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ARTICLE INFO ABSTRACT

Keywords: Recently, there has been growing interest in ammonia (NH3) as a carbon-free alternative fuel for ground
Liquid ammonia transportation due to its effectiveness as a hydrogen carrier, and mature infrastructure for production and dis-
Spray D " tribution. Ammonia combustion nevertheless suffers from its slow flame speed, long ignition delay time, and
Zlifggei;j:dlmn emissions from unburned ammonia, NOy, and N5O. As such, future utilization of ammonia might have to involve

a dual-fuel strategy, especially with hydrogen, to overcome some of the drawbacks and retain the zero-carbon
nature of the system. Our previous work has shown that autoignition of ammonia can be feasible under
direct-injection engine conditions with trace amount of gaseous hydrogen addition in the ambient air, which can
be potentially introduced from the dedicated exhaust gas recirculation combustion strategy. In the current work,
we further investigate autoignition enhancement of liquid ammonia spray with dissolved hydrogen, which can
further simplify engine hardware and infrastructure requirement for ammonia-hydrogen dual fuel combustion.
Given the trace amount of hydrogen involved, it is assumed that mixture liquid property and spray dynamics
does not substantially deviate from pure ammonia, albeit with enhanced chemical reactivity. The solubility of
hydrogen is first calculated using the equal fugacity principle. Then, the classical Spray D configuration is
adopted for the numerical simulation and validated against existing studies and is extended to the new fuel of
ammonia-hydrogen mixture. It is found that the addition of trace amounts of dissolved hydrogen successfully
facilitates the ignition of ammonia within reasonable residence time. Furthermore, the results show that varying
amount of hydrogen had trivial effect on the ignition timing as the evaporation and mixing are the rate con-
trolling mechanisms for ignition. Compared to hydrogen added via ambient air, fuel dissolved hydrogen shows
delayed ignition and flame development. Finally, chemical flux analysis is conducted to provide detailed
explanation on the key reaction pathways for ignition and NOx/N>O emission.

Low carbon fuels

1. Introduction Additionally, ammonia can be generated from the Haber-Bosch process

[4] by synthesizing H, and nitrogen (N3), especially by taking advantage

Concerns on global warming and climate change have brought
attention to the role of fossil fuels in the energy sector. The wide use of
fossil fuels has resulted in an increase in greenhouse gases [1], especially
carbon dioxide (COy), leading to global efforts towards decarbonization
[2]. As such, alternative fuels that produce low or zero carbon emissions
from their combustion process are becoming increasingly important to
achieve carbon neutrality. Most notable are ammonia (NH3) and
hydrogen (Hy), which are being considered as alternatives to fossil fuels
due to their zero-carbon nature in the molecule structure. Ammonia has
been produced and used extensively in the fertilizer industry thus having
a mature production, transport, and storage infrastructure [3].
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of Hy generated from renewable energy sources, such as wind, solar, and
geothermal energies [5].

Compared to the combustion characteristics of Hy, ammonia suffers
from a slow flame speed of 0.07 m/s for stoichiometric fuel-air mixtures
at standard temperature and pressure (STP) of 298 K and 1 atm, a long
ignition delay time and high latent heat of vaporization. On the other
hand, hydrogen has a flame speed of around 2.14 m/s at STP and a
substantially shorter ignition delay time. However, compared to
hydrogen, ammonia has a much higher boiling point (e.g., 25 °C at 10
bar), as such it has a much higher volumetric energy density compared
to hydrogen, where liquid hydrogen exists under cryogenic conditions
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[6]. Thus, the storage, transport and refueling of ammonia as a liquid
fuel provides an advantage over hydrogen. However, ammonia as a fuel
also suffers from high nitrogen oxides (NOy) and nitrous oxide (N3O)
formation, due to the nitrogen element in the fuel molecule, and the
unburned ammonia-slip. This results in harmful effects on the environ-
ment and health. Additionally, the NoO formed has the Global Warming
Potential 300 times of that of CO5 [7]. Consequently, blends of hydrogen
and ammonia are being considered to compromise the drawbacks of the
poor combustion characteristics of ammonia and the challenging
transportation and fueling options of hydrogen.

