ignition point of ammonia gas at different co-flow 
temperatures.  

(Ucf = 25 m/s, Pinj=1.9 bar) 

The auto-ignition point has shown in figure 3.4.2, which represents the flame 
core formation. In order to a better observation, the background color change to 
blue and a red line represent the injection position. At a lower co-flow 
temperature (1148 K), the flame core location is far away from injection outlet 
and the core boundary fuzzy. The fire cores are small and scattered even 
unconnected, showing a multi-point distribution accompanied by wrinkles. It 
means the combustion is unstable and easy to extinct at 1148K. As the co-flow 
temperature increases to 1173 K, the flame cores gradually concentrate, the fuzzy 
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boundary disappears, the fire core is closer to the nozzle exit, flame core area 
increases and the core structure is close to a preliminary flame. In fact, the 
augmented co-flow temperature provides the ammonia jet with a higher energy, 
which promotes the auto-ignition and makes the position of the auto-ignition point 
closer to the nozzle outlet. Once the co-flow temperature increases to 1198 K and 
1223 K, the flame core structure and position nearly has a slightly change. The 
flame core boundary become flat and core is closer to injection outlet, which 
means the flame core formation is smoother to ignite and diffuse. Thus, a higher 
co-flower temperature (Tcf >1198 K) can improve combustion stability. 

3.5 Lifted height and auto-ignition stability 

The normalized flame lifted height (H/d), corresponding to an average 
position of the flame, can be used to quantify the flame stability because it is 
sensitive to several flow and flame parameters, especially to the co-flow 
temperature [157]. Thus, lifted height has been used to evaluate the combustion 
stability in different Tcf, Ucf and Pinj. 

 
Figure 3.5.1: Ammonia flame lifted height at different co-flow temperatures. 

(Ucf =25 m/s, Pinj=1.9 bar) 

Many fuels show a co-flow temperature threshold beyond which its influence 
on flame lifted height drastically reduces [30]. The temperature threshold for the 
ammonia under the considered experimental conditions can be identified at Tcf= 
1198 K, for both the ignition delay and flame lifted height. In figure 3.5.1, the 
lifted height declines with the Tcf increases. It is similar to the trend of ignition 
delay, which the turning point is near to 1198 K. When the Tcf <1198K, the lifted 
height has obvious decline and a higher sensibility to Tcf . Whereas, when the 
Tcf >1198 K, although the lifted height still decreases, the lifted height is lower 
sensitive to Tcf. The one reason is that the ignition delay has a strong effect on 
lifted height in a lower Tcf . A lower ignition delay represents a fast chemical 
reaction to lead the combustion occurs close to the tube outlet. The other reason is 
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that for the flame lifted height, an augmented co-flow temperature increases the 
flame stability, due to an enhanced heat exchange. 

 
Figure 3.5.2: Lifted height versus injection pressures at different co-flow 

velocities. 

 (Tcf = 1223 K) 
Co-flow velocity and injection pressure have an important effect on ammonia 

lifted height [179]. The lifted height trends with respect to the injection pressure 
for different co-flow velocities in Tcf=1223 K. In order to eliminate the co-flow 
temperature effect, the Tcf has been chosen to the max temperature in which a 
stable flame can be formed. The figure 3.6.2 shows that a higher Pinj and Ucf lead 
to a higher lifted height. A higher Pinj increases the concentration of ammonia in 
the area near to the ammonia injection tube, leading to augmented local 
equivalence ratios, therefore, the auto-ignition is not promoted and the ammonia 
flame will be settled further away from the injector tube outlet. A higher Ucf 
decreases the heat exchange time and the ammonia gas does not absorb enough 
thermal to auto-ignite. A higher Ucf also lead to the ammonia gas energy dissipate 
too fast to concentrate energy. Thus, a suitable Pinj and Ucf is very important to 
ammonia combustion control strategy. 

A modified large-scale mixing model suitable for auto-ignited flame in a 
high-velocity co-flow field has been developed in [133]. In particular, the lifted 
height ca be expressed as Eq. (3.3): 

H

d
∝ τign,ad

(kst)
α

τmix
′ 1−α (3.3) 

Where τign,ad  is the ignition delay determined by CHEMKIN at adiabatic 
stoichiometric conditions, kst  is the strain rate, τmix′  is the mixing time, which 
also accounts for shearing effects, and α is a parameter in the range of [0, 1]. 

When α = 1, small-scale strain completely dominates the lifted height, while 
if α = 0, large-scale mixing entirely controls the lift-off height. The flame strain 
rate is calculated as Eq. (3.4): 
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kst ∝
uinj

d
(Reco ⋅ fM)

0.5 (3.4) 
where uinj is the fuel velocity, d is the injector pipe diameter and Reco stands 

for the Reynolds number of the co-flow and fM is defined as Eq. (3.5): 

fM = [1 +
1−M

(
dcf
d
)
2

M

]

0.5

(3.5) 

Where dcf is the diameter of the burner disk (equal to 100 mm) and M is the 
specific co-flow-to-jet momentum flux ratio, defined as Eq. (3.6): 

M = (
ucf

uinj
)
2
ρcf

ρjet
  (3.6) 

In which ρcf and ρjet stand for the co-flow and fuel jet density, respectively.  
Due to the absence of a flowmeter suitable for ammonia, the fuel flow rate 

and the fuel velocity, have been determined by means of a characterization of the 
fuel line when air flows through it. In particular, for the same injection pressures, 
air flow rate has been measured when the solenoid valve is opened and there is 
not any co-flow in the burner. Based on the measuring principle of the employed 
Alicat flowmeter, the corresponding mass flow rate of ammonia can be 
determined from the air flow rate based on dynamic viscosity and density of the 
two gases. The presence of a water layer around the fuel pipe shields the fuel from 
heat transfer due to the co-flow presence during normal working conditions of the 
burner. Therefore, effects of heat transfer which can modify the fuel flow-rate, 
based on the Rayleigh flow theory, when co-flow laps the fuel pipe can be 
disregarded, and the flow rate can be consistently assumed equals to the one 
determined when the burner is turned off and outlet temperature is almost equal to 
the environment one. Therefore, for each tested Pinj, velocity of the ammonia jet 
has been determined. 

The mixing time τmix′  in Eq. (3.7) can be expressed as 
1

τmix
′ ∝

uinj

LP
[1 + C (

Δu

ucf
)]  (3.7) 

Where C is a positive coefficient representative of the degree of shearing 
effect on the mixing time, Δu = uinj − ucf  and Lp is the potential core length, 
evaluated as Eq. (3.8): 

{
 
 

 
 
Lp

d
= 4 + 12 (

ucf

uinj
)    if   ucf < uinj

Lp

d
=

16

(
ucf
uinj

)

                  if   ucf > uinj
    (3.8) 

Lifted height data has been plotted using the modified mixing-strain model 
given by Eq. (3.3) in figure 3.5.3, with C = 0.167 and α = 0, meaning that 
ammonia diffusive combustion in high-temperature co-flow is controlled by the 
large-scale mixing.  
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Figure 3.5.3: Modified mixing-strain model correlation of lifted height at different 

co-flow velocities. 

(Tcf = 1223 K) 
Besides the lifted height (H/d) combustion model, the time-fluctuations of 

the flame lifted height also can evaluate the combustion stability. The lifted height 
fluctuation at different Tcf in 200-260 ms has shown in figure 3.5.4. In order to 
form a stable flame, the co-flow velocity and injection pressure have been 
controlled to 25 m/s and 1.9 bar. As the co-flow temperature increases, the 
maximum and average value of flame lifted height reduces overall which means 
flame becomes more stable. The standard deviation of the flame lifted height (H/d) 
in the considered time interval is reported in figure 3.5.4: it dramatically reduces 
when the co-flow temperature increases. Because of faster flame speed and lower 
ignition delay with a higher co-flow temperature, both the flame diffusion and 
chemical reaction have been enhanced, improving the flame stability of the 
ammonia diffusive combustion. In fact, when the co-flow temperature is high, the 
mixing process between ammonia in the jet and oxygen in the co-flow is 
accelerated, which is more conducive to the formation of combustible gas mixture, 
making the combustion become more stable, and there is no obvious multi-point 
auto-ignition phenomenon. Instead, when the co-flow temperature is low, the 
combustion of the ammonia jet is very unstable and accompanied by a sharp burst 
sound (as soon as the co-flow temperature exceeds a certain value, the burst sound 
disappears). The flame front is uneven, the shape is very irregular, and the 
direction and speed are frequently changed in the combustion process: unburned 
ammonia can be diffused and heated from all directions, and the resulting small 
explosions emit sharp pressure pulses, causing ringing.  
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(a) Lifted height at different Tcf (b) Standard deviation of H/d at 

different Tcf 
Figure 3.5.4: The lifted height time fluctuations at different co-flow 

temperatures. 

(Ucf = 25 m/s, Pinj= 1.9 bar) 

 
(a) Lifted height at different Pinj (b) Standard deviation of H/d at 

different Pinj 
Figure 3.5.5: The lifted height time fluctuations at different injection 

pressures. 

( Ucf = 25 m/s, Tcf= 1223 K) 
The lifted height (H/d) fluctuations for different injection pressures have been 

reported in figure 3.5.5. The standard deviation of the flame lifted height in the 
considered time interval increases with the injection pressure increases. A higher 
pressure leads to higher fluctuations, due to intensified turbulence disturbance 
because of the augmented fuel Reynolds number. With an injection pressure 
increase, the injection velocity rises, and the flame morphology continuously 
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changes from lift-off to blow-off: for Pinj=2.5 bar, the ammonia lifted flame 
shows a critical auto-ignition (CA) behaviour, that is represented by the repetition 
of flame extinction and re-ignition [180]. In order to a further analysis the flame 
extinction and re-ignition phenomenon, the blow off flame can be observed at a 
higher condition: Pinj=2.5 bar and Ucf=34 m/s. As reported in figure 3.5.6, a series 
consecutive photo in 200-260 ms report a critical auto-ignition behaviour in which 
the lifted height is high with a high fluctuation. A higher fluctuation means the 
flame combustion is unstable with repetition of extinctions and re-ignition. In fact, 
the burnt gas could induce local acceleration in the streamwise velocity, due to the 
buoyancy, thus leading to blowout. As the local velocity decelerates, as a result of 
the mitigation in the buoyancy effect, an auto-ignition can again occur [180].  

 
Figure 3.5.6: The flame fluctuation and reignition phenomenon in the time range 

200-260 ms after the beginning of the fuel flow.  

(Tcf = 1223 K, Pinj= 2.5 bar,  Ucf = 34 m/s) 

  
(a) The lifted height at 1198 K (b) The lifted height at 1223 K 

Figure 3.5.7: The flame stability at different co-flow temperatures. 
The unstable flame with repetition of extinctions and re-ignition behaviour 

has a critical effect on flame stability. The figure 3.5.7 show the flame H/d 
fluctuations from the injection to extinction at different co-flow temperatures. 
Different with figure 3.5.4, both the stable and unstable combustion have been 
summarized that is the reason why the svd is higher. In figure 3.5.7, the flame 
fluctuation declines with the co-flow temperature increases. When the Tcf reach to 
1223 K, the flame standard deviation close to 10 which show a 44% decline 
compare to Tcf = 1198 K. Thus, a higher Tcf can improve the flame stability. 
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3.6 Chapter Summary 

In this chapter, the turbulent jet flame characteristics of pure ammonia within 
a high-temperature co-flow, measured by the Controllable Active Thermo-
Atmosphere (CATA) burner, has been investigated. The non-premixed jet flame 
morphology of ammonia, the auto-ignition boundary, the ignition delay, the 
combustion stability mechanism and flame fluctuation have been explored and 
summarized. The main conclusions are shown as follow: 

The overall color of ammonia jet flame is orange with brighter yellow zone. 
With the Tcf increases, the flame brightness, flame length and flame area increase. 
The reason is that only part of ammonia can be ignited in lower Tcf (1148 K). The 
unstable auto-ignition due to the low co-flow temperatures lead to a large amount 
of unburned ammonia. When Pinj reaches to 2.5 bar, the overall brightness of the 
flame is lower than the brightness at Pinj = 2.2 bar and the flame length is 
significantly lower. The reason is that a large amount of ammonia injects into the 
co-flow field, which cannot completely burn, leading to a large amount of 
unburned ammonia. With the jet pressure increases, the lowest auto-ignition 
temperature increases. At the same co-flow temperature, a higher injection 
pressure leads to a higher initial momentum and a higher jet velocity. A higher jet 
velocity reduces the mixing time between the jet flow and the co-flow; therefore, 
the ammonia cannot reach the auto-ignition temperature.  

At a lower co-flow temperature (1148 K), the flame core location is far away 
from injection outlet and the core boundary fuzzy. The fire cores are small and 
scattered even unconnected, showing a multi-point distribution accompanied by 
wrinkles. It means the combustion is unstable and easy to extinct at 1148 K. As 
the co-flow temperature increases to 1173 K, the flame core gradually 
concentrates, the fuzzy boundary disappears, the fire core is closer to the nozzle 
exit, flame core area increases and the core structure is close to a preliminary 
flame.  

A higher co-flow temperature lead to a lower ignition delay. Once co-flow 
temperature beyond 1198 K, the decline trend of ignition delay decreases. The 
ignition delay shows a 6% decline once the Tcf increases form 1198 K to 1223 K. 
At the high co-flow temperature, the physical gas mixing effect become the 
dominated factor on ignition delay due to the temperature effect on chemical 
reaction has been reach to maximum.  

The distance from the position of the auto-ignition point to the outlet of the 
central nozzle and the ignition delay both decrease when the co-flow temperature 
increases. In addition, the flame lifted height of the ammonia gradually decreases 
with an augment in the co-flow temperature, and there is a critical temperature at 
1198 K beyond which the effect of Tcf on H/d dramatically reduces. Lifted length 
data are satisfactorily fitted by a modified mixing-strain model, showing that the 
combustion is controlled by the large-scale mixing. 
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With the increase of co-flow temperature, the flame stability of the ammonia 
increases significantly, and the fluctuations of the flame lifted height with respect 
to time decrease obviously. Conditions characterized by high injection pressures 
and high co-flow velocities show an unstable critical auto-ignition behavior, 
featuring the repetition of extinctions and re-ignition. 



 

 
 

Chapter 4 

Auto-ignition characteristics and 
flame enhancement mechanism of 
ammonia blending fuels 

4.1 Experimental conditions of ammonia blending fuels 
auto-ignition  

The blend homogeneity is a key factor for ammonia-hydrogen blending fuel.  
A premixed tank has been used to blend the ammonia with active gas fuels. In 
addition to the ammonia detection system discussed in Chapter 3, a specialized 
hydrogen gas leakage handheld detector has been implemented to keep 
experimental process safety. The test conditions of ammonia-hydrogen 
combustion test have shown in Table 4.1. The co-flow velocity and jet flow 
injection pressure ensure Reynolds number beyond 4000 to form a high 
temperature turbulent co-flow field. The parameters definition of (Ucf, Pinj and Tcf) 
are same with pure ammonia experimental test (cf. table 3.1). 

