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Abstract

Ammonia has a promising future for transportation and industrial power as an innovative zero-
carbon fuel because of the harsh emission laws in force and the pressing need of low carbon fuels.
Thus, the aim of this work has been to investigate the autoignition characteristics of an ammonia
turbulence flame under a high co-flow temperature, on the basis of an experimental platform. The
morphology, lift height, and stability of an ammonia jet diffusion flame have been explored under
different co-flow regimes (in terms of temperature and velocity) and fuel injection pressures. It was
found that when the co-flow temperature augments, the ammonia jet can form a stable lifting flame.
Moreover, the combustion stability of the ammonia flame increases significantly and the fluctuation
of the lift height of the flame clearly decreases over time. Forming a stable ammonia jet lifting flame
under high co-flow velocities and injection pressures requires a high co-flow temperature. The
length, area, and perimeter of an ammonia jet diffusion combustion flame increase as the co-flow
temperature increases. The distance from the point of autoignition to the central nozzle outlet and
the ignition delay both decrease when the co-flow temperature augments. The lift height of an
ammonia diffusion combustion flame gradually decreases as the co-flow temperature increases.
Moreover, there is a critical temperature of 1173 K beyond which the decline slope of both the lift

height and ignition delay decreases.

1. Introduction
The traditional internal combustion engine industry is currently in a position where it has to develop
clean energies to cope with the increasingly stringent emission regulations of internal combustion

engines and to satisfy the zero-carbon policy requirements. The application of and research into
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zero-carbon fuels have become the main directions for future developments. Ammonia is a new type
of low-cost zero-carbon fuel. It can be derived from diverse sources, including traditional fuels such
as coal, natural gas, and oil, as well as waste heat, hydropower, urban waste, and various biomass
wastes [1]. Ammonia can also be produced from renewable energy sources, such as solar energy,
wind energy, geothermal energy and marine energy, for completely carbon-free synthesis [2].
Ammonia has been used in industry for more than a century, and its production, storage, and
transportation are more complete and mature than other zero-carbon fuels, such as hydrogen.
Moreover, because of its relatively mature level of technology, should ammonia be used as a new
type of energy in the future, the investment costs will be affordable [3]. Compared with hydrogen,
ammonia features valuable storage properties. Indeed, the liquefaction temperature of ammonia is
much higher than that of hydrogen, thus opening the way toward the possibility of diminishing the
storage pressure. A lower storage pressure and volume could reduce the storage and transportation
costs, which are about 10 times and 45 times lower, respectively, than the corresponding ones for
hydrogen [4].

Back in 1965, General Motors investigated the use of ammonia as a fuel for a single-cylinder spark
ignition (SI) engine to free the Armed Forces from reliance on hydrocarbon fuels [5]. Comparing
the obtained results with those obtained for gasoline, under similar working conditions, they
revealed losses in power and thermal efficiency, due to the inability of the engine to burn ammonia
efficiently (as deducted from the large amount of ammonia detected in the exhaust gases). More
studies were performed in the mid-60s to assess the compatibility of ammonia with the materials
and lubricants used for the manufacturing of internal combustion engines [6], and no serious
problems were noted. Different studies have been conducted over the last two decades to explore
the applicability of ammonia as a fuel for SI engines, for different compression ratio (CR) values,
engine speeds, ammonia amounts and fuel promoters [7-9]. In [10], an SI engine was tested with
CR=10.5, and it resulted that the engine could only work under a very low load for a 10% addition
of H» to promote the ignition of the fuel mixture. On the other hand, the high-octane number (>130)
[11] of ammonia helps to improve thermal efficiency, thereby allowing high CR values to be used
[12].

There are evident difficulties involved in igniting ammonia, due to its high ignition temperature

(651 °C) and a narrow ignition range [13]. Furthermore, ammonia may suffer from unstable
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combustion phenomena, such as misfire and flashback, and these have been ascribed to the low
laminar speed of the flame [14]. Despite the abovementioned challenging factors, ammonia also
represents a promising fuel for compression ignition (CI) engines, due to their elevated CR, even
though the dual-fuel operating condition seems to be the most suitable for light CI engines employed
in the transport sector. The impact of replacing diesel fuel with ammonia in an ammonia/diesel dual-
fuel engine was studied in [15], and the results showed that up to 84.2% of the input energy can be
provided by ammonia. However, since, in this case, the ammonia was injected into the intake port,
a reduced compression pressure was reached (the ammonia heat capacity ratio was lower than that
of air) and the oxygen concentration in the cylinder diminished (it was difficult for the diesel pilot
shot to mix with air and ignite). These two effects, together with the elevated minimum ignition
energy of ammonia, led to a delayed start of combustion, compared with that obtainable under a
pure diesel working condition.