Ammonia-hydrogen dual-fuel studies have been conducted for
ammonia being the main fuel to make use of its storage and trans-
portation capabilities, while hydrogen being added to improve its
combustion performance. Chen et al. [8] investigated the effects of
hydrogen blending with ammonia on the ignition delay times in a shock
tube. This study utilized the fuel blends of 100 % NHj3, 95 % NHs/5% Ho,
70 %NH3/30 % H,, and 30 % NH3/70 % Hs. The results demonstrated a
nonlinear decrease in ignition delay times with an increase in hydrogen
blending ratio. This enhancement can also be observed in relevant en-
gine configurations. Wiseman et al. [9] investigated the blow-out
behavior of turbulent premixed ammonia/hydrogen/nitrogen-air and
methane-air flames under gas turbine relevant conditions. The fuel ratio
selected is 40 % NH3/45 % Hy/15 % Ny by volume. The results
demonstrate that the addition of hydrogen to the fuel results in an
improved heat release rate and fuel consumption rate and suggests that
the diffusion of hydrogen is the main cause to enhance the reactivity of
the mixture thus improving the combustion characteristics. Dinesh et al.
[10] conducted an experimental study on the ammonia and hydrogen
blends with five hydrogen energy fractions, 5 %, 9 %, 13 %, 17 %, and
21 %, in a port fueled spark ignition (SI) engine using a range of
compression ratios and engine speeds. It was found that hydrogen
addition improved the performance of ammonia in a SI configuration
while reducing volumetric efficiency. However, increase in compression
ratio is shown to increase volumetric efficiency, thus creating an opti-
mization requirement. Furthermore, the NOy emissions have been
shown to increase with Hy addition as the temperature in the cylinder
increases. Bakir et al. [11] numerically investigated ammonia and
hydrogen blends ranging from 100 % ammonia mole fraction to 100 %
hydrogen mole fraction in increments of 5 % mole fraction under
different intake pressure and temperature in a homogeneous charge
compression ignition (HCCI). It is found that the crank angle corre-
sponding to 50 % of the heat released (CA50) is more sensitive to the
intake temperature rather than pressure. Furthermore, increase in
hydrogen concentration, resulted in a lower required intake temperature
to achieve a CA50 near top dead center. For diesel engines, the low
reactivity of ammonia poses a challenge in its feasibility requiring
impractical high compression ratios [12]. As such, studies have been
conducted with pilot fuel injection to increase the reactivity of the
mixture. Nadimi et al. [13] experimentally investigated ammonia/diesel
dual-fuel compression ignition engine in terms of combustion and
emissions and the effect ammonia addition has on them while varying
the ammonia energy fraction from 0 to approximately 84 %. The results
show that indicated thermal efficiency increases with the replacement of
diesel with ammonia while the combustion phasing and duration both
reduced. Moreover, as ammonia concentration increases, carbon emis-
sions decreased while NOy and N5O increased.

However, the direct injection of ammonia in compression engines
poses challenges thus methods of promoting ignition in engine relevant
conditions are investigated. One such promotion can be achieved
through an active pre-chamber ignition system which creates a turbulent
jet flame and enhances ignition and combustion in the main chamber.
Liu et al. [14] numerically investigated a prechamber’s role in
improving the efficiency of an ammonia fueled heavy duty engine by
optimizing spark timing, prechamber nozzle diameter, and hydrogen
energy fraction. The results showed that increasing hydrogen energy
fraction from 0.5 to 2 % resulted in an advanced combustion phasing
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while reducing indicated thermal efficiency due to increased wall heat
transfer. Liu et al. [15] experimentally investigated an ammonia fueled
engine with a reactivity-controlled turbulent jet ignition system. It is
found that improved combustion performance is achieved by increasing
the concentration of premixed hydrogen-air in the prechamber and thus
increasing the reactivity. However, using ammonia-air premixed
mixture in the prechamber resulted in a lower combustion stability as it
results in a weaker turbulent jet from the prechamber. Furthermore,
despite the narrow flammability range for ammonia, the use of the
prechamber showed an improved combustion stability for lean mixtures
with an air-fuel ratio of 1.4 resulting in optimized fuel consumption.
Huo et al. [16] numerically investigated an Hy fueled active pre-
chamber in an ammonia/hydrogen port fuel injection engine under
lean conditions. They investigated a range of hydrogen energy fraction
from 10 to 40 % and an equivalence ratio of 0.4 to 0.6 in the main
chamber while maintaining an equivalence ratio of 0.74 in the pre-
chamber. The study demonstrated that a lean H fueled prechamber can
operate the main chamber in leaner conditions, which nevertheless
needs further optimization. For equivalence ratio of 0.4, higher un-
burned NH3 and higher N3O are observed. On the other hand, NOy
emissions are reduced due to reduced temperatures. The results show
that increasing hydrogen energy fraction in the main chamber results in
a more reactive mixture, which, however, increases NOy concentrations.

