energies

Article

Combustion Behaviors and Unregular Emission Characteristics
in an Ammonia-Diesel Engine

Kaiyuan Cai !, Yi Liu !, Qingchu Chen ¥, Yunliang Qi "*, Li Li 2 and Zhi Wang !

check for
updates

Citation: Cai, K,; Liu, Y.; Chen, Q.; Qi,
Y.; Li, L.; Wang, Z. Combustion
Behaviors and Unregular Emission
Characteristics in an Ammonia-Diesel
Engine. Energies 2023, 16, 7004.
https:/ /doi.org/10.3390/en16197004

Academic Editor: Constantine

D. Rakopoulos

Received: 31 August 2023
Revised: 28 September 2023
Accepted: 1 October 2023
Published: 9 October 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 School of Vehicle and Mobility, Tsinghua University, Beijing 100084, China; caiky13@tsinghua.org.cn (K.C.);
wangzhi@tsinghua.edu.cn (Z.W.)

Department of Mechanical Engineering, Xi’an Jiaotong University City College, Xi’an 710018, China
Correspondence: giyunliang@tsinghua.edu.cn

Abstract: Ammonia is considered one of the attractive alternatives for fossil fuels to realize carbon
neutralization. However, low chemical reactivity limits its use in compression ignition (CI) engines.
This study investigated dual-fuel combustion, involving the use of ammonia for port fuel injection
(PFI) and diesel for direct injection (DI) in a heavy-duty engine. Unregular emissions, specifically
HCN, were studied for the first time in an ammonia—diesel engine. The combustion and emission
performance of the engine with pure diesel mode was also studied to reveal the influence on am-
monia addition. The engine was consistently operated at a fixed condition of 0.556 MPa IMEP
and 800 r/min. The findings reveal the successful achievement of stable dual-fuel combustion in
the tested engine. The addition of ammonia led to delayed ignition and an extended combustion
duration. Implementing early pilot injection timing (SOI; ) strategies significantly improved ammonia
combustion efficiency, elevating it from 74% to 89%. This enhancement could be attributed to the
diesel injected during pilot injection, which facilitated ammonia decomposition. However, early pilot
injection had adverse effects on emissions, including CO, THC, NOy, N,O, and HCN. Advancing
the main injection timing (SOI,) within the early SOI; strategies accelerated the oxidation processes
for CO, THC, N,O, and HCN. Nevertheless, this adjustment resulted in increased thermal NOy
emissions. The highest HCN emission detected in this study was 9.2 ppm. Chemical kinetics analysis
indicated that HCN production occurred within the temperature range of 1000 K to 1750 K under
fuel-lean conditions. Furthermore, HyCN played a significant role in HCN formation as temperatures
increased. More HCN was formed by H,CN as temperature rose. Strategies such as increasing pilot
injection fuel quantity, raising premixed gas intake temperature, or advancing combustion phases
close to TDC could potentially reduce HCN emissions.

Keywords: ammonia; dual fuel; combustion; emissions; HCN

1. Introduction

Over the past three decades, greenhouse gas (GHG) emissions have surged from
23 billion tons of carbon dioxide equivalent (COxeq) to 37 billion tons COzeq [1]. Ammonia
is considered to be a carbon-free green fuel and alternative to fossil fuels [2,3]. Compared
with hydrogen, which is also a zero-carbon fuel, liquid ammonia with the same volume
contains more hydrogen than liquid hydrogen, making it an excellent hydrogen energy
carrier [4]. Moreover, the lower heat value of ammonia under stoichiometric ratio conditions
is comparable to that of hydrogen, only about 15% lower than that of fossil fuels, and the
power density of the power system can still be guaranteed with a small boosting intake
pressure. Furthermore, ammonia has a very high octane number, which provides excellent
knock resistance even at high boosting ratios. More importantly, ammonia is very easily
liquefied, which facilitates its transportation, storage, and refilling [4]. In addition, as
an important raw material in agricultural and chemical industries, ammonia benefits
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from well-established production, transportation, and distribution technologies with cost-
efficiency. These inherent advantages lay the foundation for the widespread adoption of
ammonia as a fuel.