Ammonia-diesel stratified injection was numerically explored for a marine low-speed engine in [16].
The diesel fuel, the injection of which occurred before that of the ammonia (both fuels were injected
through a dual-fuel DI concentric injector), started to burn because of its short chemical ignition
delay: the ammonia close to the combustion area reached an autoignition condition and diffusive
combustion started. The results obtained for an injection pressure of 700 bar showed that the ignition
delay time in the dual-fuel mode was reduced, compared with the pure diesel working condition,
due to the rapid evaporation of ammonia (short physical ignition delay), which contributed to a
faster premixing with air, thus reaching a minimum ignition delay value when the diesel energy
share was 5%. A CI engine, in which premixed ammonia was used together with an n-heptane pilot
shot, was also tested in [17]. Because of its reduced kinematic viscosity, compared with diesel, the
addition of n-heptane allowed very small pilot injections and reduced spray droplets to be obtained
for the adopted GDI injector (the injection pressure was fixed at 120 bar). It was seen that the
ammonia combustion efficiency increased together with the NH3 fuel energy-share (the latter was
varied between 80% and 98.5%). In fact, it was observed that the higher the amount of ammonia of
the energy-share was, the lower the local air-to-fuel ratio that approached the stoichiometric value,
and the higher the ignition capability of the fuel mixture.

The combustion of an ammonia/DME mixture in a CI engine was investigated in [18]. DME was

employed to initiate the combustion and, thanks to its polarity, it formed a stable mixture with
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ammonia; furthermore, since these fuels are characterized by a high vapor pressure, both required
pressurization to remain in a liquid state. The results of a direct fuel injection strategy showed that
a stable combustion was only achieved for the highest ammonia energy-share (40%) by increasing
the fuel injection pressure to 180 bar in order to enhance fuel mixing and atomization, while 150
bar was enough for an ammonia energy-share of up to 20%. A higher energy share of ammonia
could be reached by increasing the injection pressure [18]; this should not be an issue, considering
the elevated injection pressure levels modern diesel Common Rail injection systems [19-22] or GDI
ones [23] feature.

Many researchers have analyzed the ignition delay [24, 25], flammability limits, and combustion
stability of ammonia [26]. Karan explored the laminar flame speed of ammonia at temperatures of
300-600 K and under a pressure in the 2-37 bar range, and determined a new set of constants for the
evaluation of the laminar flame speed [27]. The experimental results reported in [28] showed that
the maximum value of the unstretched laminar burning velocity was below 7 cm/s, that is, lower
than those of hydrocarbon flames.

Most of the research on ammonia fuel has focused on spherical (laminar) flames [29, 30], and studies
on the combustion characteristics of the turbulent jet flame of ammonia fuel at high temperatures
has still not been explored in great depth to guide the development of ammonia engines. Some
researchers have explored the turbulent flame combustion characteristics of ammonia. In [31], the
ammonia turbulent flame propagation speed was measured under oxygen-enriched air conditions,
and it was found that lean mixtures were affected more by diffusional instability effects because the
mass diffusion of the reactants from the unburned area to the burned one was different from the
thermal diffusion from combustion products to reactants (the Lewis number was different from 1).
These, together with turbulence eddies, induced a higher turbulent burning velocity. Kobayashi
showed that the turbulent methane flame of ammonia resulted in an increased scale of the wrinkled
flame front, because of the increased flame thickness of ammonia [32]. In [33], the authors found,
by means of direct numerical simulations, that the high heat release rate and NO formation for
ammonia/hydrogen blends occurred in correspondence to concave structures of the flame, and lean
mixtures showed high turbulent burning velocity values.

The experimental research on the autoignition characteristics of an ammonia turbulence jet with a

high temperature co-flow and of the subsequent combustion development is essential to explain the
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diffusive combustion characteristics of ammonia and to support the design of ammonia CI engines.
A controlled thermal atmosphere burner (Dibble burner [34,35]) is widely used, and it allows the
cause-and-effect relationships between a turbulent flow and chemical reactions to be simplified and
investigated. A vitiated co-flow flame is a turbulent flow that reacts within a hot environment, but
it has a simplified geometry. A jet of ammonia enters a co-flow of hot combustion products of a
lean premixed flame. The large diameter of the co-flow leads the central fuel jet to be isolated from
the environment, and the fluid domain may therefore be simplified as a two-stream flow. A wide
range of experimental research has been conducted with the Dibble burner on H2/N»[36],
H,/CO,[37], Ho/Ar/O5 [38] and methane [39].

In this work, ammonia diffusive jet flames have been investigated experimentally in a high-
temperature and environment pressure co-flow. The combustion characteristics of the ammonia fuel
jet were measured by means of a controlled thermal atmosphere burner. The morphology of the
combustion jet flame was examined through an extensive experimental campaign on different co-
flow velocities, co-flow temperatures, and ammonia jet velocities. Furthermore, a quantitative
analysis was performed concerning the flame stability of a non-premixed ammonia jet and the auto-
ignition combustion properties under high temperature conditions, and the influence of the co-flow
temperature on both the length of the normalized lift-off and the ignition delay was analyzed. The
results of this study can thus be considered as an experimental basis to evaluate and improve
combustion models and for the subsequent analysis of ammonia diffusive combustion in a high-
pressure and high-temperature co-flow.

2. Experimental design

2.1 Introduction of the experimental ammonia jet flame combustion device

The test system used for the ammonia fuel combustion experiments is reported in Figure 1, and it is
made up of five parts: the main body of the controllable thermal-atmosphere burner, the co-flow
control system, the ammonia jet control system, the cooling system, and the data acquisition system.
The main element is the controllable thermal-atmosphere burner: it generates a stable co-flow
temperature field for ammonia jet combustion. The combustion disk was manufactured with a
porous structure. The co-flow premixed gas passes through the porous combustion disk and is
ignited above the latter to form countless small premixed laminar flow flames, thus constituting a

flat laminar flame that builds a stable high-temperature atmosphere for the jet flame. The porous
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disk has 874 uniformly distributed 1.2 mm diameter small holes, and the centers of the holes are
located 3 mm from each other.