Table 4.1: Experimental conditions of ammonia blending fuel fuels 

Parameters Value 

Co-flow velocity (Ucf) [m/s] 23, 25, 27, 29, 32, 

Injection pressure (Pinj)[bar] 1.3, 1.6, 1.9, 2.2, 2.5 

Co-flow temperature (Tcf) [K] 973-1173 

H2 ratio(XH2) [%] 0-25 

CH4 ratio(XCH4) [%] 7 
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4.2 Morphology characteristics of ammonia-hydrogen jet 
flame 

According to multiple investigations conducted on the combustion properties 
of ammonia-hydrogen blends in various combustion burners [61,72,79,81], a 
hydrogen fraction ranging from 5% to 25% into pure ammonia has been found to 
accelerate the combustion process in ICEs. Figure 4.2.1 compares the flame 
characteristics of the ammonia-hydrogen blending fuels with that of pure 
ammonia. Compared to pure ammonia, ammonia-hydrogen flame has a higher 
flame brightness, a large flame area and a crinkly flame morphology at the same 
experimental conditions. Additionally, the lifted height (H/d) of ammonia-
hydrogen is smaller than that of pure ammonia. 

 
10% H2/90%NH3      100% NH3 

Figure 4.2.1: Comparison of ammonia-hydrogen and pure ammonia.  

(Ucf = 23 m/s, Pinj = 1.6 bar, Tcf = 1173 K) 

 
5%                  10%                     15%                     20%                 25% 

Figure 4.2.2: The flame morphology at different hydrogen ratios. 

(Ucf = 23 m/s, Pinj =1.6bar, Tcf = 973K) 
The flame morphology at different hydrogen ratios have shown in figure 4.2.2. 

The pure ammonia can maintain a stable flame when the Tcf ≥ 1173 K, however, 
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at the same conditions (Ucf = 23 m/s, pinj = 1.6 bar), by adding a fraction of 10% 
to 20% hydrogen into the ammonia, the ammonia-hydrogen blending fuels are 
capable to maintain a stable lifted flame at a significantly reduced co-flow 
temperature of 973 K. The effect of hydrogen markedly lowers the threshold 
temperature required for stable auto-ignition combustion, thus enhancing the 
flammable limitation of ammonia and potentially broadening its applicability in 
combustion systems. 

Ammonia flame with a low hydrogen addition ratio exhibits an orange color, 
similar to that of pure ammonia combustion. As the proportion of hydrogen is 
augmented, the flame becomes brighter, which means that the increasing of 
hydrogen lead to an augmented production of NH2. NH2 is the main factor to 
control the flame spectrum [18,34]. This enhanced brightness is quantitatively 
captured by an increase in the flame gray value, a trend that is clearly illustrated in 
figure 4.2.3. Two principal mechanisms contribute to this elevation in gray value: 
Firstly, the presence of hydrogen, due to a higher concentration of OH and H, 
accelerates the NH2 production [36,37]. Secondly, hydrogen augments the mixture 
gas combustion temperature, leading to an enhanced chemical ionization. Figure 
4.2.4 show the average value of gray value in every 50 pictures from the open 
time of electric valve to the close time, thereby encompassing the entirety of the 
injection cycle. The flame average gray value increases with increasing hydrogen 
ratios. 

  
Figure 4.2.3: Flame average gray value at different hydrogen ratios. 
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Figure 4.2.4: Flame gray values fluctuation with time at different hydrogen ratios 
(left); The flame images of 25% hydrogen ratio with time (right). 

(Ucf =23 m/s, Pinj =1.6 bar, Tcf=1173 K) 
There exists an interesting phenomenon at 25% hydrogen ratio that the gray 

value growing time from 0 to Max is longest, nearly 350 ms in figure 4.2.4. 
Conversely, at lower hydrogen ratios of 5% and 15%, this ramp-up period is 
considerably shorter, approximating 150 ms. The underlying dynamic driving this 
phenomenon is the differential reactivity of hydrogen relative to ammonia. The 
reason is that hydrogen is main burned fuel at the beginning because hydrogen is 
more active than ammonia, so only part of ammonia fuel has been auto-ignited 
because the hydrogen combustion increases the temperature of mixture flow. And 
with the more ammonia fuel beginning to be ignited, the mixture flow temperature 
has an obvious enhancement and lead to ammonia combustion fully. Auto-
ignition process ultimately manifests in the observed variations in the temporal 
development of the flame gray value. 

Figure 4.2.5 shows the flame morphology of ammonia/10% hydrogen mixture 
fuel combustion at Tcf= 973-1173 K. As the co-flow temperature increases, the 
lifted height exhibits a decreasing trend, whereas its length, area, perimeter, and 
brightness show a concurrent increase. Notably, the combustion flame of the 
ammonia-hydrogen mixture displays a region of diminished brightness along the 
axial direction, present at the flame root region (as demarcated by the red 
rectangle at 1023 K). This localized reduction in brightness can be ascribed to a 
combination of factors: initially, a lower temperature leads to auto-ignition 
incompletely. Furthermore, due to its higher chemical reactivity, hydrogen ignites 
more readily than ammonia, a phenomenon that corroborates the differential 
brightness observed in figure 4.2.4. With the combustion development and 
propagation, the middle and upper parts of the ammonia-hydrogen blending fuel 
flame become brighter and the flame width is larger. The ammonia-hydrogen 
mixture gas and the oxidant achieve a homogeneous mixture conducive to intense 
combustion, with the peak brightness situated at the flame's core. With the Tcf 
increase, the ammonia-hydrogen flame brightness maximum increases and flame 
core become lighter, which means a higher co-flow temperature can enhance the 
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combustion. The correlation between co-flow temperature and the various 
parameters of flame morphology emphasizes that the co-flow temperature plays 
an important role in the combustion of ammonia-hydrogen mixtures, and 
highlights the critical role of temperature in optimizing the combustion 
characteristics for such fuel blends in practical applications. 

 
973 K      1023 K      1073 K       1123 K       1173 K 

Figure 4.2.5: Ammonia/10% hydrogen flames at different co-flow temperatures. 
(Ucf =23 m/s, Pinj =1.6 bar) 

In figure 4.2.6, the flame length of ammonia-hydrogen increases gradually 
with the increase of hydrogen ratio. Mixing hydrogen into ammonia can enhance 
the mixture flame speed, so that the jet flame can be propagated far away in the 
axial direction. The hydrogen combustion promotes the ammonia combustion, 
making the combustion more intense. Hydrogen addition into ammonia has a 
stronger effect at lower co-flow temperatures. The reason is that hydrogen has a 
lower ignition delay and lead to decrease the minimum ignition energy of the 
mixture fuel. Even Tcf is lower to 973 K, the Tcf is enough for hydrogen ignition, 
but for ammonia, 973 K is not enough to form a flame. Consequently, the addition 
of hydrogen effectively broadens the flammability limits of the flame in 
comparison to pure ammonia, even when the hydrogen mix ratio is as low as 5%. 
At higher co-flow temperatures, the impact of hydrogen becomes less significant. 
High Tcf  values approach or exceed the auto-ignition temperature of ammonia, 
which means the auto-ignition of ammonia can be occurred without the need for 
hydrogen. Therefore, the effect of hydrogen on facilitating auto-ignition is 
diminished at these higher temperatures. 
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Figure 4.2.6: Flame length with different hydrogen ratios at different co-flow 

temperatures.  

(Ucf = 23 m/s, Pinj = 1.6 bar) 
The length of the flame of an ammonia-hydrogen blending fuel exhibits a 

gradual increase with a rise in co-flow temperature. Notably, when the hydrogen 
ratio exceeds 10%, the rate of increase in flame length diminishes, suggesting that 
a 10% hydrogen ratio may represent an optimal economic balance for enhancing 
the ammonia flame. The addition of hydrogen leads to a higher concentration of 
active free radicals, OH and H, which elevate the flame speed and temperature, as 
referenced in publications [61,72,79,81]. Therefore, on the one hand, hydrogen 
enhance the chemical reaction of overall mixture gas; on the other hand, the flame 
temperature increment from hydrogen combustion improves the ammonia 
combustion. The flame length increases with two reverse directions: towards the 
proximity of the tube, governed by the ignition delay, and away from the tube, 
associated with the flame speed. Consequently, both ignition delay and flame 
speed have influence on flame length. Under high Tcf condition (exceeding 1073 
K), the combustion enhancement effect of hydrogen cannot be significantly 
improved, implying that flame propagation speed has minimal alteration. A higher 
Tcf can increase the heat exchange and lead to ammonia auto-ignition fully. Thus, 
the increase of Tcf can promote the combustion of ammonia gas in the mixture 
fuel, showing that flame length still continues to increase. From the perspective of 
flame length, hydrogen addition has a stronger effect than Tcf increment.  

The flame area can be defined as a parameter to evaluate the flame 
propagation and combustion efficiency. A smaller flame area means a lower flame 
propagation and a lower combustion efficiency which means a lot of non-ignition 
ammonia occurs. Non-ignition is a kind of insufficient combustion and need to 
avoid. The figure 4.2.7 is ammonia/5% hydrogen at Tcf =973 K and Tcf =1173 K. 
The flame shows much different even the fuel is same. Thus, a higher Tcf have a 
sufficient combustion and it increases the combustion efficiency. In figure 4.2.8 
and 4.2.9, the relationship between flame area and hydrogen ratios at different co-
flow temperatures for ammonia-hydrogen blending fuel are quantitatively 
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reported. The data indicate a positive correlation between flame area and the 
hydrogen ratio, attributed to an increase in both flame velocity and axial length. A 
higher proportion of hydrogen improves the auto-ignition process, thereby 
improving the combustion efficiency of the ammonia-hydrogen mixture gas, 
which is reflected in an augmented flame area. 

 
Figure 4.2.7: The ammonia/5%hydrogen jet flame at 973 K and 1173 K. 

 
Figure 4.2.8: Effect of hydrogen ratio on flame area at different co-flow 

temperatures.  

(Ucf = 23 m/s, Pinj = 1.6 bar) 

The flame area has a higher sensibility in lower Tcf : When the co-flow 
temperature is 973 K, the mixing ratio of hydrogen increases from 5% to 25%, 
and the flame area increases by 84.6%. However, when the co-flow temperature is 
1173 K, the mixing ratio of hydrogen increases from 5% to 25%, and the flame 
area only increases by 20.8%. It can be seen that the flame enhancement of 
mixing hydrogen into ammonia is better at lower temperature. Two factors control 
the flame area: one is the ignition delay and flame speed due to hydrogen addition 
(chemical factor); the other is heat exchanging enhancement from co-flow and jet 
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momentum (physical factor). The data further show the existence of a critical 
enhancement threshold of hydrogen ratio, close to 20% mixing ratio. When the 
hydrogen ratio increases to a certain ratio (20%), the flame length and area growth 
rate become slow, the small increases from the lifted height decline. Upon 
increasing the hydrogen ratio from 20% to 25%, the capacity of hydrogen to 
enhance combustion exhibits marginal change. The reason is that: although a 
higher hydrogen ratio increases the flame area due to the flame speed increases, 
the ammonia remains the main fuel in blending fuel. Once all the ammonia can be 
ignited easier, the potential for further expansion of the flame area is limited. This 
limitation is based on balance between the chemical and physical influences on 
the flame characteristics and the finite extent to which hydrogen addition can 
augment the combustion of ammonia within the mixture. 

 
Figure 4.2.9: Flame max width at different hydrogen ratios and co-flow 

temperatures. 

(Ucf = 23 m/s,  Pinj = 1.6bar) 

At Tcf = 973 K, the auto-ignition of blending fuel occurs because of hydrogen 
addition. Hydrogen ignites preferentially, followed by the combustion of 
ammonia because the temperature (973 K) is not reaching the min auto-ignition 
requirement temperatures for pure ammonia. Consequently, hydrogen ratio 
donates the flame efficiency (area and length) in lower Tcf. When the Tcf increase 
to 1173 K, both ammonia and hydrogen auto-ignition occurs. It is the reason why 
the flame area is much different at 973 K. The direct participation of ammonia in 
the ignition process, lessening the reliance on hydrogen to act as the primary 
ignition source. The higher Tcf narrows the discrepancy between the two fuels, 
hence diminishing the influence by hydrogen on flame characteristics at lower 
temperatures. 

A similar phenomenon occurs at different Tcf : With the Tcf  increases to 
temperature threshold, at a same hydrogen ratio, the area increments trend decline. 
The reason is that a higher Tcf increase the heat exchange efficiency which lead to 
improve the mixture gas combustion. Once auto-ignition of ammonia-hydrogen 
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both occurs, the combustion process is sufficiently optimized to the extent that 
further increases in flame area are limited. Thus, both adding hydrogen and 
increasing the co-flow temperature can improve the auto-ignition performance of 
ammonia. Increasing Tcf  is more economical method than adding hydrogen 
increase. The flame area increment in every 50 K is similar with the flame area 
increment in every 5% hydrogen addition. It suggests that an appropriate balance 
between Tcf and hydrogen ratio can be selected to control over the flame area and 
combustion efficiency of an ammonia-hydrogen blending fuel.  

Figures 4.2.10-4.2.12 reveal that both injection pressure and co-flow velocity 
leads to an improvement of flame area at different Tcf. In fact, the augmented 
injection pressure corresponds to a higher fuel flow rate. A higher injection 
pressure, in turn, amplifies the quantity of fuel/oxygen mixture involved in the 
combustion process, leading to an increment in the temperature of flame 
combustion. Moreover, a higher injection pressure lead to a higher fuel jet 
velocity and jet momentum, which promote fuel diffusion in the axial and radial 
directions. 

 
Figure 4.2.10: Flame area of ammonia-hydrogen at different injection pressures. 

(Ucf = 23 m/s, Tcf = 1123K) 

 If the injection pressure is above 1.6 bar, the flame area augment slope 
reduces, as can be inferred in figure 4.2.11. The increment of jet momentum lead 
to flame area increase. For example, when the hydrogen ratio increases, at 25% 
hydrogen, the minimum ignition energy decreases, combustion efficiency 
increment and momentum increment can both lead to a higher flame area, so the 
flame area of 25% hydrogen is greater than 5-10% hydrogen at Pinj> 1.6 bar.  

The increasing of the co-flow velocity enhances the co-flow flow momentum 
and turbulent intensity of the high-temperature co-flow field. On the one hand, a 
higher flow momentum blows the jet flame far away from tube in axial direction; 
on the other hand, a higher co-flow enhances the heat exchange between the jet 
fuel and co-flow. With the co-flow velocity increases, the difference of flame area 
between different co-flow temperatures decreases shown as figure 4.2.12, which 



4.3 Ignition delay and lifted height of ammonia-hydrogen blending fuel 63 

 
 

means the flow momentum increase can make up combustion efficiency 
difference because of different Tcf. 

 
Figure 4.2.11: Flame area of ammonia-hydrogen at different temperatures. 

(Ucf = 23 m/s) 

 
Figure 4.2.12: Flame area of ammonia-hydrogen at different co-flow velocities. 