The earliest research on ammonia-fueled engines reported was during the Second
World War [2]. In the 1960s, ammonia combustion studies were conducted by Rosen-
thal et al. on the T63 combustion test rig [5]. They proved that dissociated ammonia can be
used to provide satisfactory performance over the engine operating range. However, am-
monia was considered unsuitable on compression ignition engines due to its poor chemical
reactivity and low flame speed [6]. Cornelius et al. observed that the ignition of ammonia
under compression ignition could occur only when the compression ratio exceeded 35 [7].
This conclusion was also supported by [8,9].

Dual-fuel strategies emerged as a solution to expand the operable conditions for
ammonia. Gray et al. found that using diesel as the second fuel could decrease the engine
compression ratio to 15.2:1 [8]. Pearsall et al. compared fuels with different cetane number
(CN) on an ammonia—diesel dual-fuel engine [10], showing that the fuel with low cetane
number presented late ignition and loss of power. Bro et al. compared four fuels (ammonia,
methanol, ethanol, and methane) ignited by diesel in engine operation [11]. Among these
fuels, ammonia exhibited the longest ignition delay and lowest fuel efficiency. Reiter et al.
investigated the combustion characteristics and emissions on a John Deere (Model 4045)
diesel engine by taking a dual-fuel approach with ammonia and diesel [12], achieving
an ammonia energy share of up to 95% and improved fuel economy when the ammonia
energy share was between 40% and 80%. Notably, they also observed reduced nitrogen
oxide (NOy) emissions when the ammonia energy share was lower than 60%. In subsequent
research [13], they found that unburned ammonia was between 1000 to 3000 ppm. Gill et al.
compared the effects of ammonia, Hy, and dissociated ammonia (a mixture of Hy, nitrogen
with small percentages of ammonia) on a dual-fuel diesel engine [14]. They found that the
use of NH3—diesel dual fuel resulted in a large formation of nitrous oxide (N;O).

N>O is a well-known greenhouse gas with a global warming potential (GWP)
273 times that of carbon dioxide (CO,) [15]. Niki et al. demonstrated that ammonia, wa-
ter, and N, O increased and CO; decreased proportionally to the ammonia gas injection
quantity [16]. They further explored combustion strategies to reduce ammonia and N,O
emissions [17-19] and concluded that advancing the diesel injection timing could reduce
ammonia and N,O emissions, but this would lead to a lower brake thermal efficiency [19].
In addition, they observed that pilot injection or post injection could effectively reduce
ammonia emissions [18]. Yousefi et al. investigated the effect of ammonia energy fraction
and diesel injection timing on a compression ignition (CI) engine [20]. They found the
same varying trend of N,O as in Niki’s findings. In subsequent work, they used a split
diesel injection strategy to investigate the effects of diesel injection timing on the indicated
thermal efficiency (ITE) and GHG emissions [21]. They identified an optimum point for
GHG emissions reduction, achieving a 23.7% reduction while increasing the ITE by 2%.
This achievement, however, came at the cost of a 10% increase in NO, emissions. Mi et al.
suggested that high pilot injection energy ratios could reduce N,O emissions while main-
taining an indicated thermal efficiency of 45% at medium load [22]. Jin et al. achieved a
gross indicated thermal efficiency of 49.18% at an ammonia energy ratio of 50% with an
optimized injection strategy [23]. Pei et al. conducted a study evaluating the adaptability
of diesel injection strategy in the range of 900-1300 r/min and 0.2-1.8 MPa IMEP [24]. They
identified that, at low loads, using a single injection could achieve higher indicated thermal
efficiency. When the load exceeded 0.6 MPa IMEP, a second injection was required near
the top dead center to adjust the combustion phase. Through optimization, the highest
ITE for the ammonia-diesel engine reached 51.5%, equivalent to the diesel-only mode.
Sun et al. observed the combustion in the cylinder under different ammonia energy ratios
on an optical engine [25]. The results show that, when ammonia was introduced, the flame
color changed from yellow—white to orange. The peak flame area percentage and flame
natural luminosity both decreased. Hiraoka et al. and Imamori et al. studied the effect of
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equivalent ratio on combustion and emissions in ammonia-diesel engines [26,27]. They
found that lower NO,, NH3, and N,O emissions were obtained at equivalence ratios close
to stoichiometric, which is due to the increased combustion temperature.