Recently, the enhancement of ammonia through the use of hydrogen
added to the ambient air to facilitate the ignition of ammonia spray has
been investigated numerically under engine relevant conditions [17].
The addition of hydrogen can be conducted by dedicated exhaust gas
recirculation, which requires one cylinder to run a rich mixture of
ammonia to generate additional Hy that can be recirculated back to each
cylinder, or onboard thermal cracking which requires a catalyst to
initiate the NH3 decomposition into Hy and N». The results demonstrated
that trace amounts of hydrogen, from 0.043 % to 1.4 % mole fraction in
the ambient air, are enough to enhance ignition of ammonia through the
production of OH radicals. Another method of introducing Hj to facili-
tate ignition is by dissolving H; gas into the liquid NH3 thus creating a
fuel blend. By doing so, the fuel will have an increased reactivity
through hydrogen while maintaining its liquid form and reduce the cost
of retrofitting the current combustion systems. Compared to other dual
fuel strategies, such as the port fuel injection of a premixed gaseous fuel
blend of ammonia and hydrogen or the injection of liquid ammonia in a
hydrogen/air ambient, the current method allows for a direct injection
of the liquid fuel blend in compression ignition engines with a single
injector. The fuel blend in this case will not be mixed with air in the fuel
As such, pre-ignition of hydrogen can be avoided. The current work
evaluates the performance of a new liquid fuel with trace amount of
hydrogen dissolved in ammonia and identifies the role of hydrogen
addition on its ignition characteristics in the classical Spray D configu-
ration [18]. This approach is further compared to our previous study
with hydrogen addition supplied from the ambient gas. Finally, evalu-
ation of key chemical pathways and emission formation is investigated.

2. Methodology
2.1. Numerical models

In this work, the commercial software CONVERGE 3.1 [19] is used to
simulate ammonia spray combustion in the Spray D configuration. The
models selected for this study are as follows: the Redlich-Kwong equa-
tion of state [20] is used to describe the gas and liquid phase fluids. The
Mixture-averaged species transport is used to calculate a diffusion co-
efficient for each species. Turbulence is modeled through the Reynolds-
Averaged Navier-Stokes [21] model using the Renormalization Group k-
e [22] that accounts for the different length scales of motion that
contribute to turbulent diffusion. Fuel injection is modeled through the
BLOB injection model [23]. As the liquid is injected, its breakup and
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Fig. 1. Vapor penetration of ammonia spray comparing different base mesh sizes.

atomization are modeled through the Kelvin-Helmholtz Rayleigh-Taylor
models [24] in addition to the O’Rourke turbulent dispersion model
[25]. Furthermore, droplet interactions are modeled through the No-
Time-Counter collision model [26] while the drag effects are modeled
through the dynamic drop drag model. Considering droplet evaporation,
the process is modeled through the Frossling model [25]. The ammonia
spray experiments show a high tendency of ammonia to flash boiling
[27], and consequently the flash boiling model in Price et al. [28] is
used. The SAGE chemistry solver [29] is adopted to model the detailed
reactions in the combustion process. In order to investigate the kinetics
of ignition and NOy formation, the mole fractions and thermodynamic
condition are extracted from points of interest and inserted into CAN-
TERA [30]. By initializing the mole fractions and thermodynamic con-
ditions into CANTERA, the ReactionPathDiagram class can be used to
generate the reaction pathways.

Spray D [18] is an experimental configuration using a one nozzle
injector with a diameter of 0.19 mm. The fuel, n-dodecane, is injected
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into a constant volume chamber at 900 K and 60 bars. The fuel is
injected for 4.5 ms with an injection pressure of 1500 bars at a tem-
perature of 363 K. For the ammonia case, liquid ammonia is injected at a
temperature of 298 K in order to lessen the effects of flash boiling.
Furthermore, the injection pressure is maintained at 1500 bars into the
combustion chamber at 1300 K and 60 bars. The ammonia reactive case
uses the Otomo et al. kinetic mechanism [31] to model the reactions that
has been validated against experimental laminar flame speed, NOy for-
mation [32] and ignition delay times for ammonia and hydrogen blends
[311.

2.2. Mesh

To determine grid independence, a simulation using the Spray D
configuration with ammonia as the fuel is conducted. Three base mesh
sizes are used, 8 mm, 4 mm, and 3 mm, with a level 5 embedding
Adaptive Mesh Refinement (AMR) resolving the temperature and
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Fig. 2. Comparison of numerical results with experimental data. Liquid penetration on the left and vapor penetration on the right. Experimental data taken from [33]

experiment ABKLDDLASRDE.
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Fig. 3. Spray morphology comparison using n-dodecane mass fraction. Experimental data taken from [33] experiment ABKLDDLASRDE.

velocity gradients in addition to level 5 fixed embedding near the nozzle
to resolve the high velocity changes due to injection thus having a
minimum mesh size of 0.25 mm, 0.125 mm, 0.09375 mm. Fig. 1 shows
the grid independence study conducted for this work by comparing the
vapor penetration using different base mesh sizes. It is shown that
further refinement of the base mesh size provides negligible differences.
As such, the base mesh size for this study is selected to be 4 mm.