(Pinj = 1.6bar) 

4.3 Ignition delay and lifted height of ammonia-hydrogen 
blending fuel 

The ignition delay at different hydrogen ratios and Tcf have been reported in 
figure 4.3.1. With Tcf increases, the ignition delay shows a downward trend due to 
the enhancement of heat transfer between jet fuel and co-flow. The ammonia-
hydrogen jet fuel can reach the required auto-ignition temperature faster at a 
higher Tcf . With the hydrogen ratio increases, the ignition delay of ammonia-
hydrogen mixture gradually decreases. Even a minor quantity of hydrogen 
markedly shortens the ignition delay. The hydrogen addition accelerates the 



64  Auto-ignition characteristics and flame 
enhancement mechanism of ammonia blending fuels 

 

chemical claim of ammonia. Therefore, adding a small amount of hydrogen into 
pure ammonia let the related reaction of hydrogen to dominate the combustion of 
ammonia-hydrogen fuel [65]. On the one hand, a lower ignition delay of hydrogen 
can lead some local auto-ignition spots occur and increase the local temperature, 
which can promote the combustion of the whole jet fuel. On the other hand, the 
hydrogen addition enhances the chemical reaction due to active groups H and OH 
increases. 

 
Figure 4.3.1: Ignition delay of ammonia and ammonia-hydrogen 

(Ucf = 23m/s, Pinj = 1.6 bar, XH2 = 5%-25% and Tcf = 973-1173K.) 

 
Figure 4.3.2: The flame lifted height at different hydrogen ratios. 

 (Ucf = 23 m/s, Pinj = 1.6 bar) 

Figure 4.3.2 shows the hydrogen ratio effect on the lifted height of ammonia-
hydrogen at different Tcf. At different Tcf, with the increase of hydrogen ratios, the 
lifted height shows a downward trend. The reason is that the ignition delay decline 
lead to auto-ignition occur closer to the tube outlet. At co-flow temperatures 
below 1073 K, the lifted height (H/d) experiences a pronounced decline; however, 
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as the co-flow temperature exceeds 1073 K, the decrement in lifted height exhibits 
a diminishing trend. When the hydrogen content is augmented from 5% to 25%, 
the lifted height is reduced by 9 at a co-flow temperature of 973 K. In contrast, at 
a co-flow temperature of 1173 K, the lifted height reduces to a mere 3, showing 
the more pronounced efficacy of hydrogen in enhancing combustion performance 
at lower thermal conditions. 

Figure 4.3.3 shows the Tcf  effect on the lifted height (H/d) of ammonia-
hydrogen blending fuel at different hydrogen ratios. With the increase of Tcf, auto-
ignition point is closer to the injector outlet because of a stronger heat exchange 
effect. The lifted height is less sensitive to the co-flow temperature change when 
Tcf excess the critical temperature (1073 K). It means the heat exchange efficiency 
has a limitation between and co-flow and jet flow. Actually, with the hydrogen 
increases, the critical temperature has a slightly decreases. When the hydrogen 
ratio increases to 25%, the lifted height line is near linear because the increasing 
of hydrogen ratio dominates the ammonia-hydrogen blending fuel combustion 
performance, even though the ammonia is the main fuel in mixture. The lifted 
flame is a combustion balance condition when the max laminar speed is equal to 
the turbulence flame speed. When the hydrogen ratio increases and the Tcf will 
also increase the mixture laminar speed. A faster flame speed lead to the bottom 
location of flame is closer to the fuel outlet. 

 
Figure 4.3.3: The lifted height at increasing co-flow temperatures and hydrogen 

ratios. 
Figure 4.3.4 shows the influence of co-flow velocity on the lifted height of 

ammonia-hydrogen under different co-flow temperatures. With the increase of co-
flow velocity, the lifted height of jet flame shows a slightly increase. However, 
compared to the effect of hydrogen ratio and co-flow temperature on the lifted 
height, the co-flow velocity effect is smaller. Although co-flow velocity has a 
stronger effect on pure ammonia, once addition hydrogen, the co-flow fact effect 
is smaller. It means hydrogen addition can enlarge the ammonia combustion 
boundary and the hydrogen flame enhancement is higher than hinder effect forms 
the co-flow increment. 
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Figure 4.3.4: Flame lifted height at different co-flow velocities. 

 (Pinj =1.6 bar, XH2=20%) 
In figure 4.3.5, the lifted height (H/d) of the ammonia-hydrogen blending fuel 

increases as the injection pressure increases. Nonetheless, H/d shows a diminished 
sensitivity to change in injection pressure at higher hydrogen ratios. At low 
hydrogen ratio, the physical factor plays the dominant role: a higher initial jet 
momentum decreases the time for the heat absorption from the co-flow, leading 
the flame to develop far from the nozzle. On the contrary, at a high hydrogen ratio, 
the combustion limitation is mainly represented by the chemical ignition delay: 
when H2=25%, although the fuel pressure increases, the auto-ignition initial point 
starts at almost the same distance from the fuel nozzle, showing that hydrogen has 
a stronger effect than jet momentum increment. This suggests that at sufficiently 
high hydrogen ratios, chemical effect from hydrogen is higher than physical effect 
from injection pressure on lifted height (H/d) [173]. 

 
Figure 4.3.5: The lifted height at different injection pressures and hydrogen ratios. 
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4.4 Combustion stability of ammonia-hydrogen blending 
fuel  

In order to explore the auto-ignition stability mechanism of ammonia-
hydrogen blending fuel at different hydrogen ratios, co-flow temperatures, and jet 
velocities, lifted height fluctuation in the 200-300 ms range has been analysed. In 
200-300 ms time range, the flame has a complete propagation, the flame 
brightness and flame area reach to max. This time range is so long to filtrate and 
delete the non-ignition and unstable flame. Figure 4.4.1 compares the fluctuation 
of the flame lifted height (H/d) of ammonia-hydrogen blending fuel. The standard 
deviation of the flame lifted height become significantly lower with hydrogen 
ratios increases. Hydrogen has a higher combustion stability than ammonia, so a 
higher hydrogen addition in ammonia has a much higher flame stability. When the 
hydrogen ratio is higher than 20%, the standard deviation decline tendency 
decreases and the standard deviation reaches a turning point. This suggests that 
the beneficial impact of hydrogen on enhancing combustion stability reaches a 
limit; further increases (hydrogen ratio above 20%）do not substantially improve 
stability. Therefore, a hydrogen ratio of 20% is identified as an optimal point for 
the combustion stability of ammonia-hydrogen mixtures. 

 
Figure 4.4.1: The flame lifted height of ammonia-hydrogen blending fuel at 

different co-flow temperatures. 

(Ucf = 23 m/s, Pinj = 1.6 bar, Tcf = 1123 K) 

To explore the effect of co-flow temperature on combustion stability, an 
ammonia/20% hydrogen flame was examined at temperatures ranging from 
1023K to 1173 K. Figure 4.4.2 presents the variation in flame lifted height and its 
corresponding standard deviation within a time span of 200-300 ms. An increase 
in co-flow temperature shows decline in the standard deviations of lifted height, 
indicating enhanced flame combustion stability.  
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(a) H/d of ammonia-hydrogen flames at 

different Tcf 
(b) H/d standard deviation of ammonia-

hydogen blending fuels 
Figure 4.4.2: The ammonia-hydrogen flame lifted height of 20% hydrogen ratio at 

different co-flow temperatures. 

(Ucf = 23 m/s, Pinj =1.6 bar) 

 
(a) H/d between ammonia and 

ammonia+20% hydrogen 
(b) The standard deviation 

of different fuels 

Figure 4.4.3: The lifted height and standard deviation comparison between  
ammonia and ammonia-hydrogen blending fuels 

The critical temperature is 1123 K, which divide the flame stability into 
different two stages. Below the critical temperature of 1123 K, combustion is 
controlled by the ignition delay, and it reduces with an augment of the co-flow 
temperature, that enhances the heat exchange between the fuel and the co-flow. 
Above 1123 K, a further increment of Tcf slightly effect on the auto-ignition. 
Therefore, if hydrogen ratio is fixed, the stability is almost not sensitive to further 
changes when the temperature beyond the Tcf threshold. 
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The standard deviation comparison between pure ammonia and ammonia-
hydrogen blending fuels are reported in figure 4.4.3 at Tcf = 1173 K, Pinj= 1.9 bar 
and Ucf = 23 m/s. The standard deviation for both fuels exhibit a marked decrease 
as the co-flow temperature increases. Notably, the standard deviation for lifted 
height of pure ammonia is significantly larger than that of the ammonia-hydrogen 
mixture. Additionally, the pure ammonia is affected by more pronounced 
fluctuations, and these almost disappear with the hydrogen addition. 

A blow off occurs for ammonia at Pinj=1.6 bar and co-flow temperature 973 K, 
shown in figure 4.4.4. At this boundary condition, the lifted flame exhibits a 
critical auto-ignition behaviour, which is defined the repetition of extinctions and 
re-ignitions. In fact, the burnt gas could induce local acceleration in the 
streamwise velocity due to the buoyancy, thus leading to blowout. Conversely, as 
the influence of thermal buoyancy decreases, a reduction in the streamwise 
velocity ensues, restoring the conditions conducive to auto-ignition. The interplay 
between the buoyancy-induced streamwise velocity and the flame's auto-ignition 
threshold is a critical determinant of flame stability. 

 
Figure 4.4.4: The extinctions and re-ignitions of ammonia/20%hydrogen blending 

flame with time. 

4.5 The diffusion flame characteristics of blending fuel at 
higher hydrogen ratios 

The ammonia-hydrogen flame characteristics under a lower hydrogen ratio 
have been instigated in above chapter. But the max hydrogen ratio in mixture is 
limited by experimental device and test safety. Considering the risk hydrogen 
experimental, the laminar diffusive flames of ammonia-hydrogen-methane have 
been used to investigate the ammonia effect on mixture combustion performance 
under hydrogen ratio excess 30% condition. The experimental injection system is 
same with the platform in chapter 4.4 and a constant flow pilot flame has been 
used to ignite the different mixture fuels under a same ignition energy condition.  

Figure 4.5.1 systematically investigates the color and brightness of laminar 
flames for ammonia-hydrogen and ammonia-methane blending fuels. The study 
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reveals that beyond a 50% threshold of ammonia concentration, the flame stability 
for the ammonia-methane combination becomes worse, indicating a need for 
enhanced flame stabilization techniques at elevated ammonia percentages. 
Additionally, methane enrichment leads to a shift in flame coloration from an 
orange to a vivid yellow, a transition that reflects the flame temperature and 
chemical composition of the flame. The bright yellow of a methane-air flame is 
predominantly due to the incandescence of CN radicals and CO2 [174]. In contrast, 
the orange hue in ammonia combustion is attributed to emission spectra from H2O, 
OH, and NH2 species. Corroborating studies, such as in reference [96], affirm that 
flames with a high ammonia content (XNH3=0.80) manifest a yellow/orange tint 
resulting from the emissive contributions of NO, OH, NH2, CN, and CO2 species 
within the flame. 

    
10%NH3+90%CH4             20%NH3+80%CH4             40%NH3+60%CH4       50%NH3+50%CH4 

Figure 4.5.1: Ammonia-methane laminar diffusion flame. 

    
10%NH3+90% H2 20%NH3+80% H2 30%NH3+70% H2 40%NH3+60% H2 

    
50%NH3+50% H2 60%NH3+40% H2 80%NH3+20% H2 90%NH3+10% H2 

Figure 4.5.2: Ammonia-hydrogen laminar diffusion flame. 
Figure 4.5.2 illustrates the ammonia-hydrogen laminar flame, exhibiting a 

color transformation from dark yellow to orange with increasing ammonia 
concentration. The gray value analysis presented in figure 4.5.3 demonstrates that a 
decrease in mixture flame gray value with rising ammonia proportions in the 
ammonia-methane blending fuels, whereas an increase in hydrogen content causes 
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the gray value to peak at an ammonia concentration of 50%, indicative of the 
maximal flame temperature at this ratio. 

  

Figure 4.5.3: Ammonia-methane (left) and ammonia-hydrogen (right) diffusion 
laminar flame gray value 

Subsequent experimental investigation of the ammonia-hydrogen-methane 
ternary fuel system, as reported in figure 4.5.4, reveals that methane addition 
increases the flame length, whereas hydrogen reduces flame length. Moreover, 
hydrogen enhances flame luminance, whereas methane induces a reduction in 
luminance. A critical observation is that the addition of a mere 6% hydrogen 
facilitates the stabilization of the ammonia-methane-hydrogen flame, a contrast to 
the 50% methane requirement for achieving a stable ammonia-methane flame. The 
presence of hydrogen also results in a diminution of flame lifted height, as depicted 
in figure 4.5.5, attributed to an increased laminar flame speed and a decreased 
ignition delay, consequently reducing flame height. 

These experimental results are investigated for the potential utility of ammonia 
dissociation technology, in which NH3 dissociated into N2 and H2, in optimizing 
combustion for both pure ammonia and ammonia-hydrogen mixtures. 
Nevertheless, the addition of N2 is observed to exert a dilutive effect on the flame, 
as evidenced in figure 4.5.6, characterized by a noticeable diminish impact on 
flame color and length, which signifies a reduction in both flame velocity and 
chemical reaction kinetics. 

 

    
(a)6%H2+68%CH4

+26%NH3 
(b)6%H2+34%CH4+

60%NH3 
(c)30%H2+10%CH4

+60NH3 
(d)6%H2+10%CH4+

84%NH3 

Figure 4.5.4: Ammonia-methane-hydrogen diffusion laminar flame. 
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Figure 4.5.5: The flame height of ammonia-hydrogen-methane laminar 

diffusion flame. 
 

 

   
(a) 50%NH3+50%H2 (b) 50%NH3+25%N2+25%H2  

(N2:H2=1:1) 
(c) 50%NH3+20%N2+30%H2  

(N2:H2=2:3) 

Figure 4.5.6: Ammonia-hydrogen-nitrogen mixture diffusion laminar flames 
 

4.6 Auto-ignition characteristics of ammonia-methane 
blending fuel 

Ammonia-methane is one of interim methods to meet zero carbon emission 
and has a wildly potential to use in shipping and power industrial [92-95]. As one 
of popular flame enhancement technology, the ammonia-methane laminar flame 
characteristics have mentioned in chapter 4.5. A rigorous examination of 
ammonia-methane turbulent flame, which typify the predominant combustion 
regime in engine applications, is essential for an in-depth understanding of the 
combustion process and subsequent optimization of engine performance. While 
investigations into laminar flame provide clarity on the enhancement effects of 
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methane, such analyses alone are inadequate to make a guideline for ammonia 
engines. A new combustion method using a lower methane ratio should be 
investigated.  