The co-flow control system manages both the temperature and the speed of the co-flow field. The
former can be varied by acting on the amount of hydrogen in the co-flow, while the latter can be
adjusted by means of a blower (cf. Figure 1). The co-flow temperature is measured by means of a
thermocouple, and it is used as a feedback signal that acts on the hydrogen pressure reducing value
(item 1 in Figure 1) to reach the desired target co-flow temperature value. In order to minimize the
interference of the jet combustion on the thermocouple, the latter is arranged at a certain distance
from the ammonia injector. The thermocouple was installed on a three-dimensional moving platform
to verify the uniformity of the co-flow temperature field, and the temperature was measured at
different locations. The temperature is recorder 30 seconds after the thermocouple is moved to allow
the thermal regime to be reached. Autoignition occurs for all the considered experimental conditions
in the verified uniform part of the co-flow field, which consists of a cylinder with a diameter of
around 90 mm and a height of around 180 mm.

The co-flow velocity is determined on the basis of the volumetric flowrate of the blower (measured
at 7= 20 °C and p=1 atm), and the corresponding mass flowrate can be calculated. The co-flow
velocity can then be determined by imposing the mass conservation law, since the burner is exposed
to the environment, and by knowing both the burner cross section area (determined on the basis of
the diameter of the burner) and the co-flow density, the latter of which is determined by means of
the perfect gas law with the measured co-flow temperature (a static pressure equal to 1 atm is
considered). The air properties were used to determine the co-flow velocity (R= 287 J/kgK, y=1.4)
for each set of air volumetric flowrate and co-flow temperature, because of the great excess of the
air flowrate compared to the hydrogen one. Figure 2 reports the co-flow velocities for different
temperatures and for fixed values of the volumetric flowrates of the blower. As can be inferred from
Figure 2, the co-flow velocity is mainly controlled by the flowrate of the blower. However, the co-
flow velocity is also a function of the co-flow temperature for a fixed blower flowrate (since the co-
flow pressure is fixed, the density reduces when the temperature augments) and such a temperature
is increased by augmenting the hydrogen flowrate.

The jet control system includes a central injector pipe with an inner diameter, d, of 6.5 mm, an

ammonia tank, a solenoid valve, a pressure regulating valve, and a mass flowmeter. The liquid
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ammonia tank, which is made of stainless steel, is equipped with a pressure gauge with a maximum
pressure of 12 bar. When the ammonia pressure reaches the injection pressure (which is controlled
by means of a device placed between the ammonia tank and the injector), ammonia is in a gas state,
and a solenoid valve, equipped with an LH-04 relay module, opens to start the injection. In order to
realize synchronization between the ammonia injection and the high-speed camera, the LH-04 relay
module was used to control the two signals at the same time, so that the high-speed camera could
receive a 5 V high level signal to begin simultaneously recording with the fuel injection.

The cooling system is constituted by two water channels, one for the injection tube (not reported in
Figure 1), and the other for the outer side of the burner. A high-speed camera, which was used to
collect the ammonia fuel combustion experimental data, is included in the data acquisition system.

Table 1 reports the test conditions in terms of the co-flow velocity (u.f), injection pressure (piy;),
the corresponding injection velocity (u;;), and the co-flow temperature (T,r). The ammonia
pressure range was selected in order to explore the transition from a laminar to turbulent flow regime:
in fact, if p;,; < 1.6 bar, the flow is laminar or in a transitional regime with a Reynolds number
equal to Re=pinutinid/ 1tin/<5000, where 14,,=9.83-10° Pas is the dynamical viscosity of ammonia and
pinj indicates the ammonia density, while the flow is in a turbulent regime (Re<15000) if p;,>1.9
bar. The co-flow velocity and temperature values guarantee a turbulent regime (Re>>2000) for all
the conditions, as usually occurs in the combustion chamber of a CI engine. As can be inferred from
Figure 2, the co-flow temperature only affects the co-flow velocity slightly and is mainly controlled
by the flowrate of the blower. Therefore, for conciseness reasons, in what follows, we refer to a

mean value of the co-flow velocity, averaged over the temperatures, for each blower flowrate (cf.

in Table 1).
Table 1. Experimental conditions.
Co-flow velocity (ucs) [m/s] 23,25,27,29, 32,34
Injection pressure (p;n;) [bar] 1.3,1.6,19,2.2,2.5
Injection velocity () [m/s] 3.6,10.2,16.8,23.4,29.9
Co-flow temperature (Tf) [K] 1113-1223

As far as the evaluation of u;,,; is concerned, the presence of a water layer around the fuel pipe
makes the heat transfer from the co-flow to the fuel virtually null during the working conditions of

the burner. The outlet velocity of the fuel jet can be determined by assuming that its temperature is
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almost equal to the water-cooling temperature. Therefore, the velocity of the ammonia jet was
determined for each tested piy, on the basis of the measured fuel mass flow-rate, the pipe cross
section area, and the fuel density (the density of the ammonia was calculated under environment

pressure and for the water-cooling temperature).
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Figure 1. Ammonia fuel combustion test system.
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Figure 2 Co-flow velocities for different temperatures and blower flowrates.
Table 2 reports the compositions of the co-flows, determined by means of CHEMKIN software with

the GRI-Mech 3.0 mechanism [40] and corresponding to the reported 7.r values (Y stands for the