2.3. Validation

To gain confidence in the selected models, a validation is conducted
using the Spray D experimental results from injecting n-dodecane fuel
into a constant volume reactor [33]. The fuel at a temperature of 363 K is
being injected into a domain with an ambient temperature, pressure,
and composition of 900 K, 60 bar, and 89.71 % Ns, 6.52 % CO,, and
3.77 % Hs0, respectively. The injection pressure is 1500 bars with a
duration of 4.5 ms. The target validation data are the spray penetration,
vapor penetration, and spray morphology taken from [33] experiment
ABKLDDLASRDE.

Fig. 2 shows the validation results against experimental data using
the liquid penetration on the left and vapor penetration on the right. In
the simulation case, based on the Engine Combustion Network (ECN)
modelling standards [34], the liquid penetration distance is defined as
the liquid penetration fraction of 0.99 while the vapor penetration dis-
tance is defined by the maximum distance where the fuel vapor mass
fraction is 0.001. It can be observed from the liquid penetration that the
numerical model shows reasonable overall agreement with the experi-
mental data except for an overprediction at the beginning of injection.
The vapor penetration results show a similar trend with a slight
underprediction at the beginning of injection. In spray modeling, both
penetration and morphology are necessary to provide satisfactory vali-
dation. As such, a comparison of spray morphology evolution at selected
instants using n-dodecane mass fraction is shown in Fig. 3. As shown, the
numerical results demonstrate reasonable agreement with experimental
data [33]. Thus, the results give confidence to continue with the
ammonia spray cases.
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Fig. 4. Comparison of hydrogen solubility in ammonia modeling using PE2000
software against experimental data taken from [41].

2.4. Hydrogen solubility

To determine the amount of hydrogen to be dissolved and the
modeling potential of the software, the maximum concentration of
hydrogen that can be dissolved in liquid ammonia at a given tempera-
ture and pressure (i.e., the solubility of hydrogen in ammonia) needs to
be calculated. Solubility is modeled using the Phase Equilibria 2000
(PE2000) software [35] that has been used extensively to calculate
solubilities of different mixtures [36 37 38 39]. The solubility of the
mixture is calculated using the Redlich-Kwong equation of state [20]
based on the fugacity principle where the fugacity coefficients for the
vapor and liquid phases are equal at equilibrium. For binary mixtures, a
mixing rule needs to be included to account for both components. As
such, the Adachi-Sugie mixing rule [40], which has been used in [36]
and [37], is used for this work.

Fig. 4 shows a comparison of the numerical modeling against
experimental data of the mole fraction of soluble hydrogen in liquid
ammonia over a wide range of pressure at 298 K taken from the work of
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Weibe et al. [41]. As shown, the modeled saturated Hy mole fraction at
different pressures shows good agreement with the experimental data
and follows the trend of increase in solubility with pressure.

These results demonstrate the upper limit of dissolved hydrogen in
liquid ammonia. At this limit, the mixture will be unstable due to the
tendency of hydrogen to separate from the solution as pressure changes.
Thus, this work will include an amount of hydrogen significantly less
than the solubility to mitigate the mentioned instability. For a 60 bars
domain, the limit is the saturated Hy mole fraction 0.0045. It is expected
that as the amount of hydrogen dissolved is in trace amounts, its effect
on the liquid properties and spray dynamics become negligible. To
satisfy these requirements, an amount of 0.085 %, 0.01 %, and 0.005 %
mole fraction of hydrogen is added to the liquid ammonia.

Cases utilizing pure ammonia and ammonia hydrogen addition is
modeled to demonstrate the insignificant effect the amount of change
the added hydrogen has on ammonia. Fig. 5 shows the vapor penetration
comparison. As shown, the vapor penetration shows no notable change
in both cases. Fig. 6 shows the radial distribution of NH3 mole fraction at
25 mm away from the injector at different instances with and without
hydrogen addition. As shown, the distribution shows similar results in
both cases when comparing the results from the pure ammonia to the
dissolved hydrogen addition with and without the chemical source
terms. Thus, this setup provides confidence in the model setup while
justifying the minimal changes in ammonia spray with trace hydrogen
addition.