In order to evaluate the methane flame enhancement ability, the turbulent 
flame images of ammonia-methane at different Tcf  have been shown in figure 
4.6.1. In order to compare all the flame enhancement methods ability, the test 
conditions of ammonia-methane are standardized to match those of ammonia: Tcf 
ranges from 1123 K to 1223 K, the Pinj is 1.6 bar and the Ucf is 23 m/s. 
Considering that methane and hydrogen have different energy densities, the 
comparison is not based on the same volume fraction of ammonia, but the 
methane or hydrogen with the same calorific value. At the same time, keeping the 
total amount of ammonia in the premixed tank in a same content. According to 
discussion in chapter 4.4, the stable ammonia-hydrogen flame will be produced in 
20% hydrogen ratio. So, the methane volume has a same calorific value with 20% 
volume fraction of hydrogen which means the hydrogen is 20% and the methane 
is 8% volume fraction. 

Figure 4.6.1 presents the flame characteristics of ammonia-methane jet flames 
at different co-flow temperatures. There is a clear trend observed: as Tcf increases, 
the flames exhibit enhanced stability and brightness, and the lifted height is 
reduced. Elevated temperatures facilitate the auto-ignition of the ammonia-
methane blending fuels, leading to improved combustion characteristics. The 
flame's color predominantly remains orange with regions of yellow; this is due to 
lower methane concentration, resulting in a coloration similar to that of a pure 
ammonia flame. Correspondingly, with an increase in Tcf, there is a decrease in 
flame lifted height and an expansion in both flame length and area, indicating 
enhanced combustion performance.  

Another key observation is that the boundary of auto-ignition at higher 
temperatures changes. For a pure ammonia flame, stable combustion can be 
established at approximately 1173K under consistent injector pressure and co-
flow velocity conditions. In contrast, the ammonia-methane blending fuels 
requires temperatures above 1100K to form a stable lift flame, while the 
ammonia-hydrogen mixture achieves stability at a significantly lower temperature 
of 973K. Adding 8% methane can decrease 3% lowest required Tcf  to form a 
stable flame but adding 20% hydrogen can decrease 17%. This indicates that 
while both methane and hydrogen contribute to combustion enhancement, 
hydrogen shows a greater capability, as demonstrated by its more significant 
effect on lowering the auto-ignition temperature threshold. In summary, the 
calorific value added by methane and hydrogen is not the sole determinant of 
combustion enhancement; the chemical activity of the additives also plays a 
crucial role. Hydrogen, in particular, exhibits a superior enhancement effect on the 
flame, effectively reducing the combustion boundary and promoting auto-ignition 
at lower temperatures compared to methane. 
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1123K       1148K         1173K          1198K         1223K 

Figure 4.6.1: Ammonia-methane flame at different co-flow temperatures.  
(Pinj = 1.6 bar and Ucf = 23 m/s) 

Figure 4.6.2 displays the variation in the flame area of an ammonia-methane 
mixture at different co-flow temperatures. As Tcf  increases, there is a notable 
expansion in the flame area, which can be attributed to the enhanced combustion 
efficiency at elevated temperatures. The temperature sensitivity, indicated by the 
slope in figure 4.6.2, diminishes with increasing Tcf, showing a reduction in the 
incremental benefits of co-flow temperature on flame enhancement. The flame 
area can be defined fuel auto-ignition efficiency: when Tcf  =1173K, the auto-
ignition efficiency is much higher than that of Tcf <1173 K but the flame area is 
similar with Tcf>1173 K. Therefore, the Tcf of 1173 K is identified as the optimal 
temperature for the combustion of ammonia with 8% methane ratio. The flame 
length shows a similar tendency with flame area, shown in figure 4.6.2. It means 
the flame length is the main character to change flame area and match with Eq 3.2.  

Figure 4.6.3 presents the temporal variation of the gray value for ammonia-
methane flame at co-flow temperatures of 1148 K and 1123 K. It is observed that 
a higher Tcf correlates with both an increased gray value and reduced fluctuations, 
indicating greater flame stability. In comparison with the ammonia-hydrogen gray 
values depicted in figure 4.2.4, the ammonia-methane gray values are lower, 
suggesting that the flame temperature of ammonia-hydrogen is comparatively 
higher. 

Figure 4.6.4 and 4.6.5 show the ammonia-methane flame characteristics at 
different injection pressures. With the injection pressure increases, the flame area 
initially increases and subsequently decreases, which represents an optimal 
combustion efficiency when injection pressure is 2.2 bar. Surpassing this pressure 
threshold, an excess of fuel alters the local equivalence ratio, thereby inhibiting 
auto-ignition. Furthermore, a higher injection pressure has a higher fuel velocity 
which lead to the energy exchange time decreases and unburned fuel increases. 
Flame length shows similar changes with flame area which means the flame 
longitudinal diffusion is the main diffusion direction. 
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Figure 4.6.2: Ammonia-methane flame area and length at different co-flow 

temperatures. 

 
Figure 4.6.3: Ammonia-methane flame gray value with time at different co-flow 

temperatures. 

 
1.6 bar         1.9 bar       2.2 bar       2.5bar 

Figure 4.6.4: Ammonia-methane flame at different injection pressures.  

(Tcf =1223 K) 
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Figure 4.6.5: Ammonia-methane flame area and length at different injection 

pressures. 

(Tcf =1223 K) 
The combustion stability of ammonia-methane at different co-flow 

temperatures has been shown in figure 4.6.6. With the co-flow temperature 
increases, the standard deviation of H/d decreases which means fluctuation of H/d 
decreases. Two threshold values of co-flow temperature exist in the decline 
tendency of svd, which represent three different auto-ignition phases of ammonia-
methane fuels. A drastic fluctuation of H/d has been shown in 1123 K, which 
reparents the auto-ignition boundary of ammonia-methane fuel. The shorter flame 
length, smaller flame area, flickered flame brightness and fluctuant lifted height 
are the main characters in auto-ignition boundary. When the co-flow temperature 
beyond 1148 K, flame move into a steady combustion phase in which all the 
flame morphology show a lower fluctuation. Then, once the co-flow temperature 
increases to 1173 K, the standard deviation shows a further decline. The reason is 
that the co-flow temperature sensibility on H/d decreases. 

 
Figure 4.6.6: Ammonia-methane combustion stability at different co-flow 

temperatures. 
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The injection pressure effect on combustion stability has shown in figure 4.6.7. 
With the injection pressure increases, the standard deviation of H/d increases. 
Pinj= 2.2 bar is the threshold. Once the injection pressure beyond 2.2, the flame 
H/d has an obvious increment, which means the jet flame turn to an unstable 
combustion phase. On the one hand, excess ammonia changes the local 
equivalence ratio to hinder jet flow auto-ignition; On the other hand, the thermal 
exchange time decreases because of velocity increases.  

 
Figure 4.6.7: Ammonia-methane combustion stability at different injection 

pressures. 

4.7 The comparison of auto-ignition characteristics 
between different fuels 

4.7.1 The comparison between ammonia and ammonia 
blending fuels 

Figure 4.7.1 presents the ignition delay between ammonia-hydrogen and 
ammonia-methane blending fuels at a range of co-flow temperatures. As the co-
flow temperature increases, both blending fuels exhibit reduced ignition delay 
compared to pure ammonia combustion, showing that methane and hydrogen both 
act as combustion accelerants for ammonia. Notably, methane has a less 
pronounced effect on reducing the ignition delay of ammonia: at a co-flow 
temperature of 1173 K, the methane addition results in a 28% reduction in ignition 
delay relative to pure ammonia. In contrast, hydrogen presents a stronger impact, 
leading to a 56% reduction under the same conditions. Thus, hydrogen possesses a 
superior capability in reducing ignition delay compared to methane. The 
mechanism for this disparity is attributed to hydrogen's more significant 
enhancement of both the diffusivity and the availability of reactive radical species 
within the ammonia flame, as discussed in reference [92]. Hydrogen, being a 
more reactive fuel, promotes more effective diffusion and increases the 
concentration of radicals necessary for initiating and propagating the combustion 
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process, thereby resulting in shorter ignition delay than those achieved with 
methane. 

 
Figure 4.7.1: Ignition delay of ammonia, ammonia-methane and ammonia-

hydrogen at different co-flow temperatures. 

(Ucf = 23 m/s, Pinj = 1.6 bar) 

 
Figure 4.7.2: The lifted height of ammonia blending fuels at different co-flow 

temperatures. 

(Ucf = 23 m/s, Pinj = 1.6 bar) 

The flame lifted height of ammonia-hydrogen and ammonia-methane at 
different co-flow temperatures shown in figure 4.7.2. With the co-flow 
temperature increases, the lifted height of two blending fuels both show a decline. 
The lifted height of the ammonia-methane is obviously higher than that of 
ammonia-hydrogen, and the lifted height of ammonia-methane is more than five 
times that of ammonia-hydrogen. The lifted height difference is bigger in a lower 
Tcf =1123 K than a higher Tcf =1123 K. At 1123 K, adding 20% hydrogen results 
in a lifted height reduction approaching 80% compared to the addition of methane. 
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When the co-flow temperature exceeds 1198K, the discrepancy in lifted heights 
between the two mixtures diminishes. The reason is that a higher co-flow 
temperature can shorten the flame enhancement ability because higher 
temperature improves the chemical reaction speed to reduce the chemical ignition 
delay difference of all the fuels. A shorter ignition delay represents a lower lifted 
height. As the co-flow temperature increases, the difference between the two fuels 
gradually decreases. 

Figure 4.7.3 shows the comparison of the lifted height of ammonia-hydrogen 
and ammonia-methane flames at different jet pressures. The lifted height increases 
with the jet pressure increases. At a same injection pressure, the lifted height of 
ammonia-methane is significantly higher than that of ammonia-hydrogen. The 
injection pressure, as a physical factor, has a strong effect on the auto-ignition 
boundary and combustion stability. Once the injection pressure excess 1.9 bar, the 
lifted heights of two fuels have an obvious increment, which is similar with 
characteristic of pure ammonia because the ammonia is the main fuel in blending 
gas. This phenomenon means the chemical factor from hydrogen or methane is 
less than physical factor form jet momentum to change the flames.  

 
Figure 4.7.3: The lifted height at different injection pressures of ammonia 

blending fuels. 

(Ucf = 23 m/s, Tcf = 1123 K) 

4.7.2 The comparison between traditional fuels and ammonia 
fuels 

Ammonia as an alternative carbon free fuel, has a great potential in heavy 
vehicle and shipping industry. How to evaluate the improvement ability of flame 
enhancement methods and whether the combustion performance of ammonia 
mixture can be improved to match with the traditional fuels (diesel, gasoline and 
ethyl alcohol) are indispensable questions. The lowest auto-ignition temperatures 
and lifted heights have been compared the combustion performance of different 
fuels including ammonia, ammonia/20% hydrogen, ammonia/8% methane, diesel, 
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n-hexane, gasoline and ethyl alcohol. All the experimental data is based on same 
controllable thermal atmosphere burner [167-174]. In order to an accurate 
comparison, the min auto-ignition temperature of liquid hexane has been added. 
The test conditions of co-flow in hexane test are same with ammonia fuels for an 
available comparison. The experimental results of min auto-ignition temperature 
have shown in figure 4.7.4. The lowest auto-ignition temperature represents the 
co-flow temperature in which a stable flame can be observed by camera. The 
ammonia auto-ignition temperature is 1148K which is higher than 1073K of 
diesel. Ammonia/20% hydrogen blending fuel has a lower auto-agitation 
temperature (973K) than diesel. One reason is that hydrogen addition lead to min 
auto-ignition temperature of overall mixture fuel decreases. The other reason is 
that diesel spray needs a higher temperature for liquid evaporation. Adding 
methane can obtain a lower auto-ignition temperature than pure ammonia. Only 
adding 8% methane ratio, the auto-ignition of ammonia-methane is close to diesel. 
A higher methane ratio has a better combustion performance, because pure 
methane auto-ignition is close to 900K.     

 
Figure 4.7.4: The lowest stable auto-ignition temperature of different fuels. 

 
Figure 4.7.5: The lifted height of different fuels. 
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The lifted height comparison has shown in figure 4.7.5. With the co-flow 
temperature increases, lifted height of all the fuels decreases. The liquid fuel has a 
much higher lifted height. The reason is that the liquid fuel injection pressure is 
much higher than ammonia injection pressure in this work and the liquid spray 
need time to atomize to gas which may decrease the thermal exchanging time with 
co-flow. Consider the high liquefaction temperature of ammonia, the ammonia 
spray is close to propane. Propane addition can decrease the lifted height of diesel 
and propane mixture. Thus, ammonia and ammonia mixture fuel have a lower 
lifted height than diesel. 

4.8 conclusion 

In this chapter, the auto-ignition characteristics of ammonia-hydrogen and 
ammonia-methane blending fuels have been investigated. The main conclusions 
are shown as follow: 

Compared to pure ammonia, ammonia-hydrogen flame has a higher flame 
brightness and a large flame area. Ammonia flame with a low hydrogen ratio 
shows an orange color, which is similar with pure ammonia. With the increasing 
of hydrogen ratios, the flame brightness increases. The auto-ignition of hydrogen 
is the reason why the beginning brightness is lower.  

With the co-flow temperature increases, the lifted height gradually decreases, 
while the flame length, area, perimeter and brightness increase. The reason is that 
the more pronounced heat transfer between the hot co-flow and the fuel jet 
promotes the fuel auto-ignition. When the hydrogen ratio beyond 10%, the flame 
length growth slower, which means 10% hydrogen ratio is a most economic to 
enhance the ammonia flame. Hydrogen addition has a stronger effect than Tcf  
increment on combustion. The increment of jet momentum lead to flame area 
increase. Once the injection pressure is above 1.6 bar, the flame area augment 
slope reduces.  

With the co-flow temperature increases, the ignition delay shows a downward 
trend due to the enhanced heat transfer between the jet flow and co-flow. With the 
hydrogen ratio increases, the ignition delay of ammonia-hydrogen mixture 
gradually decreases. With the increasing of hydrogen ratio, the lifted height shows 
a downward trend, which represents that the ignition delay decline lead to mixture 
fuel auto-ignition occur closer to the tube outlet. The lifted height is less sensitive 
to the co-flow temperature when Tcf excess the critical temperature (1073K). It 
means the heat exchange efficiency has a limitation between and co-flow and jet 
flow. The 20% hydrogen ratio is an optimal ratio for ammonia-hydrogen 
combustion stability. The standard deviation of the flame lifted height is 
significantly lower with hydrogen ratios increases. When the hydrogen ratio is 
higher than 20%, the standard deviation decline tendency decreases and the 
standard deviation reaches a turning point.  

With co-flow temperature increases, the ignition delay and lifted height of 
ammonia-methane and ammonia-hydrogen blending fuels show a downward trend, 
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and both are lower than that of pure ammonia combustion. Hydrogen has a 
stronger flame enhancement ability than methane to shorten ignition delay, the 
lifted height of ammonia-methane is significantly higher than that of ammonia-
hydrogen blending fuel.  