Hydrogen cyanide (HCN) is a small gaseous molecule known for its strong toxic-
ity [28]. It is usually produced via the direct reaction of alkanes with ammonia [29]. While
HCN emissions in on-road gasoline and diesel vehicles usually remain below allowable
concentration limits [30], Zengel et al. detected HCN emissions at the exit of an ammonia-
selective catalytic reduction converter (SCR) in lean-burn natural gas engines [31]. Their
research indicated that there exists a potential for HCN generation in ammonia—diesel
dual-fuel engines.

As reviewed above, ammonia can reduce CO, emissions significantly and is being
considered as an alternative fuel for CI engines. However, it still faces challenges like
low thermal efficiency, ammonia emissions, and N;O emissions. Additionally, research
on HCN emissions from ammonia—diesel combustion modes have not received much
attention yet. The present study aims to study the combustion and emission characteristics
of an ammonia—diesel dual-fuel engine. A split injection strategy for diesel was used. To
better understand the effect of diesel injection strategies on emissions, the engine was set
to operate at a low indicated mean effective pressure (IMEP) of 0.556 MPa and an engine
speed of 800 r/min, at which the engine could produce considerably high CO, THC, and
N,O because of the low combustion temperature.

2. Experimental Setup

Experiments were conducted on a single-cylinder engine refitted from a heavy-duty
diesel engine. Figure 1 shows the schematic of the engine test bench, which includes
the engine, intake systems, exhaust systems, high-pressure common-rail diesel injection
system, ammonia port-injection system, electrical dynamometer, and control system. The
engine was connected to a Xiangyi CAC380 direct-current electrical dynamometer with
an accuracy of 1 r/min for engine speed and 0.1% for torque measurement. The cylinder
pressure was measured by an AVL GH14DK pressure sensor installed in the cylinder head,
which featured an accuracy of 0.25%. A Bangman CA3002B combustion analyzer received
the charge signal from the pressure transducer and converted it into pressure at a sample
resolution of 0.1 °CA (Crank Angle). The cylinder pressure curve of each condition was
gained from the average of 100 consecutive cycles. Diesel injection was controlled through
an open ECU provided by the engine manufacturer, and the consumption was measured
using a Powerlink FC2212L fuel consumption meter. Ammonia injection was controlled by
another ECU developed by ECTEK Automotive Systems Co., Ltd. (Changzhou, China),
and the consumption was measured by a TSK521ML mass flowmeter. In addition, an AVL
SESAM FTIR (Fourier Transform Infrared Spectroscopy)-247 analyzer was used to measure
the volume fractions of ammonia, CO, THC, NOy, N,O, and HCN in the exhaust gas, with
an accuracy reaching 1 ppm or 0.5%. The measurement frequency is 1 Hz. Before recording
experimental data, the engine was maintained under steady-state conditions for 5 min.
Subsequently, the exhaust gas compositions were recorded using the FTIR analyzer for
1 min. The main engine parameters are shown in Table 1, and the properties of the basic
fuels used in the study, diesel and ammonia, are presented in Table 2.