3. Results and discussion
3.1. Autoignition of pure ammonia

Ammonia is considered a low reactivity fuel with a high ignition
temperature, long ignition delay times, and slow flame speed. Addi-
tionally, in a spray configuration, ammonia also suffers from charge-
cooling effects and flame extinction [17] due to the high latent heat of
vaporization [42]. These drawbacks are evident in a pure ammonia in-
jection case. In this case, liquid ammonia at 298 K is injected into a
chamber at 1300 K and 60 bars at the start of the simulation for 4.5 ms
using the Spray D configuration. Fig. 7 shows the evolution of the
temperature contour for the pure ammonia spray. The results show no
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Fig. 5. Comparing vapor penetration of case with pure ammonia and case with 0.085 % dissolved H, added to ammonia.
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Fig. 6. Comparison of radial distribution of NH; mole fraction 25 mm away
from the injector between pure ammonia case and 0.085 % mole fraction H,
dissolved in ammonia with and without the chemical source term used.

increase in temperature indicating no ignition occurring despite being at
elevated thermodynamic conditions. These results demonstrate the
challenges ammonia has for direct injection applications. As such,
increasing the reactivity of ammonia needs to be considered to facilitate
ammonia ignition. In this work, hydrogen addition as a dissolved gas in
liquid ammonia will be numerically investigated as a method to initiate
ignition.

3.2. Ignition process with trace amount of dissolved hydrogen

Fig. 8 shows the evolution of the maximum temperature with time
for pure ammonia and fuel blends including 0.085 %, 0.01 %, and 0.005
% dissolved Hy mole fraction. As the fuel is injected, maximum tem-
perature remains steady the chemical reactions release heat post the
evaporation and mixing processes. The maximum temperature is shown
to be near 1750 K which is achieved after the end of injection then is
followed by a decrease in maximum temperature. Furthermore, the
different mole fractions of dissolved Hs result in similar combustion
evolution with time. This is a result of the similarity in evaporation and
mixing time scales of the three cases, suggesting that the controlling step
for ignition is the dissolved hydrogen, while the combustion evolution
after the ignition is mainly depended on the spray dynamics and mixing.
This is controlled by the thermophysical properties of primarily liquid
ammonia, rather than changes in chemical reactivity with varying
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amount of hydrogen addition. The higher reactivity of hydrogen
compared to ammonia results in its immediate local oxidation, which is
largely similar for all three cases regardless of the amount of hydrogen.
Thus, the new fuel blend - liquid ammonia with trace amount of dis-
solved Hy — provides good flexibility of fuel preparation, and exhibits
substantially enhanced chemical reactivity, which is meanwhile insen-
sitive to hydrogen blending ratio due to dominant effects by spray dy-
namics and subsequent evaporation and mixing of liquid ammonia. To
understand the detailed ignition process and the development of the
flame, the temperature and equivalence ratio contours of the 0.085 %
case are examined.

The decrease in maximum temperature can be explained by the
insufficient fuel injection and the low reactivity of ammonia. Despite the
oxidation occurring, the heat release and the flame propagation occur
slowly thus requiring an extension of the injection duration to allow for
the flame to develop and reach its maximum temperature. Furthermore,
around 45.9 mg of NHj is injected into the domain. Post injection, at 10
ms, around 0.0162 mg of NH3 is left. Despite most of the fuel being
consumed, the flame requires more fuel to be injected to be fully
developed and sustained. This is shown in Fig. 9 where the evolution of
the local equivalence ratio contour with time is plotted for the case with
0.085 % mole fraction of dissolved Hj.

In Fig. 9, it is observed that once the injection ends the equivalence
ratio continues to reduce until the fuel is burned or diffuses in the
domain as the air concentration is much higher. This can be further
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Fig. 8. Evolution of maximum temperature with time for pure ammonia and
ammonia with 0.085 %, 0.01 %, and 0.005 % mole fraction dissolved H,.
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Fig. 7. Temperature contour of pure ammonia spray.
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Fig. 9. Local equivalence ratio contour evolution with time for 0.085 % H; mole fraction dissolved in liquid ammonia with 4.5 ms injection duration.
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Fig. 10. Temperature contour showing ignition process of ammonia with 0.085 % H, addition.

discussed through the number of nitrogen-hydrogen bonds. Starting

with a total ammonia mass of 45.9 mg, the leftover mass is 0.0162 mg. Temperature

NH; has two bonds with a leftover mass of 1.57e-4 mg, and NH, which (K)

has one bond, is left with 8.34e-8 mg. Thus, by comparing the mols of 1288

the left-over bonds with what was injected into the domain, 99.89 % of 1700

the bonds are broken into from the NH; paths. It is important to note that 1600 HO2 ) 20

in this case the global fuel to air ratio is 0.00225, which is relatively low. 1500

However, this constant volume direct injection configuration provides }ggg o 40

insights into the spray dynamics and ignition process thus requiring 1200 +NHg (4%)

increased injection duration to study a fully developed flame. 1100 ™ N
Fig. 10 shows the temperature contour evolution of the spray with 1080 [HZOZ ]—'[ OH ]‘—{ ° ]

time for the case with 0.085 % mole fraction dissolved Hs. It is observed 900

that the initial increase in temperature begins on the side of the spray at sgg *NHs (74%) *NHs (26%)