217 mass fraction). As can be inferred, when the co-flow temperature increases, the H>O concentration,
218  namely Yoo, augments slightly, while the nitrogen and oxygen mass fractions reduce slightly (the

219 Yoz reduction is around 5% whenever the co-flow temperature passes from 1123 K to 1223 K).

Ty Yu20 Yn2 Yo:
1123 K 0.071 0.761 0.168
1148 K 0.074 0.761 0.165
1173 K 0.076 0.76 0.164
1198 K 0.079 0.76 0.161
1223 K 0.081 0.76 0.159

220 Table 2. Co-flow compositions for different co-flow temperatures.

221 2.2 The data processing method

222  The image data extraction program is compiled of Python software to batch-process the flame
223 images of the turbulent jet of the ammonia fuel under different conditions. The main steps of the
224  image data extraction algorithm are shown in Figure 3 and can be summarized as follows: the
225  original flame image is acquired by the camera (cf. Figure 3a); a grayscale flame image (cf. Figure
226  3Db) and a colored flame image (cf. Figure 3c) are obtained; the appropriate threshold for image
227  binarization (cf. Figure 3d) is obtained by reducing the difference between the morphology of the
228  original flame picture (Figure 3a) and the one given by the binarization (Figure 3d). Finally, the
229  contour information and the characteristic parameters, such as the lift height, the flame length, the
230  flame area, and the perimeter of the flame, are obtained (cf. Fig 3e).

231

232

233 (a) Original figure (b) Grayscale (c) Colored grayscale
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(d) Binarization (e) Flame data extraction

Figure 3. Data processing method.
The extracted characteristic parameters are shown in Figure 4 (the horizontal dashed line represents
the position of the fuel pipe outlet). The normalized flame lift height can be computed by measuring
the distance between the lowest point of the extracted jet flame and the injection outlet, denoted as
H, as the H/d ratio, where d represents the inner diameter of the fuel pipe. The flame length, labeled
L, is defined as the distance between the highest and lowest points of the extracted flame. Moreover,
the flame perimeter is represented by the length, C, of the extracted flame edge. Lastly, the flame
area, denoted as S, is the area enclosed by this edge, and the flame area-to-perimeter ratio is defined
as S/C. Since steady-state flames should be considered, 20-50 consecutive flame pictures with a
visible flame were selected for the experimental analysis, and the average value of each parameter
was calculated as the characteristic parameter of the flame, under certain conditions, to ensure the
reliability of the data. The camera has a resolution of 512x512 pixels, a shooting frequency of 500

Hz, and an exposure time of 2 ms.

Figure 4. Schematic diagram of the characteristic parameters of the jet flame.
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3. The diffusion combustion characteristics of ammonia

3.1 Characteristics of the ammonia jet flame morphology

Figure 5 shows the ammonia diffusion and autoignition process in the co-flow field captured by the
high-speed camera under the conditions of Tcy= 1223 K, u.r = 25 m/s, and p;,;= 1.9 bar. The
development process of the jet flame is mainly divided into the following stages: 1) the explosion-
proof solenoid valve for the ammonia injection into the high-temperature co-flow field is opened;
2) the ammonia jet mixes with air and starts to spontaneously ignite in the high-temperature co-flow
field (cf. Figure 5a); 3) and, after autoignition of the ammonia jet, the flame length, flame area, and
flame brightness increase rapidly and a stable lifting flame is formed (cf. Figure 5b); 4) after a stable
lifting flame of the ammonia jet forms, the flame lasts for a period of time that is mainly determined
by the pulse width of the solenoid valve of the ammonia jet; 5) at the end of the ammonia injection,
the amount of residual fuel quickly diminishes, and the jet flame is gradually extinguished until the
leftover fuel is completely burned (cf. Figure 5c). The considered definition of ignition delay takes
into account the time interval between the opening of the solenoid valve, which leads to the start of
injection of the ammonia, and the observation of the initial autoignition of the fuel jet.

The ammonia jet diffusion flame is orange, in agreement with [41, 42]: the main reason for the
formation of this flame is the spectrum of the NH; free radicals and water vapor in the ammonia
flame. According to the images of the development of the ammonia jet flame and the continuous
combustion of the lifting flame taken by the high-speed camera, it can be seen that the ammonia jet

presents clear turbulent flame corrugation characteristics.

(a) autoignition  (b) combustion (c) extinction

Figure 5. Ammonia diffusion combustion in the co-flow field captured by the high-speed

camera.