 

 
 

Chapter 5 

Auto-ignition characteristics and 
combustion stability mechanism of 
ammonia in oxygen-enriched 

5.1 Experimental conditions of ammonia auto-ignition in 
oxygen-enriched 

A series of ammonia combustion investigations in rich-oxygen with an 
obvious enhancement effect on ammonia combustion in different oxygen ratios, 
have been shown in table 1.2. Therefore, oxygen enrichment can be considered an 
effective method for intensifying the combustion process. However, excess 
oxygen could diluent the ammonia, adversely affecting its auto-ignition. The 
accurate threshold at which oxygen begins to have a dilution effect on ammonia 
combustion, has not been thoroughly explored. In the Chapter 5, the auto-ignition 
characteristics of ammonia-oxygen have been investigated, based on Controllable 
Active Thermo-Atmosphere burner.   

The excess oxygen coefficient Ro has been used to evaluate the oxygen-
enriched combustion. The Ro has defined in Eq (5.1).  

Ro =
Xo
E0
− 1 (5.1) 

The Xo is oxygen mole fraction in really experimental, the Eo is the 
stoichiometric ratio in air based on the 4NH3+5O2 = 6H2O+4NO.  

The parameters of experiments have been reported in table 5.1, including co-
flow velocity, co-flow temperature, jet pressure and excess oxygen coefficient. 
Both the co-flow velocity and the ammonia injection pressure ensure a higher 
Reynolds; therefore, a turbulent flow state can be considered both the injected fuel 
and the co-flow.  
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Table 5.1: Experimental conditions of ammonia-oxygen fuel 

Parameters Value 

Co-flow velocity (Ucf) [m/s] 25 

Injection pressure (Pinj)[bar] 1.3, 1.6, 1.9, 2.2, 2.5 

Co-flow temperature (Tcf) [K] 1073-1203 

Excess oxygen coefficient (Ro) 0.2, 0.6, 0.8, 1.0, 1.2, 1.4 

 

5.2 Morphology characteristics of ammonia auto-ignition 
flame in oxygen-enriched 

Figure 5.2.1 shows the experimental results of ammonia-oxygen flame at 
Tcf = 1098-1198 K, Pinj= 1.9 bar and Ro= 0.6. The data indicate that with an 
increase in co-flow temperature, the brightness of the flame substantially 
improves, the lifted height notably decreases, and the flame area expands 
incrementally. Compared with the flame of ammonia in chapter 3, the brightness 
of the ammonia-oxygen flame is brighter than that of pure ammonia. Additionally, 
the central region of the ammonia-oxygen flame exhibits a higher intensity of 
brightness, which represents the chemical reaction of combustion is more violent. 
The addition of oxygen evidently modifies the combustion compared to the auto-
ignition of pure ammonia. 

 
1098K      1123K     1148K     1173K    1198K 

Figure 5.2.1: Ammonia-oxygen flame at different co-flow temperatures.  

(Ro=0.6, Pinj=1.9 bar) 
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1.6bar           1.9bar           2.2bar          2.5bar 

Figure 5.2.2: Ammonia-oxygen flame at different injection pressures. 
(Ro=0.6, Tcf=1148 K) 

Further experimental data depicted in figure 5.2.2 show that augmenting the 
injector pressures from 1.6 to 2.5 bar initially lead to a first increase than decrease 
in both flame area and length. The initial positive correlation between jet 
pressures and combustion effectiveness can be attributed to the oxygen-enriched 
environment, which enhances the combustion chemical kinetics. In contrast to the 
combustion of pure ammonia, the additional oxygen promotes ammonia 
combustion. An increase in jet momentum directly correlates with a higher 
turbulence intensity, fostering a more homogeneous mixture of ammonia with 
oxygen and consequently facilitating a more efficient combustion process. The 
increase in injector pressure contributes to a greater ammonia mass, thereby 
augmenting the flame brightness.  

The auto-ignition boundary of ammonia-oxygen has been reported in figure 
5.2.3. The ammonia cannot form a flame in every oxygen coefficient when the co-
flow temperature is lower than 1078 K. A combustion boundary can be found in 
1098 K, in which the ammonia-oxygen mixture can be observed a flickering 
unstable flame sometimes. Once the temperature beyond 1098 K, a continuous 
and stable flame can be formed. When the oxygen coefficient excess to 1.4, the 
minimum auto-ignition temperature increases to 1123 K. The reason is that the 
flame is difficult to propagate and form a continuous flame in a higher oxygen 
ratio, and a higher Tcf  can enhance the flame speed to improve the flame 
propagation. 

The figure 5.2.4 show the flame areas at different oxygen coefficients. The 
flame area shows a down trend with the oxygen coefficients increases. The flame 
area exists an obvious decline once the oxygen coefficient increases to 1.2. The 
experimental results reveal a substantial contraction in flame area, an approximate 
400% reduction, when the oxygen ratio (Ro) is increased from 0.2 to 1.2. This 
observation suggests a dilution effect due to the addition of oxygen, which 
becomes obvious when Ro exceeding 1.2. This dilution phenomenon implies that 
beyond a certain concentration, oxygen no longer serves as an effective oxidant to 
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facilitate combustion but rather begins to diminish the reactive volume, thereby 
inhibiting the combustion process. 

 
Figure 5.2.3: The ammonia-oxygen combustion boundary. 

( Pinj=1.9 bar ) 

 
Figure 5.2.4: The flame area of ammonia-oxygen at different co-flow 

temperatures. 
Figure 5.2.5 shows the flame length at various oxygen coefficients and co-

flow temperatures. The flame length exhibits a decreasing trend as the oxygen 
coefficients increase, similar to the flame area. A higher co-flow temperature 
enhances flame diffusion and improves combustion efficiency. However, there is 
a critical point at an excess oxygen coefficient of 1.0, where the flame area and 
length show a different rate of decline. This implies that although increasing the 
oxygen expands the flammable boundary of ammonia when the Ro<1.0, the flame 
encounters difficulties in diffusion and ignition under Ro>1.0 conditions. 

Figures 5.2.6 and 5.2.7 illustrate the flame area and flame length at various 
oxygen coefficients and injection pressures. The geometric morphology of the 
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flame exhibits similarities beyond an excess oxygen coefficient of 0.8. When 
injection pressure is below 1.9 bar, the increase in flame length and area 
corresponds to an increase in jet flow momentum. Although more energy is 
required for the autoignition of the increased jet fuel, the intensified oxygen 
facilitates complete combustion of ammonia, resulting in an increase in flame area 
and length. However, once the pressure exceeds 1.9 bar, the excessive oxygen 
begins to hinder the ammonia auto-ignition and the faster jet velocity reduces the 
thermal time with co-flow, leading to a decrease in flame area and length. 
Conversely, at an excess oxygen coefficient of 0.2, there is a continuous increase 
in flame area and length. This indicates that all the jet flow can be fully ignited, 
even though when the jet pressure is increased to 2.5 bar, due to the enhancement 
effect of oxygen on the flame combustion. 

 
Figure 5.2.5: The flame length of ammonia-oxygen at different Ro. 

( Pinj=1.9 bar ) 

 
Figure 5.2.6: The flame area of ammonia-oxygen at different injection pressures. 
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Figure 5.2.7: The flame length of ammonia-oxygen at different injection 

pressures. 
 

5.3 Ignition delay and lifted height of ammonia in oxygen-
enriched 

Ro and Tcf are important factors on ammonia-oxygen flame. In this section, 
the ignition delay of ammonia-oxygen at Tcf =1098-1198 K, Pinj= 1.6 bar and 
Ro=0.2-1.4 have been investigated. Ignition delay of ammonia-oxygen mixture at 
different Ro and Tcf have shown in figure 5.3.1. With Ro increases, the ignition 
delay of the ammonia-oxygen flame first decreases then increases. The reason is 
that the increment of oxygen in the mixture is conducive to the stable combustion 
of ammonia due to chemical reaction acceleration. But the excessive oxygen 
content leads to the decrease of ammonia content in the mixture gas, leading to 
the flame difficult to propagated to form an ability auto-ignition. In addition, 
when the Tcf  is 1198 K and Ro increases from 0.2 to 0.8, the ignition delay 
decreases nearly 12.6%; but when Ro increases from 0.8 to 1.4, the ignition delay 
increases by 22.5%. At Ro=1.0, the ignition delay is shorter than at Ro=0.6, 
indicating that the combustion enhancement effect at Ro=1.0 surpasses that at 
Ro=0.6, due to a more pronounced augmentation effect outweighing dilution 
effect. However, as the Ro rises to 1.2, the ignition delay exceeds that observed at 
Ro=0.6 or Ro=0.8, suggesting that the dilution effect begins to dominate over the 
enhancement effect. The dilution effect will be higher than the enhance effect on 
at higher Ro. These findings imply that there exists an upper limit to the efficacy 
of oxygen enrichment as a flame enhancement strategy. The maximum 
combustion enhancement capacity is reached within a Ro range of 0.8 to 1.0, after 
which the benefits of additional oxygen are decreased by its dilution effects. This 
threshold establishes a critical point for optimizing oxygen-enriched ammonia 
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combustion systems, highlighting the necessity for precise control of the oxygen 
ratio to achieve a balance between combustion enhancement and dilution. 

 
Figure 5.3.1: Ignition delay of ammonia-oxygen at different excess oxygen 

coefficients and co-flow temperatures. 

 
Figure 5.3.2: Ignition delay comparison of ammonia and ammonia-oxygen at 

different co-flow temperatures. 
Figure 5.3.2 compares the pure ammonia and ammonia-oxygen ignition 

delay at same Tcf . The data indicate that ignition delay of ammonia-oxygen 
blending fuel is reduced by approximately 30%-39% compared to that of pure 
ammonia at the same Tcf . Notably, this reduction in ignition delay is more 
pronounced at lower Tcf  values, such as Tcf =1123 K, suggesting that oxygen 
enrichment has a greater impact on flame enhancement at lower temperatures. The 
heightened sensitivity to oxygen enrichment in lower Tcf implies that the chemical 
kinetics play a dominant role. Excess oxygen conditions bolster the combustion 
process even when Tcf  is relatively low because the reaction kinetics are more 
strongly influenced by the availability of oxygen. The importance of oxygen 
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concentration in influencing the ignition characteristics, particularly in 
environments where co-flow conditions are not sufficient to achieve rapid ignition. 

Figure 5.3.3 shows the lifted height of ammonia-oxygen jet flame at different 
Ro and Tcf . With the Tcf  increases, the flame lifted height gradually decreases. 
When the Tcf  is higher than 1173 K, the downtrend of the lifted height is 
obviously slow down. The turning temperature for stable auto-ignition of 
ammonia-oxygen flame is 1173 K. When the co-flow temperature is lower than 
1173 K, the lifted height is highly sensitive to the co-flow temperature. 
Conversely, when the co-flow temperature exceeds turning point, the response of 
lifted height to a further increase in Tcf is less pronounced, and the combustion 
process tends to stabilize. 

While the addition of oxygen is effective in reducing ignition delay, the data 
suggest that the turning temperature for stable auto-ignition remains unaffected by 
oxygen enrichment, as opposed to the addition of hydrogen or methane. This 
implies that oxygen addition, although beneficial for reducing the ignition delay, 
exerts a less substantial impact on extending the combustion stability boundary 
compared to the addition of hydrogen. High diffusivity and reactivity of hydrogen 
can significantly extend the flammability limits and lower the lifted height, thus 
enhancing the combustion boundary to a greater extent than oxygen. 

 
Figure 5.3.3: Lifted height of ammonia at different excess oxygen coefficients and 

co-flow temperatures. 
Figure 5.3.4 shows the lifted height of ammonia-oxygen jet flame with jet 

velocity increases at Ro= 0.8-1.4, Ucf = 25 m/s and Tcf =1203 K. The lifted height 
gradually increases with the increase of jet pressure and jet velocity. In addition, 
the injection pressure increases the fluctuation of the flame lifted height lead to 
the combustion instability increases. A higher injection increases the 
concentration of ammonia in the area near to the ammonia injection tube, leading 
to augmented local equivalence ratios, therefore, the auto-ignition is not promoted 
and the ammonia flame will move further away from the injector tube outlet. The 
ammonia in different Pinj =0.4-1.0 MPa cannot occur a sharp burst of noise. But 
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in the previous test of H2/Ar/O2 [22], the hydrogen combustion is accompanied by 
a sharp sound when the jet pressure is 1.0 MPa and 1.15 MPa. It means ammonia-
oxygen has a lower intense combustion a certain extent.   

 
Figure 5.3.4: Lifted height with increasing jet velocity at different excess oxygen 

coefficients. 

5.4 Combustion stability of ammonia in oxygen-enriched 

The stability of ammonia-oxygen combustion is a critical parameter for 
practical applications, and fluctuations of lifted height can be indicative of the 
stability of the flame under different conditions. Figure 5.4.1 presents the time-
dependent behavior of the ammonia-oxygen flame lifted height at a constant co-
flow temperature of 1200 K, an oxygen ratio (Ro) ranging from 0.6 to 1.2, and an 
injection pressure (Pinj ) of 1.9 bar. The data show that there is a noticeable 
temporal fluctuation in the flame lifted height. The observed standard deviations 
of the lifted height, over the time window of 200-260 ms, reach a minimum when 
Ro=0.8. The reduced fluctuation in flame height at Ro=0.8, indicating a more 
stable combustion process. 

Similar with pure ammonia flames, a further insight into the combustion 
stability is provided by figure 5.4.2, which describes the critical auto-ignition 
behavior of the ammonia-oxygen mixture. The behavior is characterized by the 
cyclic pattern of flame extinction and re-ignition events, which typically occur 
near the blowout limits. During these events, the auto-ignited flame can locally 
accelerate the streamwise velocity due to the thermal expansion of hot gases, 
potentially leading to flame blowout, as observed at around 246 ms. Subsequently, 
as the local velocity decreases due to a reduction in buoyancy forces, the 
conditions may become benefit for auto-ignition to occur once again, leading to 
re-ignition at approximately 250 ms.  
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(a) The H/d of ammonai-oxygen ar 

differnet Ro. 
(b) The lift heigt standard deviation of 

different Ro. 
Figure 5.4.1: Flame lifted height and standard deviation with time at different 

excess oxygen coefficients. 

 
Figure 5.4.2: The lifted flame critical auto-ignition behaviour at Ro=1.2, 

Tcf=1200K, Pinj=1.9 bar and the stable flame at Ro=0.8, Tcf=1200 K, Pinj=1.9 bar. 

Figure 5.4.3 compares the flame lifted height of ammonia-oxygen combustion 
in 200-260 ms (Ro=1.0, Ucf=25 m/s, Pinj=1.9 bar). With Tcf increases, the flame 
lifted height fluctuation of ammonia-oxygen combustion decreases which means 
the flame stability increases. The decline trend of lifted height standard deviation 
is not linear. A temperature turning point at Tcf =1173 K divide the standard 
deviation into two parts: standard deviation decline is very rapidly when Tcf< 
1173 K which represent the lifted height fluctuation sensitivity to is high; Once 
the 1173 K, the temperature sensitivity become smaller. Compare to the pure 
ammonia result in chapter 3, the lifted height standard deviation of ammonia-
oxygen is smaller than pure ammonia, which represent oxygen addition has an 
enhancement effect on combustion stability. 
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(a) The H/d of ammonai-oxygen at 

differnet Tcf. 
(b) The lift heigt standard deviation of 

different Tcf. 
Figure 5.4.3: Flame lifted height and standard deviation of ammonia-oxygen with 

time at different co-flow temperatures. 