2.5 ms. As the temperature continues to increase, ignition kernels are 600 P

formed on the side of the spray similar to the previous study with 500 H2NO pp— NHz

hydrogen introduction in the ambient gas [17]. The ignition kernels 400 +02 (29%)

continue to grow and develop a flame that propagates towards the tip of 300

the spray first then towards the injector. The flame development is H, oxidation in spray (1.3 ms)

shown to begin past the end of injection at 4.5 ms. As such, the flame is
not sustained when the injection ends causing the flame to not
completely develop. However, this case can provide important insights

Fig. 11. Chemical kinetic pathway at 1.3 ms for H, oxidation.
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Fig. 13. Maximum temperature evolution with time for 0.085 % mole fraction
of dissolved H; in liquid ammonia with an injection duration of 12 ms.

into the chemical kinetics of this ignition process. Mole fractions and the
thermodynamic state at two separate locations are extracted and input
into Cantera [30] to create chemical kinetic pathways diagrams.

Fig. 11 shows the temperature contour plot of the spray at 1.3 ms
(left) during the oxidation of the Hy and radical formation before
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ignition. The gaseous compositions at the indicated position by a cross
are extracted for reaction flux analysis with a thermodynamic condition
of 850 K and 60.5 bars. The H, oxidation pathways diagram (right)
shows Hj reacts with O, to form HO, and H radicals. HO, further reacts
with the third body + M to form more H radicals. The pool of H radicals
generated from this process reacts with O to form OH and O radicals.
The formed radicals are directly responsible for the oxidation of NHg
where 26 % of the NH3 react with O to form OH and NH,, while 74 % of
NHj react with OH to form NH;. Then, NH; further forms H,NO through
its reaction with HO3 and Os. The resulting HoNO reacts with HO, to
form Hy05 that reacts with a third body to form more OH radicals. Thus,
it feeds into the further oxidation of NHs.

Fig. 12 shows the temperature contour (left) at 5 ms. The investi-
gated point is inside the ignition kernel with the thermodynamic con-
dition of 1690 K and 62.4 bars. The reaction flux analysis (right) at the
ignition kernels follows the consumption of ammonia and ignition. In
the ignition kernel, NH3 continues to oxidize through its reaction with
OH. The NH, formed further reacts with OH to form NH and its subse-
quent radicals thus promoting the ignition from the chain reactions. As
shown, the radicals formed from the oxidation of Hy are vital for the
oxidation of NHs. The OH radical plays a vital role in the radical for-
mation throughout the pathways.

3.3. Developed flame

To allow for the formation of a developed quasi-steady ammonia
spray flame, the injection duration is extended to 12 ms while main-
taining the injection pressure of 1500 bars by increasing the injected fuel
mass from 45.9 mg to 122.35 mg thus sustaining the flame with the
continued fuel supply.

Fig. 13 shows the evolution of the maximum temperature with time
for the extended injection case. As shown, the ignition profile in terms of
the maximum temperature is shown to be the same as Fig. 8. However,
after 4.5 ms the flame is sustained through the continuous injection of
the fuel blend thus allowing it to develop and propagate until it engulfs
the spray. Furthermore, as the injection continues until 9 ms, it begins to
reach a quasi-steady state of flame temperature. This can also be
observed from the temperature contour profile of the spray.

Fig. 14 shows the temperature contour evolution with time for the
developed flame case. As shown, the start of the ignition process is
similar to the results in Fig. 10. However, the extended injection dura-
tion provides sufficient ammonia and time for the flame to develop.
Ignition kernels are formed near the tip of the spray on the sides. Once a
flame is formed, it propagates from the tip of the spray towards the
injector thus engulfing the entire spray. The structure of the flame is as

Temperature
()

2600
2370
2140

1910
1680
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1220
990
760
530
300

Fig. 14. Temperature contour with extended fuel injection forming the developed flame.
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Fig. 15. Comparison between the ignition process by adding 0.085 % mole fraction of hydrogen to the ambient gas (top) and by adding 0.085 % mole fraction of

hydrogen as a dissolved gas in the fuel blend. Cases are at 1300 K and 60 bars.

follows: A premixed flame is formed near the injector where the air
entrainment occurs creating a premixed mixture. This is followed by a
diffusion flame that is further away from the injector. This is a typical
structure for a spray flame.