Figure 6a shows the flame characteristics of an ammonia jet, for different T,f, under the conditions
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of ucy =25 m/s, and p;, ;= 1.9 bar, while Figure 6b reports the brightness of the flame (averaged
over the entire flame surface), quantified by means of the R, G, and B values, and the corresponding
grayscale value (given by 0.299 - R + 0.587 - G + 0.114 - B). It can be seen that when the co-flow
temperature increases, the ammonia flame becomes lighter and longer, the overall injected ammonia
can burn, and combustion becomes more complete and stable. Data referring to a T;f value below
1123 K are not reported since the high-speed camera was not able to capture the ammonia jet flame
because of its low brightness level. The overall brightness of the flame is low for a T;; value of
1148 K, and the length of the flame is also significantly reduced. In this case, the combustion results
to be unstable (the flame is sometimes visible and sometimes not), due to the low T, value. This is
evident from Figure 6¢, which represents the history of the flame area time during fuel injection: a
flame is formed at the beginning for T.=1148 K, but it is rapidly extinguished. Combustion
becomes more stable for higher co-flow temperatures (the sum of the time intervals over which the
flame area is higher than zero augments), and the flame can be detected throughout the entire fuel
injection time interval for Tep=1198 K. When T ¢ reaches 1223 K, the brightness of the orange flame
is significantly enhanced (cf. Figures 6a and 6b), because the high temperature makes the high
vibrational excited states of the molecule in the ammonia flame more pronounced. The effects of
different co-flow velocities and jet pressures on the stability and characteristic parameters of an
ammonia flame were investigated considering the different characteristics of the ammonia flame
under different T;.¢ values, and that ammonia cannot form a stable lifting flame under low T.

Figure 6d shows characteristic images of the ammonia jet flames for different jet velocities under
the conditions of T,y=1173 K and a co-flow velocity equal to 25 m/s. It can be seen that the lift
height of the flame generally increases as the injection pressure increases. However, when p;y;
reaches 2.5 bar, the overall brightness of the flame is lower than that at 2.2 bar and the flame length
is significantly lower, which indicates that the autoignition of the ammonia jet is unstable. This is
due to the large amount of ammonia injected into the co-flow field, which makes the local
equivalence ratio become richer. The finite co-flow field limits both the heat exchange and the
mixing, thus making it more difficult for ammonia to form a stable flame in such a rich fuel condition.

This is why the maximum injection pressure was selected as 2.5 bar.
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Figure 6. Pictures of the brightness and stability of ammonia jet flames.

3.2 Study of the autoignition combustion boundary

Figure 7 shows the autoignition temperature of ammonia for different co-flow velocities for
Dinj=1.9 bar. Three to five independent experiments were used for each condition to determine the
combustion boundary. The blue triangles in Figure 7 represents stable combustion, which means the
flame was always observed for those conditions (in terms of u.r and 7y, and the black squares
represent the autoignition boundary for each co-flow velocity value, which means that the flame
was sometimes recorded (cf. the curve for 7.= 1173 K in Figure 6¢), while a red circle denotes a
condition for which the ammonia jet could not be autoignited. According to the experimental results
of the different co-flow velocities reported in Figure 7, the autoignition temperature boundary of the
ammonia jet increases as the co-flow speed increases. For example, if we consider a co-flow speed
of 23 m/s, it can be seen that the ammonia jet can be autoignited at a co-flow temperature beyond
1163 K and form a stable lifting flame. Similarly to Figure 7, Figure 8 shows the autoignition
combustion temperature of ammonia for different p;,,; and for a fixed co-flow velocity equal to 25
m/s. According to the experimental results of different jet pressures, the autoignition temperature
boundary of the ammonia jet increases as the jet pressure increases. For example, if p;,;=1.6 bar,
the ammonia jet can autoignite when the co-flow temperature is beyond 1158 K and form a stable
lifting flame. A higher injection pressure for the same co-flow temperature leads to a higher initial
momentum and a higher jet velocity. A higher jet velocity reduces both the mixing time between the

ammonia and the co-flow and the time available to absorb energy from the co-flow, and the ammonia
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therefore cannot reach the autoignition temperature. The dashed lines in Figures 7 and 8 denote the
boundaries of the co-flow temperature above which autoignition can be achieved for each co-flow
velocity and injection pressure, respectively. Experimental tests to determine the autoignition

conditions reported in Figures 7 and 8 have been repeated three times, and coincident results have

been obtained.
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Figure 7. Autoignition of ammonia for different co-flow velocities (p;,j=1.9 bar).
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Figure 8. Autoignition of ammonia gas for different jet pressures (u.y = 25 m/s).
3.3 Characteristic parameters of the flame
The length and area of the flame are reported in Figure 9 for different co-flow temperatures, while
Figure 10 shows the corresponding perimeter and aspect ratio, S/C, of the flame. In both figures,

ucr has been kept constant at 25 m/s, and p;y,; is equal to 1.9 bar. Data concerning two different

Injection pressure (bar)
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acquisitions have been reported, showing a satisfactorily repeatability. As can be inferred from
Figures 9 and 10, the length, area, perimeter, and aspect ratio of the ammonia flame increase as T,¢
increase. The length of the ammonia combustion flame is primarily affected by the flame speed of
ammonia. If T¢ is increased, the flame speed of ammonia augments [43], thus promoting a faster
development of the ammonia flame in the axial direction. Therefore, the diffusion ability of
ammonia becomes stronger for an increment of the T¢ value, and this leads to an augmented flame
area. The flame perimeter also increases together with the value of T¢, due to the more pronounced
flame length and wrinkle.

When the flame length is mainly regulated by the initial jet momentum [44], it is positively
correlated with the ratio of the jet density (p;;) to the co-flow density (p.s), according to the

following law [38]:

L« (@)O'S (1)

Pcf

The dashed curve plotted in Figure 9, which is based on Eq. (1), was determined from experimental
data of co-flow temperatures of up to 1198 K. Indeed, an asymptotic flame length value exists for a
certain value of the initial axial jet momentum, i.e. a fixed fuel flow rate: such a value is reached as
the fuel jet is able to absorb enough heat from the co-flow to ensure complete combustion. A knee
can be observed to have occurred in Figure 9 when 7.,~=1198 K, and the flame length for 7,./>1198
K starts to be less sensitive to 7., while any further increment only reduces the lift-off length.