5.5 Chapter Summary 

In this chapter, the turbulence jet flames of ammonia-oxygen at high 
temperatures, based on Controllable Active Thermo-Atmosphere burner, have 
been investigated. The jet flame morphology of ammonia, auto-ignition boundary, 
the ignition delay, combustion stability mechanism and flame fluctuation have 
been explored and summarized in an oxygen-enriched condition. The main 
conclusions are shown as follow: 

With the co-flow temperature increases, the flame of ammonia combustion 
become brighter. The brightness of the ammonia-oxygen flame is higher than that 
of pure ammonia and the ammonia-oxygen flame has a brighter in the flame 
center, which represent the chemical reaction of combustion is more violent. 

With an increment of injection pressure from 1.6 to 2.5 bar, the flame area 
and flame length first increase than decrease with the injection pressures increase. 
The turning injection pressure is 1.9 bar. With injection pressure increases, the 
oxygen effect first enhances the combustion than impedes. The reason is the 
competition between oxygen enhancement effect and dilution effect. 

The ammonia cannot form a flame in every oxygen coefficient when the co-
flow temperature is lower than 1073 K. Once the co-flow temperature increases to 
1123 K, a continuous and stable flame can be formed. When the oxygen 
coefficient excess to 1.2, the min auto-ignition temperature for forming a stable 
flame increases to 1148 K. 

With Ro increases, the ignition delay of the ammonia-oxygen flame first 
decreases then increases. Therefore, there exist an optimal excess oxygen 
coefficient to shorten the ignition delay of the ammonia. When the Ro is close to 
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0.8, the ignition delay of ammonia-oxygen is minimal. The ignition delay of 
ammonia-oxygen has a 30%-39% decline than the pure ammonia at same co-flow 
temperatures.  

With the Tcf increases, the flame lifted height gradually decreases. When the 
Tcf is higher than 1173 K, the downtrend of the lifted height is obviously slow 
down. The temperature sensibility become lower once the Tcf > 1173 K. The 
flame lifted height of ammonia-oxygen combustion has an obvious fluctuation 
with time and the standard deviation of flame lifted height in 200-260 ms has 
shown a lowest point when the Ro is equal to 0.8.  



 

 
 

Chapter 6 

Pollutants production 
characteristics of ammonia and 
ammonia blending fuels at high 
temperatures and pressures 

6.1 The simulation condition introduction 

The combustion of ammonia fuel exhibits a higher propensity for nitrogen 
oxides (NOx) emissions compared to hydrocarbon fuels, which presents a 
significant challenge for emission control of internal combustion engines (ICEs). 
The thermal NOx from Zelodovich mechanism of ammonia fuel, same with 
hydrocarbon fuels, is the main production NOx mechanism. Besides the thermal 
fuel NOx, the excess N element in ammonia supply much more NOx [103]. Thus, 
the complexity of NOx formation from ammonia combustion is distinct from that 
of hydrocarbon fuels, necessitating a comprehensive examination of control 
strategies for NOx emissions in ICEs. Nitrous oxide (N2O), a component of NOx, 
is particularly problematic due to its stability and resistance to oxidation, which 
complicates its reduction through conventional after-treatment systems. 
Considered its contributions to global warming, controlling N2O emissions is of 
paramount importance under the latest emission laws [181]. N2O has applications 
in automotive racing as a fuel booster and it can be dissociated at above 300 ℃. 
These characteristics show that combustion control strategies in cylinder could be 
used to control N2O emissions effectively. Furthermore, enhancing combustion 
efficiency within the cylinder can reduce the presence of unburned ammonia 
(NH3), which is also regulated as a pollutant. By utilizing simulation, researchers 
can gain a prediction for pollutant generation, enabling the development of 
targeted strategies for NOx emission control. It is critical for informing the design 
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of both in-cylinder combustion optimization and after-treatment technologies, 
with the goal of meeting stringent emission regulations while maintaining or 
improving combustion performance and efficiency. 

Table 6.1: Simulation conditions 

Parameters Value 

Environment Pressure (P) [MPa] 0.1-10 

Temperature (T) [K] 1.3, 1.6, 1.9, 2.2, 2.5 

Fuel component NH3, NH3/H2, NH3/CH4, NH3/O2 
Equivalent ratio 0.7-1.2 
Air component 21% O2 + 79% N2 

Simulation model Closed Homogeneous Batch Reactor 
Gas reactant Fuel/Air 

 
In this chapter, the auto-ignition simulation model has been validated by auto-

ignition experimental data of ammonia and ammonia blending fuels, then 
emission characteristics have been predicted to investigate the emission 
production mechanism. The simulation software is CHEMKIN, which is a 
package for solving complex chemical reaction problems, including a variety of 
chemical reactors. It can be used to simulate combustion processes, catalytic 
processes, chemical vapor deposition, plasma and other chemical reactions [182]. 
The simulation condition has shown in table 6.1.  

The simulation model is closed homogeneous batch reactor which has a 
wildly used to calculate the auto-ignition for different fuels. For Closed 
Homogeneous Batch Reactor, the condition is content pressure. This condition is 
same with the CATA combustion condition (no volume limitation and 
atmospheric pressure). Moreover, the Closed Homogeneous Batch Reactor has a 
good performance to simulate the auto-ignition characteristics in high temperature. 
The auto-ignition of jet flow occurs in expermental test after a well-mixed with air 
in a homogeneous high temperature which is similar with Homogeneous Batch 
Reactor. Thus, the simulation is significative to predict the emission in a certain 
extent. A wide range of temperatures, environment pressures and fuel types have 
been chosen to investigate the ammonia and ammonia blending fuels pollutants 
generation mechanism. 

6.2 Pure ammonia pollutants at elevated temperatures 
and pressures 

The series of references for ammonia combustion had led to develop various 
chemical kinetic mechanisms, as listed in table 1.2. In this simulation analysis, 
four established mechanisms by Glarborg [137], CEU [144], Konnov [145], and 
MEI [153] have been used. These models have been compared against 
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experimental ignition delay data of pure ammonia fuel within the temperature 
range of 1153 K to 1223 K, as presented in figure 6.2.1. The study utilizes a 
closed-homogeneous-transient reactor model, with the specific simulation 
parameters detailed in table 6.1. It should be noted that the simulation assumes no 
heat loss, implying adiabatic conditions. Upon comparison, the simulation results 
show that the CEU and MEI mechanisms provide a better match with the 
experimental data, particularly at temperatures above 1200 K. Furthermore, the 
CEU mechanism has a good match with Mathieu experimental data [144]. The 
ignition delay within Closed Homogeneous Batch Reactor model has been defined 
as: the required time in which mixture gas temperature increases beyond 400K 
from the initially temperature. Therefore, these mechanisms have been chosen for 
further exploration to pollutant formation in the high-temperature combustion of 
pure ammonia.  

  
Figure 6.2.1: Comparison of ignition delay between experiments and simulations 

for pure ammonia combustion. 
The emissions of nitrogen oxides (NOx) at different equivalence ratios 

ranging from 0.7 to 1.4 have been analyzed using Mei's mechanism, illustrated in 
figure 6.2.2. At an equivalence ratio of 1, nitric oxide (NO) is identified as the 
primary pollutant. With equivalence ratio increases, it indicates a declining trend 
in NOx emissions. This trend is attributed to the fact that the increase in NH3 will 
promote the DeNOx reduction reaction which reduce the formation of NOx and 
transform to N2+H2O. However, as the NOx levels decrease, there is an obvious 
rise in unburned ammonia due to incomplete combustion. This excess ammonia 
could potentially be utilized in aftertreatment systems to further reduce pollutant. 
Conversely, when the equivalence ratio approaches 0.7, a surplus of oxygen leads 
to more complete ammonia combustion and higher flame temperatures. This 
condition enhances the formation of NOx, thereby resulting in an overall increase 
in NOx emissions. 

DeNOx reduction reactions as follow Eq. (6.1) to Eq. (6.3): 
2NO+2NH3+1/2O2=2N2+H2O (6.1) 
NO2+2NH3+1/2O2=3/2N2+3H2O (6.2) 
NO+NO2+2NH3=2N2+3H2O (6.3) 
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Figure 6.2.3 shows the influence of different environment temperatures on the 
products of pure ammonia flame under the conditions of 0.1 MPa and equivalent 
ratio 1, based on MEI’s mechanism. It can be found that as the temperature 
increases, the NO, NO2 and N2O, all increase. The concentration of NO is the 
highest, and the mole fraction of it is as high as 3000-6000 ppm. Although NO2 
and N2O also increase, their absolute value is not high. Therefore, NO is the main 
combustion pollutant under high temperature conditions. 

 
Figure 6.2.2: NOx pollutant generation at different equivalence ratios, based on 

Mei’s mechanism. 

 
Figure 6.2.3: Emission of pure ammonia combustion flame at different initial 

temperatures, based on Mei’s mechanism. 
Figure 6.2.4 shows the pure ammonia combustion flame products at different 

background pressures, based on Mei’s mechanism. It can be found that as the 
pressure increases, N2O and NO2 increase, while NO decreases. The findings 
show that as pressure increases, the amounts of N2O and NO2 elevate, whereas 
NO exhibits a decrease. Although the NO concentration decreases, it remains the 
main component of pollutants. The key chemical reaction is that the absolute rate 
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of NO production from equation NO+OH+M=>HNO+M has increased from 
6.53x10-6 mol/(cm3·s) at 1 bar to 2.66x10-3 mol/(cm3·s) at 25 bar. The absolute 
rate of NO and OH will accelerate the consumption of NO that will be 
transformed into HNO. Research by Hayakawa indicates that the third-body 
reaction OH+ H+M=>HNO+M is highly sensitive to the formation of HNO from 
NOx under high-pressure conditions [77]. 

 
Figure 6.2.4: Emission of pure ammonia flame at different background pressures, 

based on Mei’s mechanism. 
Figures 6.2.5 and 6.2.6 present the ignition delay and combustion emission 

for pure ammonia under conditions of elevated temperatures and pressures. There 
is a notable discrepancy in the ignition delay predicted by the Mei and CEU 
mechanisms at 1150 K, due primarily to differences in their respective rates of 
ammonia conversion to NH2. The rate of NH2 production based on the Mei 
mechanism is calculated to be 7.98x10-3 mol/(cm3 · s), whereas the CEU 
mechanism has a slightly lower rate of 6.74x10-3 mol/(cm3 · s). This NH2 
generation is productid from the reaction NH3+OH =>NH2+H2O; a higher rate of 
NH2 production suggests a more vigorous reaction between NH3 and OH, 
potentially leading to faster ignition. For example, the ignition delay according to 
the Mei mechanism declines from 36ms at 0.1 MPa to just 5 ms at 1 MPa.  

As pressure increases, the rate of increase for NO2 and N2O is observed to 
diminish. At 1550 K, an increase in pressure from 1 MPa to 5 MPa results in N2O 
concentration rising from 1ppm to 2 ppm, an increment rate of 1ppm per 4 MPa. 
However, a pressure increases from 5 to 9 MPa results in a smaller rise in N2O 
concentration, at 0.6 ppm, equating to an increase rate of 0.15 ppm per MPa. 
Alongside rising ambient pressures, NO concentrations continue to decline, while 
levels of N2O and NO2 persistently ascend. 
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Figure 6.2.5: Ignition delay of pure ammonia fuel under high temperatures and 

pressures. 

 
Figure 6.2.6: Combustion pollutant generation of pure ammonia fuel under high 

temperatures and pressures, based on Mei’s mechanism. 
In order to investigate the steam influence on ammonia emission reduction, 

the ammonia with 10% steam has been finished in figure 6.2.7. When the 
temperature is 1300 K, the NO decreases nearly 27% from 4580 to 3360 ppm, 
once 10% steam addition. The water addition not only decreases the flame 
temperature to reduce the NOx, but also enhances the DeNOx reactions. Adding 
steam can decompose and consume O radicals through reaction H2O+O=OH+OH, 
so the reaction NH2+O=NO+H2 is inhibited and the generation of NO is reduced 
[122]. H2O accelerates the consumption of O2; therefore, NOx emissions are 
greatly reduced [183], further controlling the production of NOx. Steam reduces 
NOx emissions without compromising the stability of premixed and non-
premixed combustion processes. So, water injection technology may have an 
impact on the emission reduction of internal combustion engines. 
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Figure 6.2.7: The emission of ammonia with 10% steam, based on Mei’s 

mechanism: (h) means 10% water addition. 
 

6.3 Ammonia-hydrogen blending fuel pollutants at 
elevated temperatures and pressures 

In order to evaluate the optimal hydrogen ratios (XH) and predict the emission, 
the hydrogen enhancement effect on ammonia has been investigated from 900 K 
to 1500 K and 1 bar to 10 bar. The figure 6.3.1 and 6.3.2 show the temperature 
and hydrogen ratios effect on ignition delay. With temperature and hydrogen 
ratios increases, the ignition delay decreases. The ignition delay has an obvious 
decline once the hydrogen ratio increases to 10%, which means 10% hydrogen 
ratio is an optimal ratio to ignite the ammonia-hydrogen mixture. Once the auto-
ignition performance of ammonia-hydrogen trend to be stable until the hydrogen 
ratios increase to 20%, which means 20% is an optimal ratio to form a stable 
flame.  

The temperature has an obvious impact on NOx production. With the increase 
of temperature, NOx increases, shown in figure 6.3.3 and 6.3.4. The figure 6.3.5 
shows the NO production main chemical reactions of ammonia-hydrogen at 
different temperatures. The reactions absolute rate of HNO+H<=>NO+H2, 
NO+H<=>NH+O and N+NO<=>N2+O increases at a higher temperature. These 
absolute rates show that O and H are the main chemical groups. H2 can transform 
to H easier in higher temperature. A higher temperature lead to H2 consume 
increase and booster the HNO transform to NO. 
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Figure 6.3.1: Ammonia-hydrogen ignition delay at different temperatures. 

 
Figure 6.3.2: Ammonia-hydrogen ignition delay at different hydrogen ratios. 

 
Figure 6.3.3: The NO mole fraction of ammonia-hydrogen at different 

environment pressures. 
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Figure 6.3.4: The N2O mole fraction of ammonia-hydrogen at different hydrogen 

ratios. 

 
Figure 6.3.5: NO production main chemical reactions of ammonia-hydrogen at 

different temperatures. 
The increase of NO2 is related with NO and the main chemical reactions have 

shown in figure 6.3.6. The increase of NO enhances the NO oxidation absolute 
rate, which transform NO to NO2. In the meanwhile, the increase of NO mole 
fraction accelerates the negative reaction (NO+OH=>NO2+H) to increase the NO2. 
The figure 6.3.7 shows the N2O main chemical reactions of ammonia-hydrogen. 
The increase of NO mole fraction also accelerates the NH+NO<=>N2O+H 
absolute rate to increase the N2O.  
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Figure 6.3.6: NO2 production main chemical reactions of ammonia-hydrogen at 

different temperatures. 