Previously, the facilitation of oxidation and ignition of ammonia
spray was achieved by adding trace amount of Hy to the air in the
chamber [17]. By adding hydrogen to the air at elevated conditions, the
formation of radicals promoting the oxidation of NH3 occurs within the
spray, due to air entrainment, and at the edge of the spray. Once the fuel
evaporates and mixes with the hot products of the exhaust Hs-air
mixture, oxidation of NH3 begins followed by ignition. This case is
recreated with the Spray D configuration, including thermodynamic
conditions and flow models, to compare the ignition process of each
method and provide useful insights into the advantages and drawbacks
of each method. Fig. 15 shows a comparison of the ignition process of
two cases, one with the addition of H; to the air recreated with the Spray
D configuration (top) and the case with dissolved hydrogen conducted in
this work (bottom). It is evident that a substantial difference is observed
in the ignition timing and the flame development speed. The ignition
kernels for the dissolved Hy case begin to form at 4.5 ms while for the Hy
added to the air case begin to form at 1.0 ms. Furthermore, the dissolved
Hp case takes 5.5 ms for the flame to properly develop while adding Ha
to the air results in a flame development duration of 2 ms. For the dis-
solved Hy case, there will be a delay in the facilitation of oxidation and
ignition of NHj as a result of the gaseous Hy needing to evaporate from
the liquid ammonia then mixing with the hot air before igniting. This
reiterates the conclusion discussed for Fig. 8 as different concentrations
of Hy result in the same ignition timing. Fig. 16 compares temperature vs
mixture fraction for the nonreactive pure ammonia case (top), the Hy

added to the ambient air case (middle), and the 0.085 % Hy mole frac-
tion dissolved in liquid ammonia (bottom). It can be observed that for
every case, there is a sharp drop in temperature for mixture fraction of 0.
This is due to the air being cooled near the liquid fuel. Furthermore, due
to the lack of ignition in the pure ammonia case, the mixture fraction
does not vary at higher temperatures than the 1300 K of the domain.
However, the cases where ignition successfully occurs show a peak
temperature near the stoichiometric mixture fraction of ammonia with a
decline in temperature as mixture fraction increases. Comparison with
the successful ignition cases, it is shown that the plots are similar as the
addition of hydrogen is in trace amounts. Moreover, the distinction in
both cases comes from the ignition timing and the duration for a flame to
develop completely as stated before.

In terms of combustion efficiency, both methods show a similar ef-
ficiency with a distinction in the flame development speed and ignition
timing. However, once ignition occurs both configurations result in the
fuel being converted to products, where, using the percentage of NH
bond consumption, the dissolved hydrogen case results in a combustion
efficiency above 99 %, similar to the H, addition from the ambient air
case. However, it should be noted that this behavior will most likely be
different in engine configurations. Due to the volume of the cylinder
when injection occurs, charge-cooling effects, as a consequence of the
high latent heat of vaporization of ammonia, will negatively affect the
combustion efficiency. Thus, future work is needed in relevant engine
configurations to determine the effectiveness of each method.

From this comparison, a trade-off can be observed. H, addition to the
air requires a more costly change to current engines, whether it is added
by on-board thermal cracking or through exhaust gas recirculation. On
the other hand, the dissolved H, method shows an easier
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Fig. 16. Temperature vs mixture fraction pure ammonia at the end of injection
4.5 ms, Hy added to ambient air at the end of injection 4.5 ms, 0.085 % Hj

dissolved in liquid NH3 at 10.3 ms with an injection duration of 12 ms. The
solid line is a reference of stoichiometric mixture fraction, around 0.141.

implementation as the only change needed is for the fuel blend. How-
ever, the Hy addition to the ambient air case demonstrates an improved
combustion performance compared to the current work.

3.4. Emissions

Fig. 17 shows the maximum emission mole fractions of the developed
flame case with 0.085 % dissolved Hy. The results show the beginning of
formation of the emission near 1.5 ms followed by a slight increase
before the ignition point. This is attributed to the nitrogen element in the
fuel as opposed to traditional hydrocarbons, such as iso-octane and n-
dodecane, that rely on high temperatures to form emissions from the Ny
in the air. At time of ignition, the NOx and N3O are formed in high
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Fig. 17. Evolution of maximum mole fraction of NO, NO,, and N0 with time.

concentrations. This increase in emission formation poses a challenge
for ammonia as a fuel, specifically N,O as it has the greenhouse effect
300 times the effect of CO,. The formation of NoO matches the trend of
NO formation starting with the initial spike observed near 5 ms that then
begins to decrease as opposed to NO that continues to increase. On the
other hand, NO, does not show a sudden increase in concentration,
rather a slow gradual increase in concentration. As the flame reaches a
quasi-steady state, the emissions begin to stabilize. The largest concen-
tration is attributed to NO having a concentration one magnitude higher
than NO and NO,.