As can be inferred from Figures 9 and 10, the geometrical features of the flame augment slightly
when the co-flow temperature goes beyond 1198 K: this means that, when 7.=1198 K, u,= 25 m/s,
pin=1.9 bar, the fuel jet is already capable of absorbing the required energy from the co-flow field
for a complete combustion process, and only marginal modifications in the flame structure can
therefore be recognized for a further increment in the co-flow temperature. This result is in line with
other results available in the literature concerning hydrogen-argon mixtures [45] and H»-O» coaxial
injections [38]. The slight increment in the geometrical parameters of the flame that can be seen
when T.r becomes equal to 1223 K can be ascribed to the reduction in the ignition delay, and the
fuel jet therefore reaches the autoignition condition closer to the nozzle outlet (the lift-off length
reduces), which in turn leads to a small increment in the flame length (cf. Fig. 5) and, consequently,

in the perimeter and the area.
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Figure 9. Flame length, flame length model based on Eq. (1) and flame area of ammonia gas for
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Figure 10. Perimeter and S/C of the ammonia flame for different co-flow temperatures
(Ucp =25 m/s, pip; =1.9 bar).
Figures 11 and 12 compare characteristic parameters of the ammonia jet flame for different injection
pressures. The experimental T, is 1223 K, and the different curves refer to two co-flow velocities
equal to 23 m/s (continuous lines) and to 32 m/s (dashed lines). An increase in the co-flow velocity
generally augments the turbulence of the co-flow field around the ammonia jet, and it therefore
promotes heat transfer between the fuel and the co-flow field, thus leading to a growth in the length,
the area, the perimeter and in the S/C of the jet flame. The rise in the ammonia jet speed (higher

Dinj) Obviously corresponds to an increment in the volumetric flowrate of ammonia: this enhances
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the mixing rate with the oxygen that is present in the co-flow, and the temperature of the flame
combustion rises, thus improving the diffusion of the ammonia jet gas and promoting chemical
reactions. Furthermore, because of the increase in the jet momentum, the diffusion distance of the
ammonia jet increases in both the axial and radial directions and leads to a change in the flame
morphology.

However, when the jet pressure exceeds 2.2 bar, as reported in Figures 11-12, a rapid decline in the
length, area, and perimeter of the ammonia flame can be noted. Indeed, a large amount of ammonia
is injected into the co-flow field and it cannot be fully burned [46]. Therefore, there may be a large
amount of unburned ammonia in the co-flow field, which could lead to a reduction in the length,
area, and perimeter of the ammonia flame. However, the perimeter of the flame tends to reduce less
than the area and length of the flame for high co-flow velocity values. Indeed, although the length
and size of the flame reduce for an elevated co-flow velocity, due to incomplete combustion, the

flame can be more wrinkled, due to the elevated u.s, thus mitigating the reduction in the flame

perimeter.
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Figure 11. Length and area of the ammonia flame for different jet velocities (T,r = 1223 K).
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Figure 12. Perimeter and aspect ratio of the ammonia flame for different jet velocities

(T = 1223 K).

3.4 Autoignition point and ignition delay characteristics of an ammonia flame.

Figure 13 shows the ammonia autoignition location for different co-flow temperature values,
considering a co-flow velocity equal to 25 m/s and an injection pressure of 1.9 bar. The autoignition
Figure 13, the position of the autoignition point becomes closer to the nozzle outlet as the co-flow
temperature increases. The fire cores from 1148 K to 1173 K are small, scattered and even
unconnected, and they show a multi-point distribution accompanied by wrinkles. As the co-flow
temperature increases, the fire cores gradually become concentrated, the fuzzy boundary disappears,
and the fire core moves closer to the nozzle exit and becomes brighter. Indeed, the augmented co-
flow temperature provides the ammonia jet with more energy, thus promoting autoignition and
making the position of the autoignition point closer to the nozzle outlet. Figure 14 shows the pattern
of the ignition delay with respect to the co-flow temperature for a fixed co-flow velocity and pi,;.
The reported values, for which a discrepancy below 5% has been observed over three different
acquisitions, were determined as intervals between the time instants at which the fuel solenoid valve
opened and the first flame that occurred by subtracting the time required for the fuel to flow from
the solenoid valve to the pipe outlet at a velocity of ui,=16.8 m/s (the distance between the solenoid
valve and the fuel pipe outlet was available). The ignition delay of the ammonia jet decreases as T,¢

increases. When the co-flow temperature is closer to 1148 K, there is still ammonia in the unstable
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autoignition region (cf. Figure 8), and a rise in the co-flow temperature therefore helps to ensure
combustion stability, which in turn leads to a pronounced drop in the ignition delay to T,y = 1173
K. The injection pressure is in fact too high for the tested conditions to allow the ammonia to absorb
enough energy from the co-flow at T.r = 1148 K, and this leads to a high value of the flame lift
height and to the presence of unburned ammonia. When T, rises to 1198 K, the fuel attains a stable
flame lifting, and the ignition delay decreases even further. The energy exchange between the fuel
and the co-flow at this temperature is sufficient to ensure a stable flame. Finally, 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. As mentioned above (cf. Table 2), when
the co-flow temperature changes from 1123 K to 1223 K, the oxygen concentration reduces by about

5%, and its effect on the ignition delay is therefore negligible.