 
Figure 6.3.7: N2O production main chemical reactions of ammonia-hydrogen at 

different temperatures. 
Ammonia disassociation is one of advanced ammonia-hydrogen reform 

technology and has a widely patient to use in internal combustion engines. Its 
fundamental chemical principle is that ammonia can be disassociated into 
hydrogen and nitrogen close to 700℃  without catalyst [49] or with catalyst. 
Ammonia dissociation is introduced in Chapter 1. In this part, the disassociation 
simulation ratio (Xd) has been defined in Eq 6.4. For example, the Xd=0% or 
Xd=100% represent 100% ammonia or hydrogen/nitrogen mixture, respectively. 

Xd =
Xdisassociated
Xinitial

 (6. 4) 

Where, Xdisassociated is the disassociated ammonia and Xinitial is initial ammonia.  
The ignition delay of ammonia disassociation flame have shown in figure 

6.3.8. The ignition delay overall decrease when the decomposition ratio (Xd) of 
ammonia surpasses 10%. And with the Xd increases, the auto-ignition temperature 
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boundary extends. The ignition delay of ammonia dissociation fuel increases 
because of the dilution effect from nitrogen, which is different with ammonia-
hydrogen shown in figure 6.3.1. Once the Xd reach to 50%, the ignition delay 
increasing tendency decreases, which means ammonia disassociation mixture gas 
combustion performance trend to the hydrogen combustion. 

Due to the unstable combustion characteristics of ammonia, the NOx 
production, close to the combustion boundary, is necessary to investigate. The 
auto-ignition boundary represents the lowest auto-ignition temperature at which 
the ignition delay can be calculated (cf. figure 6.3.9). The N2O has an obvious 
increment at the auto-ignition boundary and increases with the environment 
temperature increases. With the Xd increases, the auto-ignition boundary 
temperature decreases. Compared to the pure ammonia (Xd=0%), ammonia 
disassociation blending fuel has a lower N2O emission at auto-ignition boundary 
(cf. figure 6.3.10). 

 
Figure 6.3.8: The ignition delay of ammonia disassociation blending fuel. 

 
Figure 6.3.9: The main pollutants of ammonia disassociation blending fuel at 

different environment temperatures. 
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The figure 6.3.11 shows the NO and N2O mole fraction at different Xd and 
environment temperatures. As the temperature rises, there is a corresponding 
increase in NO production. The increasing trend can be attributed to enhance 
absolute rate of the reaction HNO+H<=>NO+H2, which intensifies with 
temperature, thereby boosting the generation of NO, as shown in figure 6.3.12. 
Once the Xd excess than 30%, the NO and N2O has a lower increases slope, which 
means the ammonia dominant the pollutants when Xd<30% and the hydrogen 
dominant the pollutants when Xd>30%. 

 
Figure 6.3.10: N2O production of ammonia disassociation blending fuel at 

combustion boundary. 

 
Figure 6.3.11: The NO mole fraction of ammonia disassociation blending fuel at 

different Xd. 
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Figure 6.3.12: The main chemical reaction of NO at different temperatures. 

The figure 6.3.13 shows the N2O production at different Xd and temperatures. 
The N2O show a similar result with NO. With the temperature increases, the N2O 
increases due to main chemical reactions NH+NO<=>N2O+H and 
N2O+H<=>N2+OH absolute ratio increase in figure 6.3.14. The 
NH+NO<=>N2O+H and N2O+H<=>N2+OH have an obvious fluctuation once the 
Xd increases, shown in figure 6.3.15. With the Xd increases, the absolute ratio of 
main N2O reaction increases. But because of ammonia ratio decline in 
disassociation fuel, the N2O overall production decreases.  

 
Figure 6.3.13: The N2O production at different disassociation ratios. 
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Figure 6.3.14: The N2O main chemical reaction at different temperatures. 

 
Figure 6.3.15: The N2O main chemical reactions at different disassociation ratios. 

These exist a disassociation ratio which has a highest emission when the 
Xd=50%, shown in figure 6.3.16 and 6.3.17. NO and N2O first increase than 
decline. The N2O has a different growth tendency at different Xd. The N2O growth 
trend beyond 50% disassociation ratios is higher than that of lower 50%. The 
reason is that when the disassociation ratio increases to 100%, the NOx is 
produced by the thermal Zeldovich mechanism from hydrogen combustion. But 
when the hydrogen ratio is lower, the NOx is produced both by ammonia fuel and 
Zeldovich mechanism. With the hydrogen increases, the N2O production from 
ammonia fuel decreases, which lead to hinder growth trend. Thus, 10% is an 
optimal disassociation with a lower ignition delay, low disassociation cost and 
lower NOx emission.    

As indicated in figure 6.3.18, environmental pressure markedly influences the 
production of N2O. Increment in both temperatures and pressures contribute to a 
rapid rise in N2O levels. At higher pressures, the absolute rates of the reactions 
NH+NO<=>N2O+H and NH2+NO2<=>N2O+H2O significantly increase. This 
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implies that these reactions pathways are enhanced by pressure, leading to a 
greater N2O formation. The absolute ratio of N2O (+M)<=>N2+O(+M) has an 
obvious inversion with pressure increases, which lead to N2O production 
increases, shown in figure 6.3.19. At the auto-ignition boundary, particularly at a 
temperature of 1000K, N2O production is elevated, which are shown by figures 
6.3.20 and 6.3.21. These figures show that the passive absolute rate of the reaction 
NH2+NO2<=>N2O+H2O increases. The Zeldovich mechanism, which is a 
dominant pathway for NOx formation at high temperatures, has a reduced impact 
at the gas mixture temperature of 1000 K, which is substantially lower than the 
typical temperature threshold for thermal NOx production (around 1800 K). 
Therefore, the Zeldovich mechanism is less relevant for N2O formation at auto-
ignition boundary condition. 

 
Figure 6.3.16: The NOx mole fraction at different Xd. 

 
Figure 6.3.17: The N2O mole fraction at different Xd. 
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Figure 6.3.18: The N2O mole fraction at different temperatures and 

environment pressures. 
 

 
Figure 6.3.19: The main N2O chemical reactions at different environment 

pressures. 

 
Figure 6.3.20: The N2O production at auto-ignition boundary. 
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Figure 6.3.21: The N2O main chemical reaction at different pressures. 

 

6.4 Ammonia-methane blending fuel pollutants at 
elevated temperatures and pressures 

The CEU mechanism [92] has been chosen to investigate the ammonia-
methane ignition delay at different methane ratios, shown in figure 6.4.1. With the 
methane ratio and temperature increase, the ignition delay shows a decline trend. 
The chemical reaction sensitivity coefficients of inhibiting ignition reactions 
CH4+H=CH3+H2 and CH3+O=CH2O+H are reduced, further promoting ignition 
[184]. The H and OH radicals have a large impact on NH3 flames [185,186]. With 
the methane ratio increases, the increasing of H and OH radical production lead to 
an obvious decline of ignition delay especially in lower temperatures. The 
temperature increment lessens the difference from methane ratio increment. The 
ammonia-methane ignition delay at high environment pressures have shown in 
figure 6.4.2. The ignition delay decline shows an obvious gap beyond 30 bar.  

 
Figure 6.4.1: Ignition delay of ammonia-methane at different temperatures and 

different XCH4. 
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The NO is the main pollutant of ammonia-methane mixture fuel. Due to the 
flame temperature increases (cf. figure 6.4.3), the NOx of ammonia/10% methane 
blending fuel, shown in figure 6.4.4, is higher than that of pure ammonia (cf. 
figure 6.2.3). In figure 6.4.5, the pollutant of ammonia-methane includes not only 
NO, but also CO2. In a lower temperature, the CO2 is the main pollutant. 
However, the NO and CO2 show a competition in higher temperature. When the 
temperature beyond 1400K, the NO will be the main pollutant. The H-abstraction 
reactions between NH2 and CH4 becomes a major consumption pathway for 
CH4[184]. 

 
Figure 6.4.2: Ammonia-methane ignition delay at different temperatures and 

environment pressures. 

x 
Figure 6.4.3:The adiabatic flame temperature of ammonia-methane at evaluated 

initial temperatures. 
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Figure 6.4.4: NOx emissions of ammonia-methane blending fuel. 

 
Figure 6.4.5: NO, CO and CO2 mole fraction of ammonia-methane at different 

temperatures and pressures. 
Unstable combustion and misfire lead to not only power lost but also 

increase the emission. The figure 6.4.6 and 6.4.7 report a series of pollutants from 
non-ignition to auto-ignition conditions. At the ignition boundary (1100 K), the 
CO is the main pollutant and the CO2 and NO is lower. The reason is that CO2 has 
been reduced by main chemical reaction: NH+CO2=HNO+CO. It leads to CO2 
transform to CO and let CO higher than CO2. The other reason is that the 
incomplete combustion and lower temperature hinder the CO transform to CO2. 
When the combustion occurs, the gas temperature increases, the main chemical is 
CO+OH=CO2+H and the CO decreases but CO2 increases due to CO transform, 
then the CO2 will become higher than CO. The methane has a competition with 
ammonia. At the combustion boundary, the CO mole fraction is higher than NO. 
The NO is generated by NH3 oxidation reaction. So, the methane combustion 
mechanism is prior than NH3 combustion mechanism. At the ignition delay point, 
two main chemical reactions occur: HCO+O2=CO+H2O and HNO+CO=NH+CO2. 
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The intermediate product (HNO) in ammonia claim has been consumed to hinder 
the ammonia combustion.   

NO is lower at the combustion boundary and the N2O is main pollutant at 
1100 K, shown in figure 6.4.7. The chemical reaction NH2+NO2=N2O+H2O is the 
main reaction at the combustion boundary (1100 K), so the N2O is higher than 
NO2. The N2O production is very low in lower temperatures (<1000 K), due to the 
combustion chemical will not occur in lower temperatures. The mixture gas 
temperature does not reach the auto-ignition temperature. But when the 
combustion occurs beyond 1150 K, the main chemical reaction is 
N2O+H=NH+NO, the N2O will transform to NO. This is the reason why the N2O 
mole fraction is low and NO increases in a higher temperature.  

 
Figure 6.4.6: NO, CO and CO2 emission between non-ignition and auto-ignition. 

 
Figure 6.4.7: N2O and NO2 emission between non-ignition and auto-ignition. 
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Figure 6.4.8: N2O emission at different environment temperatures. 

With the pressure increases, the chemical reactions NO+HNO2=NO2+OH and 
NH2+NO2=N2O+H2O absolute rate increase. So, the N2O increases with the 
environment pressures increases, shown in figure 6.4.8. and 6.4.9. With the 
environment pressure increases, the N2O increases at a lower auto-ignition 
temperature. A higher environment pressure can accelerate the auto-ignition but 
increases the NOx at boundary. So, the ammonia-methane combustion needs to 
adjust environment pressure and temperature to ensure a sufficient auto-ignition. 

 
Figure 6.4.9: N2O mole fraction of ammonia-methane blending fuel at high 

environment pressures. 

6.5 Ammonia pollutants in oxygen-enriched condition 

  The MEI mechanism, as cited in reference [153], is recognized for its 
application in the study of ammonia combustion under oxygen-enriched and high-
pressure conditions. The specific conditions referenced in [153], with oxygen 
ratios ranging from 25% to 45% and pressures between 1 to 5 atm, same with the 
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experimental conditions in Chapter 4, thus providing a relevant experimental 
verification for further simulation.  

 
Figure 6.5.1: Comparison of experimental and simulation results. 

In figure 6.5.1, the comparison of ignition delay from both experimental data 
(ExRo) and simulation results (MeiRo) derived from the MEI mechanism is 
illustrated. ExRo refers to the experimental ignition delay of ammonia-oxygen 
blending fuel from Chapter 4, while Ro represents the excess oxygen coefficients. 
The experimental results exhibit longer ignition delay, due to the mixing times 
and gas transport times within the injection system.  

Figures 6.5.2 and 6.5.3 demonstrate that the production of NO increases with 
increasing oxygen ratio. The primary chemical reactions contributing to NO 
generation are NH2+NO<=>NNH+OH and HNO+O2<=>NO+HO. An excess of 
O2 promotes these forward reactions, leading to more NO production, while the 
concurrent consumption of NH2 propels the reverse reaction. 

 
Figure 6.5.2: NO mole fraction of ammonia-oxygen at different oxygen ratios. 
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Figure 6.5.3: NO main chemical reactions of ammonia-oxygen at different oxygen 

ratios. 
The concentration of NO2 shows a pronounced increase with higher oxygen 

ratios, as shown in figures 6.5.4 and 6.5.5. The reactions driving NO2 production 
include H2NN+O2<=>NH2+NO2, NO+HO2<=>NO2+OH, NO2+H<=>NO+OH, 
and NH2+NO2<=>H2NO+NO. The growth in NO and O2 mole fractions have an 
influence on NO2 increasing directly. Nitrous oxide (N2O) trends upwards 
similarly to NO, with key contributing reactions being NH+NO<=>N2O+H and 
NH2+NO2<=>N2O+H2O, as evidenced by figures 6.5.6 and 6.5.7. At the auto-
ignition boundary, figures 6.5.8 and 6.5.9 show that N2O concentrations are 
particularly high, governed by the chemical reaction NH2+NO2<=>N2O+H2O.  

 
Figure 6.5.4: NO2 mole fraction of ammonia-oxygen at different ratios. 
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Figure 6.5.5: NO2 main chemical reactions of ammonia-oxygen at different 

oxygen ratios. 

 
Figure 6.5.6: N2O mole fraction of ammonia-oxygen at different oxygen ratios. 

 
Figure 6.5.7: N2O main chemical reactions of ammonia-oxygen at different 

oxygen ratios. 
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Figure 6.5.8: N2O mole fraction of ammonia-oxygen at combustion boundary. 

 
Figure 6.5.9: N2O main chemical reaction of ammonia-oxygen at combustion 

boundary. 
In summary, the simulation results provide an emission prediction of 

ammonia in oxygen-enriched and high-temperature conditions. The mechanism 
helps elucidate the complex interplay between various species and reactions in the 
production of NO, NO2, and N2O, with the experimental conditions serving to 
validate and refine the theoretical models. 

6.6 Chapter Summary 

In this chapter, the auto-ignition and emission characteristics of ammonia, 
ammonia-hydrogen, ammonia dissociation and ammonia-oxygen blending fuels 
have been predicted by CHEMKIN simulation. The main conclusions are shown 
as follow: 

Four popular mechanisms have been selected to compare with experimentally 
measured ignition delay of pure ammonia fuel at a temperature from 1153 K to 
1223 K. The experimental data show a good match when the temperature excess 
1200 K, based on CEU and MEI mechanisms. As the temperature increases, the 
NO, NO2 and N2O, all increase. NO is the main combustion pollutant under high 
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temperature conditions. As the pressure increases, N2O and NO2 increase, while 
NO decreases. Although the NO concentration decreases, it remains the main 
component of pollutants. The reason is that the absolute rate of NO production 
from equation NO+OH+M=>HNO+M has increased. When the temperature is 
1300 K, the NO decreases nearly 27% from 4580 to 3360 ppm, once 10% steam 
addition. 