Fig. 18 shows the emission mole fraction contour at 10 ms for the
developed flame case. As shown, NO concentration is the highest
maximum as well as the highest concentration overall in the spray fol-
lowed by N2O then NOj. As the NO is being formed from the fuel and the
flame, it continues to propagate. On the other hand, NO; and N3O are
shown to be consumed away from the high temperature region. Despite
flame development, NoO remains above 1 ppm away from the flame.
However, the maximum concentration is shown near the injector and in
the high temperature region. For a better understanding of the under-
lying kinetics in the formation of NOy and N»O, a chemical kinetic
pathways diagram is developed. Fig. 19 shows the chemical reaction
pathway following the formation of NOx and N2O at a high temperature
region and low temperature region at 10 ms for the developed case. As
shown, the formation of NO near the injector can be traced to the NH,
HNO, and HONO intermediates formed, where NH reacts with O, HNO
reacts with OH and O, and HONO reacts with the third body M. The
formation of NO is a crucial step in the formation of N3O and NO,. The
N2O is mainly formed from NH and N3Hj reacting with NO and NO,
reacting with NHy. On the other hand, the NO, formation is dependent
on the reaction of NO with HO,.

The consumption of these emissions is of interest especially as the
burned gas propagates away from the flame. From the fuel, the forma-
tion of N3O is dependent on its reaction with the third body. However, in
the flame its consumption is dominant by NoO + H< Ny + OH. The
remaining N»O propagates from the flame to lower temperature regions
thus mainly being consumed by N2O + M < Ny + O + M that is a slow
consumption reaction. On the other hand, NO; is consumed to form NO
from its reaction with OH, M, and H; thus, lower concentrations of NO,
can be observed. Coupled with the reaction involving HONO and the
third body to form more NO, the NO concentration is maintained further
away from the flame. Further investigation of emissions is specifically
crucial for direct injection application as the local conditions for the fuel
mixing and burning are important. It is evident that the formation of
these emissions is prevalent within the fuel and controlled thermody-
namically, chemically, and by operating conditions such as engine
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Fig. 18. NO, NO,, and N,0 mole fraction contours at 10 ms.

HoNO [ ~ho, G1%) NH»
_J +NO; (69%)
+HOp (44%) “HzNO < =
2 ° <
TN (56%) +OH NO [, HO‘[\JO
oy ooy —Y
+NH (80%) +HO, +OH (28%)
------------ . +M (B7%
+NO2 (11%) : +H((5%0)) +Hy0
+0; (89%) !
Y +M N ;
o' —hofe) (5]
: A
+NH (4%) 5 % +NH,
+NoHy (96%)|  +HO2 :+’\l+}_lj|2((5%’/50)/) +HoNO (58%) +M (9370/"/0) v
' 0

_ +NH3 (24%) +H (3%)
: +HNO (18%) > No
Y +NH2 A :
NoO NO, |

+H (82%)
+M (18%)

Near injector Far from injector

Fig. 19. Reaction pathway following NOy and N,O formation at 10 ms near the injector in the high temperature region (left) and away from the injector at a cooler
temperature region (right).

11



A. Hadi Bakir et al.

speed, initial temperatures, and injection duration. In a direct injection
case, the local NOy and N3O formation and consumption poses a chal-
lenge for NHj ignition.

4. Conclusion

This study investigates the facilitation oxidation and ignition of
liquid ammonia direct injection using Spray D configuration under en-
gine relevant conditions by the addition of dissolved hydrogen gas in the
fuel blend. The results show H addition successfully facilitates ignition
of ammonia spray. However, due to the low reactivity of ammonia and
high latent heat of vaporization, the flame does not develop completely
and is not sustained for an injection duration of 4.5 ms. As such, a
complete flame development of ammonia is shown to be made possible
with extended injection duration. Furthermore, it is observed that the
ignition timing is controlled by the evaporation and mixing of the spray
rather than the concentration of Hy. This brings rise to considerations of
cost, convenience, and ease for future use of Hy as a facilitator for NH3
oxidation and ignition.

The chemical role of hydrogen addition on ignition and emission is
examined through the chemical kinetic pathways. It shows the dominant
and necessary effects that OH radical from H; oxidation plays in
oxidizing NH3 thus generating highly radical intermediates and pro-
moting ignition within desired residence time. Emission results show the
high concentrations of NOx and N,O before and after the ignition process
specifically for NO. The nitrogen element in ammonia coupled with the
sensitivity of the emissions to thermodynamic and kinetic effects, results
in challenges in controlling emissions globally as they differentiate
substantially on the local scale.

In comparison with the previous study on ammonia spray ignition
facilitation through the hydrogen addition in the ambient air. By
introducing Hj through the exhaust gas recirculation or on-board ther-
mal cracking, improved combustion characteristics can be achieved,
however, more external hardware is needed. On the other hand, the
dissolved hydrogen gas and liquid ammonia blend provides a lower cost
and convenience advantage. This method tolerates variation in the fuel
preparation in terms of hydrogen blending ratio and entails possibly
minimal modifications to the injection system.
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