1148 K

1173 K 1198 K 1223 K
Figure 13. Location of the autoignition point of ammonia gas for different co-flow temperatures
(ucy =25 m/s, pinj=1.9 bar).
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Figure 14. Ignition delay period of ammonia gas for different co-flow temperatures
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3.5 Normalized lift height and combustion stability

The normalized flame lift height, H/d, which corresponds to an average position of the flame, can
be used to quantify the flame stability since it is sensitive to several flow and flame parameters,
especially to the co-flow temperature [35]. Figure 15 compares the H/d of an ammonia jet flame for
different co-flow temperatures. The experimental co-flow velocity is equal to 25 m/s, and the
injection pressure is 1.9 bar. The normalized lift height of the flame of the ammonia diffusive
combustion gradually decreases as the co-flow temperature augments, and the decreasing rate
differs significantly for low and high co-flow temperatures. When the co-flow temperature is lower
than 1173 K, H/d is particularly sensitive to T, whereas the change in the co-flow temperature has
less effect for Tcy >1173 K. Therefore, the normalized lift height of the flame shows a trend that is
very similar to that of the ignition delay (cf. Figure 14). An augmented co-flow temperature even
increases the flame stability of H/d, due to an enhanced heat exchange.

By using a controllable thermal atmosphere burner, such as the one employed in this work to study
the autoignition of the turbulent flame, it has been shown that many fuels show a co-flow
temperature threshold beyond which its influence on the normalized lift height of the flame
drastically reduces [47]. The temperature threshold for the ammonia under the considered
experimental conditions (uc.r =25 m/s, p;p;=1.9 bar) can be identified at T.s= 1173 K, which

corresponds to the knee for both the ignition delay (cf. Figure 14) and the flame H/d (cf. Figure 15).

35

[ ILift height
- M- Light height

304

Lift height (H/d)
> > 3 P
1 1 1 1

w
1 "

T T T T
1148 1173 1198 1223

Co-flow temperature (K)
Figure 15. Normalized lift height of the ammonia flame for different co-flow temperatures
(ucr =25 m/s, pin;=1.9 bar).
The velocity and injection pressure of a co-flow have important effects on the normalized lift height

of ammonia [48]. Figure 16 compares the H/d trends of the flame with respect to the injection
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pressure for different co-flow velocities. As already explained, the increase in the ammonia injection
pressure increases the concentration of ammonia in the area near the fuel injection tube, thus leading
to augmented local equivalence ratios, and autoignition is therefore not promoted and the ammonia

flame settles further away from the injector tube outlet.
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Figure 16. Normalized lift height versus injection pressure for different co-flow velocities
(Tey =1223 K).
A model for auto-ignited flames in high-velocity co-flows, which is suitable for interpreting the

results in Figures 15 and 16, was developed in [49], where such a model was referred to as “large-

scale mixing model”. In that model, the normalized lift height was expressed as:

H (kse)®
d x Tign,ad g 1« (2)

mix

where Tjgnqq 1s the ignition delay, determined by means of CHEMKIN, under adiabatic
stoichiometric conditions, kg, is the strain rate, o is a parameter in the [0,1] range, and t,,;, is the
mixing time scale of the large eddies. Strain rate kg accounts for the effect of the interaction
between the Kolmogorov eddies, which are the smallest eddies responsible for extinction, and the
flame thickness [50]. When o = 1, a small-scale strain has the most important effect on H/d, which
is therefore dominated by the Kolmogorov scale, while large-scale mixing controls the normalized
lift height if o = 0. 7,,;, considers the effect of large eddies emanated by the fuel jet (the higher the
fuel jet velocity is, the lower t,,;,). These eddies, which are initially only constituted by pure fuel,
then mix with the surrounding air. When the mixture reaches the autoignition condition, a flame
edge is formed and is swept downstream. The air surrounding the flame is heated and becomes

available to ignite the next mixture eddy arriving from the fuel nozzle side. The rapid formation
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frequency and propagation of eddies allows the flame to remain stable and not to be blown out [51].

The flame strain rate in Eq. (2) can be estimated as

kst X % (Reco ' fM)O'S (3)

where u;,; is the fuel velocity, d is the injector pipe diameter, Re., stands for the Reynolds number

of the co-flow, and fj/ is defined as

0.5

fu =1+ )

dC
(&) »
In Eq. (4), d.ris the diameter of the burner disk (equal to 100 mm) and M is the specific co-flow-to-

jet momentum flux ratio, which is defined as:

2

M= (u) s 5
Uinj/) Pinj ( )

The large-scale mixing time, 7,,;,, in Eq. (2) can be expressed as

o B [1 +C (j—‘;)] (6)

mix P

T
where C is a positive coefficient that represents the degree of the shearing effect on the large-scale

mixing time, Au = U;; — Ugr, and L, is the potential core length [52], which is evaluated as

Lp Ujnj j . (7)
; =16 (u_cf) if ucf > uinj

The obtained experimental normalized lift height data have been replotted in Figure 17. A
satisfactory fit of the dashed-line is found for C=0.167 and a = 0 when the modified mixing-strain
model given by Eq. (2) is used. This means that the diffusive combustion of ammonia is controlled

by large-scale mixing in a high-temperature co-flow.
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Figure 17. Modified mixing-strain model correlation of the normalized lift-off height for different
co-flow velocities (7r=1223 K).