For ammonia-hydrogen mixture fuels, with the increase of temperature, NOx 
increases. The reactions absolute rate of HNO+H<=>NO+H2, NO+H<=>NH+O 
and N+NO<=>N2+O increase at a higher temperature. These absolute rates show 
that O and H are the main chemical groups. The ignition delay of ammonia 
dissociation fuel has an obvious decline once Xd =10%. And with the Xd increases, 
the auto-ignition temperature boundary extends. The N2O has an obvious 
increment at the auto-ignition boundary and the NO is the main pollutant with the 
initial temperature increases. With the Xd increases, the auto-ignition boundary 
temperature decreases. Compared to the pure ammonia (Xd=0%), ammonia 
disassociation blending fuel has a lower N2O emission at auto-ignition boundary. 
With the temperature increases, the NO increases because of HNO+H<=>NO+H2. 
The ammonia dominant the pollutants when Xd<30% and the hydrogen dominant 
the pollutants when Xd>30%.  

The NO and CO2 are the main pollutants of ammonia-methane blending fuel. 
The NOx of ammonia/10%methane is higher than that of pure ammonia. In a 
lower temperature, the CO2 is the main pollutant. However, the NO and CO2 show 
a competition at high temperature. When the temperature beyond 1400K, the NO 
will be the main pollutant. The chemical reaction NH2+NO2=N2O+H2O is the 
main reaction at the combustion boundary (1100 K), so the N2O is higher than 
NO2. 

Production of NO increases with increasing oxygen ratios. The primary 
chemical reactions contributing to NO generation are HNO+O2<=>NO+HO and 
NH2+NO<=>NNH+OH. An excess of O2 promotes these forward reactions, 
leading to more NO production. 



 

 
 

Chapter 7 

Conclusion 

7.1 Brief overview of the current work 

To investigate the auto-ignition characteristics of ammonia and ammonia 
blending fuels, a combustion test system has been designed using a Controllable 
Active Thermo-Atmosphere burner. The flame enhancement methods, which 
include the addition of hydrogen, methane, and oxygen-enriched combustion, 
have been tested under various conditions. The main results show as follows: 

The jet flame morphology, auto-ignition boundary, ignition delay, combustion 
stability mechanism and flame fluctuation have been explored and summarized. 
An auto-ignition boundary of pure ammonia has been reported. With the co-flow 
temperature increases, the flame brightness, flame length and flame area increase. 
A higher co-flow temperature lead to a lower ignition delay. Once the Tcf >1198 K, 
the decline trend of ignition delay decreases. At the high co-flow temperature, the 
physical gas mixing effect become the dominated factor on ignition delay because 
the temperature effect on chemical reaction has been reach to maximum. When 
the co-flow temperature increases to 1173 K, the flame core gradually 
concentrates, the fuzzy boundary disappears, the fire core is closer to the nozzle 
exit, flame core area increases and the core structure is close to a preliminary 
flame. Flame lifted height of the ammonia decreases with an augment in the co-
flow temperature, and there is a critical temperature at 1198 K beyond which the 
effect of Tcf on H/d dramatically reduces. Lifted height data are satisfactorily 
fitted by a modified mixing-strain model, showing that the combustion is 
controlled by the large-scale mixing. 

Compared to pure ammonia, ammonia-hydrogen flame has a higher flame 
brightness and a larger flame area. Ammonia flame with a low ratio of hydrogen 
shows an orange color, which is similar with pure ammonia. With the increasing 
of hydrogen percentages, the flame becomes brighter with a longer growing time. 
A higher combustion activity of the hydrogen is the reason why the beginning 
brightness is lower. With the co-flow temperature increases, the lifted height 
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gradually decreases, while the flame length, area, perimeter and brightness 
increase. The reason is that a stronger heat transfer, between the hot co-flow and 
the fuel jet flow, promotes the fuel auto-ignition. When the hydrogen ratio beyond 
10%, the flame height growth slower, which means 10% hydrogen ratio is a most 
economic ratio to enhance the ammonia flame. Hydrogen addition has a stronger 
effect than Tcf increment on flame morphology. With the co-flow temperature 
increases, the ignition delay shows a downward trend due to the enhanced heat 
transfer. The lifted height is less sensitive to the co-flow temperature increment 
when Tcf excess the critical temperature (1073 K). It means the heat exchange 
efficiency has a limitation between co-flow and jet flow. Combustion stability 
analysis shows that the 20% hydrogen ratio is an optimal ratio for ammonia-
hydrogen combustion stability. With co-flow temperature the increases, the 
ignition delay and lifted height of both ammonia-methane and ammonia-hydrogen 
mixture shows a downward trend, and both are lower than that of pure ammonia 
combustion. Hydrogen has a better ability than methane to shorten ignition delay. 
At a same jet pressure, the lifted height of ammonia-methane is significantly 
higher than that of ammonia-hydrogen, which means hydrogen has a stronger 
flame enhancement effect on ammonia flame.  

The brightness of the ammonia-oxygen flame is brighter than that of pure 
ammonia, which represents the chemical reaction of combustion is more violent. 
With the increment of jet pressure from 1.6 to 2.5 bar, the flame area and length 
first increase than decreases with the jet pressures increases. The turning injection 
pressure is 1.9 bar. The jet pressure increments first enhance the combustion than 
hinder. The ammonia cannot form a flame in every oxygen coefficient when the 
co-flow temperature is lower than 1073 K. Once the temperature increases to 
1123 K, a continuous and stable flame can be formed. When the oxygen 
coefficient excess to 1.2, the minimum temperature for forming a stable flame 
increases to 1148 K. With Ro increases, the ignition delay of the ammonia-oxygen 
flame first decreases then increases. When the Ro is close to 0.8, the ignition delay 
of ammonia-oxygen is minimal. With the Tcf  increases, the flame lifted height 
gradually decreases. When the Tcf is higher than 1173 K, the downtrend of the 
lifted height is obviously slow down. The temperature sensibility become lower 
once the Tcf>1173 K. The flame lifted height of ammonia-oxygen combustion has 
an obvious fluctuation with time. The standard deviations of flame lifted heights 
in 200-260 ms have shown a lowest point when the with the Ro is equal to 0.8.  

As the temperature increases, the NO, NO2 and N2O, all increase. NO is the 
main combustion pollutant under high temperature conditions. As the pressure 
increases, N2O and NO2 increase, while NO decreases.  When the temperature is 
1300 K, the NO decreases nearly 27% from 4580 to 3360 ppm, once 10% steam 
addition. The ignition delay has an obvious decline once the hydrogen ratio 
increases to 10%. Once the auto-ignition performance of ammonia-hydrogen tend 
to be stable until the hydrogen ratios increase to 20%, which means 20% is an 
optimal ratio to form a stable flame. For ammonia-hydrogen blending fuels, with 
the increase of temperature, NOx increases. The reactions absolute rate of 
HNO+H<=>NO+H2, NO+H<=>NH+O and N+NO<=>N2+O increases at a higher 
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temperature. These absolute rate show that O and H are the main chemical groups. 
H2 can transform to H easier at higher temperature. The N2O has an obvious 
increment at the auto-ignition boundary. Compared to the pure ammonia (Xd=0%), 
ammonia disassociation blending fuel has a lower N2O emission at auto-ignition 
boundary. The ammonia dominant the pollutants when Xd<30% and the hydrogen 
dominant the pollutants when Xd>30%. The N2O growth trend beyond 50% 
hydrogen ratios is higher than that of lower 50%. The NO and CO2 is the main 
pollutant of ammonia-methane blending fuel. The NOx of ammonia/10% methane 
blending fuel is higher than that of pure ammonia. In a lower temperature, the 
CO2 is the main pollutant. However, the NO and CO2 show a competition at 
higher temperature. The chemical reaction NH2+NO2=N2O+H2O is the main 
reaction at the combustion boundary (1100 K), so the N2O is higher than NO2. 
With the pressure increases, the chemical reactions NO+HNO2=NO2+OH and 
NH2+NO2=N2O+H2O are main reactions and absolute rate of two reactions 
increase at a higher environment pressure.   

7.2 Key takeaways 

As the discussion mentioned above, the application of ammonia and ammonia 
blending fuels is one of the important methods to decarbonize in transportation 
sector. Turbulent diffusion combustion and auto-ignition are main combustion 
modes in CI or HCCI engines which is widely used in the transportation sector. At 
present, research on CI engines based on ammonia fuel mainly focuses on 
ammonia-diesel dual fuels engine which has not yet reached the utilization of low-
carbon fuels completely, like pure ammonia, ammonia-hydrogen and ammonia-
natural gas. The application of zero-carbon fuels in CI engines needs further 
investigation. 

Therefore, this work first started from pure ammonia fuel, explored the jet 
diffusion flame characteristics of pure ammonia fuel, defined the auto-ignition 
boundary of pure ammonia fuel at different temperatures and Reynolds number, 
and revealed the influence of different factors on the auto-ignition boundary and 
flame morphology of ammonia fuel; then, the combustion stability of pure 
ammonia fuel at different conditions were explored, and the critical temperature 
for stable combustion of ammonia fuel was determined.  

Furthermore, the combustion efficiency of ammonia fuel was enhanced by 
controlling the fuel addition and oxidant increment. The auto-ignition 
characteristics of ammonia-hydrogen and ammonia-methane blending fuels have 
been studied at different mixture ratios, co-flow temperatures, and jet pressures. 
The results show that hydrogen and methane can extend the combustion boundary, 
reduce the minimum auto-ignition temperature of the mixture, improve the jet 
flame combustion stability, and significantly reduce the ignition delay of 
ammonia fuel. The combustion enhancement ability of hydrogen is greater than 
that of methane. Among them, 5% hydrogen can effectively improve ammonia 
combustion, and adding 20% hydrogen can significantly improve combustion 
stability. As part of the flame enhancement methods, the auto-ignition 
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characteristics of ammonia in oxygen-enriched condition have been investigated. 
The enhancement and dilution effects of oxygen on ammonia combustion have 
been characterized, and an optimal oxygen ratio has been suggested.  

Since the addition of ammonia will significantly increase the generation of 
NOx, a preliminary prediction of the generation of pollutants has been made in 
this work. The pollutants of pure ammonia, ammonia-hydrogen, ammonia-
methane and ammonia-oxygen have been predicted using CHEMKIN simulations 
at high environment temperatures and background pressures. The addition of 
hydrogen significantly increases the generation of NOx. In order to achieve more 
efficient and cleaner combustion of ammonia fuel, the hydrogen combustion 
enhancement effect and the pollutants deterioration from hydrogen addition need 
to make a balance by controlling the hydrogen ratio. The auto-ignition 
characteristics of ammonia dissociation fuel can make a guiding role for ammonia 
internal combustion engines. The potential of different DeNOx technologies for 
reducing NOx are investigated, among which the addition of water steam can 
effectively reduce NOx.  

7.3 Recommendations and future works 

In this work, the auto-ignition characteristics of ammonia and ammonia 
blending fuels have been investigated. The popular flame enhancement methods 
have been evaluated in a widely boundary conditions. Considering to the 
ammonia enhancement methods and emission control strategy under true 
automobile have not been defined. So, some further recommendations and future 
works have shown as follow:  

The design and performance test of ammonia dissociation device. 
The characteristics of ammonia-hydrogen and ammonia-oxygen coaxial 

flames in a high temperature co-flow condition. 
3D simulation models of ammonia jet diffusion flames need to be built and 

validated. 
The NOx reduction effect of steam on ammonia or ammonia-hydrogen 

blending fuels at high temperatures need to be a further investigation.  
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Experimental investigation on the turbulence flame autoignition characteristics of 
ammonia in a high-temperature co-flow. Fuel, 372, 132216. 
Ji, M., Wu, Z., Ferrari, A., Fu, L., & Vento, O. (2023). Experimental investigation 
on gasoline-water mixture fuel impingement preparation method and spray 
characteristics with high injection temperatures and pressures. Energies, 16(16), 
6026. 
Wu, Z., Zhang, G., Wang, C., Jin, S., Ji, M., Hu, C., & Shang, Q. (2024). 
Numerical investigation on the flame propagation process of ammonia-hydrogen 
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blends under engine-related conditions. International Journal of Hydrogen 
Energy, 60, 1041-1053. 
Deng, J., Shang, Q., Ji, M., & Li, L. (2024). The formation process of the gaseous 
pollutant emissions in pure ammonia fueled engines with pre-chamber jet ignition. 
International Journal of Hydrogen Energy, 82, 544-558. 
Hu, C., Wu, Z., Ferrari, A., Ji, M., Deng, J., & Vento, O. (2024). Numerical Study 
on Internal Flow and Cavitation Characteristics of GDI Injectors for Different 
Nozzle Orifice Geometries. Energies, 17(16), 4114. 
Experimental investigation on autoignition characteristics of ammonia-hydrogen 
in a high temperature co-flow. [processing] 
Experimental investigation on autoignition characteristics of ammonia at oxygen-
rich condition, based on a high temperature co-flow. [processing] 
 
List of international conference  
Ji, M., Wu, Z., Ferrari, A., Shang, Q., Zhang, G., Li, L., Deng, J., & Fu, L. 
(2023). Combustion and emission characteristics of ammonia jet flames, based on 
a controllable activated thermal atmosphere. SAE Technical Paper. No. 2023-01-
1645. 
Ji, M., Wu, Z., Ferrari, A.(2022). Study on real time gasoline-water mixture fuel 
preparation and spray characteristics based on impingement method. 22nd Annual 
Conference of Institute for Liquid Atomization and Spray Systems-Asia. 
Shang, Q., Ji, M., Li, L., & Huang, Y. (2023). NOx emission characteristics of 
active pre-chamber jet ignition engine with ammonia hydrogen blending fuel. SAE 
Technical Paper.  No. 2023-01-1629. 
Shang, Q., Ji, M., Li, L., & Deng, J. (2023). Numerical investigations on 
formation process of N2O in ammonia-hydrogen fueled pre-chamber jet ignition 
engine. SAE Technical Paper. No. 2023-01-7023. 
Conference Poster: Ji, M., Wu, Z., Ferrari, A., Li, L., Deng, J. (2024). The 
autoignition characteristics of ammonia and ammonia mixture fuels at a high 
temperature co-flow. CI’S 40th International Symposium. 
 
List of patents: 
Chinese patents: A high efficiency combustion and near zero emission system for 
ammonia fuel engine based on internal combustion Rankin cycle and its 
application. [Authorized] 
Chinese patents: A pollutant discharge and treatment system based on ammonia 
hydrogen fuel power system. [under-review] 
Chinese patents: A ammonia dissociation device based on an ammonia hydrogen 
fuel engine. [under-review] 
Chinese patents: A combustion and discharge system control method for an 
ammonia-hydrogen fuel internal combustion engine. [under-review] 
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