Six conditions were studied under the same engine speed and load, as detailed in
Table 3. Specifically, each experiment was performed at a consistent engine speed of
800 r/min and an IMEP of 0.556 MPa. Additionally, a steady ammonia flow rate of
roughly 0.6 kg/h was maintained, accounting for approximately 20% of the total energy
share. Diesel was introduced through a split injection method. The pilot injection quantity
remained constant at 5 mg/cycle, and its timing varied based on the specific test condition.
The injection timing of the main injection was —1 °CA ATDC (Crank Angle After Top
Dead Center). The quantity of the main injection was adjusted in accordance with the test
conditions. The intake pressure was stabilized at 0.1013 MPa, while the intake temperature
was held at around 20.0 °C. The intake air flow rate was around 61 kg/h.
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Figure 1. Schematic of engine test bench.
Table 1. Engine parameters.
Description (Units) Value
Bore (mm) 131
Stroke (mm) 160
Connecting rod (mm) 257
Geometric compression ratio (-) 18.0
Combustion chamber geometry (-) w, re-entrant
DI nozzle number (-) 7
Table 2. Properties of the diesel and ammonia [4].
Description (Units) Diesel Ammonia
CN (-) 56.5 -
Octane number (-) - 130
Carbon contents (%(m/m)) 86.45 0.00
Hydrogen contents (%(m/m)) 13.49 17.65
Oxygen contents (%(m/m)) 0.05 0.00
LHV (M]/kg) 42.68 18.8
Table 3. Engine operating conditions.
Condition 1 2 3 4 5 6
Engine speed (r/min) 800 800 800 800 800 800
IMEP (MPa) 0.556 0.559 0.554 0.557 0.557 0.557
Ammonia injection pressure (MPa) - 0.4 0.4 0.4 0.4 0.4
Ammonia flow rate (kg/h) - 0.646 0.630 0.634 0.632 0.624
DI pilot injection timing (°CA ATDC) —6.5 —6.5 —64.0 —90.0 —64.0 —64.0
DI pilot injection rate (mg/cycle) 5.0 5.0 5.0 5.0 5.0 5.0
DI main injection timing (°CA ATDC) -1.0 -1.0 —-1.0 —-1.0 -3.0 -5.0
DI main injection rate (mg/cycle) Varying  Varying  Varying  Varying  Varying  Varying
Common rail pressure (MPa) 110.0 110.0 110.0 110.0 110.0 110.0

The apparent heat release rate (AHRR) is a key parameter in combustion analysis, and
it was calculated by the following formula:

ap 1 ap

_ 7 ar
AHRR = Pvt-—1'am 1)

¥y—1 av

where v, P, V, and 6 stand for the ratio of specific heat, cylinder pressure, instantaneous
volume of the combustion chamber, and crank angle, respectively.
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The crank angles corresponding to 5%, 50%, and 90% of the total heat released are
denoted as CA05, CA50, and CA90. The combustion duration was defined as the CA
interval between CA05 and CA90.

The ammonia combustion efficiency was estimated by the following formulae:

A = (1 . m*“”‘) x 100% 2)
ma
MA_ex = 0.5862 X G4 X (ﬁ’lm', +my + mD) 3)

where 174, MA_ey, M4, Ga, Mg, and mp stand for the ammonia combustion efficiency,
exhaust ammonia flow rate, ammonia injection flow rate, ammonia concentration measured
by FTIR, intake air flow rate, and diesel consumption rate, respectively.