A measure of the flame stability of the diffusive combustion of ammonia can be obtained from the
time-fluctuations of the flame normalized lift height. Such oscillations are reported in the left part
of Figure 18 for different co-flow temperatures, and for a co-flow velocity and injection pressure
equal to 25 m/s and 1.9 bar, respectively. As the co-flow temperature increases, the flame lift reduces
and becomes more stable. This is also evident in the part on the right of Figure 18, where the standard
deviation of H/d in the considered time interval, i.e. 260ms, is reported: it can be observed that the
standard deviation dramatically reduces when the co-flow temperature increases. The burning flame
diffusion becomes more pronounced for higher co-flow temperatures, because of both the faster
flame speed and lower ignition delay, and the flame stability of ammonia diffusive combustion is
improved. Indeed, when the co-flow temperature is high, the mixing process between the ammonia
in the jet and the oxygen in the co-flow is accelerated, which is more conducive to the formation of
a combustible gas mixture, thus making the combustion become more stable. Moreover, there is no
obvious multi-point autoignition phenomenon.

Instead, when the co-flow temperature is low, the combustion of the ammonia jet is somewhat
unstable and is accompanied by a sharp burst sound (this burst sound disappears as soon as the co-
flow temperature exceeds a certain value). The flame front is uneven, the shape is very irregular,
and the direction and speed of the flame front change frequently in the combustion process:

unburned ammonia can be diffused and heated from all directions, and the resulting small explosions
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Figure 18. Normalized lift height time fluctuations for different co-flow temperatures
(ucy =25 m/s, p;p j=1.9 bar).
The H/d fluctuations, with respect to time, for different injection pressures are reported in Figure 19
(ucy =25 m/s, T,y=1223 K). The standard deviation of the normalized lift height of the flame in the
considered time interval increases as the injection pressure increases. A higher pressure leads to
larger fluctuations, due to the intensified turbulence disturbance caused by the augmented Reynolds
number of the fuel. The injection velocity rises as the injection pressure increases, and the flame
morphology continuously changes from lift-off to blow-off: the ammonia lifted flame shows a
critical autoignition (CA) behavior for pinj = 2.5 bar, which is represented by continuous flame
extinctions and reignitions [53]. It has been verified, on the basis of an analysis of different working
conditions, that the stability of the flame can be quantitatively assessed by means of the standard
deviation of the normalized lift-off length: as can be inferred from Figures 18 and 19, by considering
the results reported in Figures 7 and 8, when the H/d standard deviation is clearly below 2, the flame

can be considered stable.
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Figure 19. Normalized lift height time fluctuations for different injection pressures
(ucr =25 m/s, Tep=1223 K).
Blow off occurs for ammonia at p;;,;=2.5 bar and uc= 34 m/s as both the co-flow velocity and
injection pressure increase, as reported in Figure 20, where some consecutive flame photos have
been reported over the 200-260 ms range after the beginning of the fuel flow: a critical autoignition
behavior, featuring the repetition of extinctions and reignition, occurs. The burnt gas could in fact
induce a local acceleration in the streamwise velocity, due to buoyancy, and this could lead to a
blowout. Autoignition can again occur when the local velocity decelerates, as a result of the

mitigation of the buoyancy effect [53].

200 ms 207 ms 210ms 215ms 220ms 227ms 230ms 237ms 240ms 250ms 260 ms

Figure 20. Fluctuation and reignition phenomenon of the flame over the 200-260 ms range after
the beginning of the fuel flow. (T.f = 1223 K, p;,j=2.5 bar, u.y =34 m/s)
4. Conclusions
The combustion characteristics and flame stability of an ammonia turbulence jet diffusion flame
have been investigated for different co-flow temperatures, co-flow velocities, and jet velocities.
The ammonia flame appears orange, with sporadic red zones. When T¢r <1148 K (ucr = 25 my/s,

Dinj = 1.9 bar), a stable lifting flame is not achieved, resulting in low brightness. Extinctions and
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reignitions are common at 7= 1173 K, and stability increases significantly when 7> 1198 K.
Increasing co-flow velocity and injection pressure hinders ammonia combustion. Higher co-flow
temperature (7> 1223 K) is necessary for a stable lifting flame at greater co-flow velocity (34 m/s)
and injection pressure (2.5 bar).

Flame characteristics like length, area, and perimeter increase with co-flow temperature while they
first increase and then decrease with the injection pressure. If sp;,; > 2.2 bar ammonia combustion
is incomplete, and flame geometrical characteristics reduce.

The distance from the position of the autoignition point to the nozzle outlet and ignition delay both
decrease with rising 7 notably from 1148 K to 1223 K, with the most significant reduction
observed at 7y < 1173 K. Normalized lift height decreases as co-flow temperature rises but, for 7.r
> 1173 K, the co-flow temperature impact on H/d reduces.

The normalized lift-off length data satisfactorily fit a modified mixing-strain model, thus showing
that the combustion is controlled by large-scale mixing.

Flame stability notably improves with higher co-flow temperatures, evidenced by reduced flame
fluctuations over time. A standard deviation of the normalized lift height below 2 indicates a stable
flame.
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