3. Numerical Methods

To understand the HCN formation mechanism in ammonia—diesel combustion, cal-
culations were performed using the closed homogeneous reactor model in Chemkin 17.0
software. In the calculations, the solution method was ‘constrain pressure and temperature’,
with the end time set as 1 ms. The pressures were 2.0, 3.0, and 4.0 MPa, and the temperature
ranged from 500 K to 3000 K, which covered the engine condition in this study. The reactant
species were nitrogen (N), oxygen (O;), n-heptane, and ammonia. In order to study the
contribution of ammonia to NO, formation under different temperatures, N, in air was re-
placed with argon (Ar) at the conditions of 3.0 MPa. A detailed kinetic model developed by
Dong [32] was used to simulate the HCN mole fraction and the reaction pathways of HCN
formation at different conditions. This model can predict the autoignition behavior and lam-
inar burning velocities of ammonia/n-heptane blends well. The key reaction pathways for
HCN formation were identified through the following steps: Initially, the top 20 reactions
with the highest reaction rates for each species during the ammonia/n-heptane/air reaction
were selected. Subsequently, the cumulative production of each species within 1 ms was
integrated by these reactions. By assessing the proportion of the cumulative production
facilitated by these reactions, the primary sources of each species were determined. Finally,
the species relevant to HCN formation were identified, and the key reaction pathways
for HCN formation were established. The simulation conditions studied are summarized
in Table 4.

Table 4. Simulation conditions.

Condition 1 2 3 4
Fuel equivalent ratio (-) 0.4 0.7 1.0 0.4-1.0
Mole fraction of ammonia (%) 1.68 1.67 1.66 1.68-1.66
Mole fraction of n-heptane (%) 0.63 1.18 1.73 0.63-1.73
Mole fraction of O, (%) 20.5 20.4 20.3 20.5-20.3
Mole fraction of Nj (%) 77.2 76.7 76.3 0
Mole fraction of Ar (%) 0 0 0 77.2-76.3
Temperature (K) 500-3000 500-3000 500-3000 500-3000
Pressure (MPa) 2.0-4.0 2.0-4.0 2.0-4.0 3.0
End time (ms) 1.0 1.0 1.0 1.0

4. Results and Discussions
4.1. Combustion Characteristics

Figure 2 shows the cylinder pressure and the AHRR for various fuel injection strategies,
including (a) different ammonia energy ratio, (b) different pilot injection timing (SOI;), and
(c) different main injection timing (SOI,). It is noteworthy that the coefficient of variation
(COV) of IMEP for all cases remained below 2%, indicating stable combustion.
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Figure 2. Cylinder pressure and AHRR of various strategies: (a) different ammonia energy ratio,
(b) different SOI;, and (c) different SOI,.

As shown in Figure 2a, the heat release profile indicates a two-stage combustion
process for pure diesel fuel. When ammonia was injected, the first stage combustion was
retarded by 0.5 °CA. This is attributed to ammonia’s high resistance to autoignition (with an
octane number more than 130 [4] and an autoignition temperature exceeding 651 °C [33]).
The addition of ammonia had minimal influence on the ignition timing of the main injection
fuels, primarily due to the localized temperature increase resulting from the combustion of
pilot injection fuels, which effectively counteracted the impact of ammonia. It is noteworthy
that the peak cylinder pressure in the ammonia—diesel mode was lower than that observed
in the diesel-only mode. This reduction in pressure aligns with the smaller quantity of
diesel injected during the main injection phase. Figure 2b shows that advancing SOI; could
obviously change the performance of combustion. In this case, the first combustion stage
was missing, leading to a higher peak heat release rate. The diesel injected during the pilot
injection underwent a prolonged vaporization period, forming a premixed fuel-air mixture.
However, owing to the limited quantity of pilot injection fuels, the mixture’s chemical
reactivity remained insufficient for autoignition. Subsequently, combustion initiated upon
the start of main injection. The increased temperature and pressure accelerated the chemical
reaction rate within the premixed gas containing the pilot diesel, resulting in a higher heat
release rate. Notably, in Figure 2b, the combustion performance with an SOI; of —64.0 °CA
ATDC was nearly identical to that of —90.0 °CA ATDC. This implies that the pilot injection
had minimal impact on combustion as long as it was sufficiently earlier than the top dead
center (TDC). By adjusting SOI, from —1.0 °CA ATDC to —5.0 °CA ATDC, the combustion’s
ignition timing advanced by 4.3 °CA, indicating that SOI, directly controlled the onset
of combustion.

Figure 3 illustrates the combustion phases for different strategies. Upon introducing
ammonia, CA05, CA50, and CA90 experienced delays of 0.5 °CA, 0.3 °CA, and 3.8 °CA,
respectively. As shown in Figure 2a, the initial heat release rate in the ammonia—diesel
mode is later than that in the diesel-only mode, resulting in shifts in CA05 and CA50. The
slow flame speed of ammonia and the lean mixture led to a longer combustion period,
hence noticeably delaying CA90. Advancing SOI; to —64.0 °CA ATDC caused CAO05 to
be delayed by 6.0 °CA due to missing the first combustion stage. Conversely, CA50 and
CA90 moved forward by 0.5 °CA and 3.8 °CA, respectively. This is because the diesel
injected during the pilot injection accelerated the outward spread of flames. This accelerated
combustion counteracted the effects of delayed combustion initiation. Upon advancing
SOy, all combustion phases occurred near TDC, with a more pronounced impact on CA05
and CA50 compared with CA90. This observation indicates that the early combustion stage
was influenced by the main injection fuels, while the end of combustion was controlled by
the pilot injection fuels and ammonia in this engine operation.
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Figure 3. Combustion phases of various injection strategies: (a) different ammonia energy ratio,
(b) different SOI;, and (c) different SOI,.

The ammonia combustion efficiency for different strategies is presented in Figure 4.
When ammonia was introduced through the intake port without any changes in direct
injection timing, the ammonia combustion efficiency reached 75% (resulting in exhaust
ammonia emissions of 4376 ppm). Unburned ammonia mainly existed in piston crevices
and areas where the flame could not propagate into [18]. Advancing SOI; increased the
ammonia combustion efficiency to 89%, attributed to enhanced local chemical reactivity
due to better mixing of pilot diesel and ammonia with earlier injection. Further gains
in ammonia combustion efficiency were achieved by advancing SOIL,. This adjustment
brought the combustion closer to TDC, resulting in higher temperatures and extended time
for ammonia decomposition. The highest ammonia combustion efficiency observed in this
study was 93% (with exhaust ammonia emissions at 1121 ppm). This achievement was
attained with the —64.0 °CA ATDC strategy for SOI; and the —5.0 °CA ATDC strategy

for SOI,.
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Figure 4. Ammonia combustion efficiency of various strategies: (a) different SOI; and (b) different SOI,.

4.2. Emission Characteristics

Figure 5 illustrates the CO emission variation for different injection strategies. CO
emissions mainly result from incomplete combustion of fuel characterized by low tempera-
tures and oxygen scarcity [34]. Introducing ammonia led to a 10% increase in CO emission,
indicating that the lean ammonia—air mixture had an impact on diesel’s chemical reaction
process. This is because the presence of ammonia, which lowered the local combustion
temperature, decelerated the oxidation rate of CO during the later stages of combustion.
With an advancement of SOI;, CO emission worsened by a factor of 12. This could be
attributed to lower cylinder temperature and pressure during pilot injection, potentially
causing some pilot injection fuel to impact on the cylinder wall and create fuel-rich zones.
In Figure 5c, when SOI; was set at —64.0 °CA ATDC, the CO emissions from an early
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SOI, were 33% lower than those from a late SOI,. Earlier combustion created a hotter
environment that facilitated further CO oxidation.
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Figure 5. CO emissions of various strategies: (a) different ammonia energy ratio, (b) different SOI;,
and (c) different SOI;.

Figure 6 presents the impact of different strategies on THC emissions. These emissions
reflect the portion of unburned hydrocarbon fuels. As shown in Figure 6a, in the ammonia—
diesel dual-fuel mode, THC was 67% lower than the diesel-only mode. This reduction
was attributed to the decreased amount of diesel injected during the main injection due
to ammonia addition. This change caused a decrease in fuel-rich areas in the combustion
chamber. When SOI; exceeded —64.0 °CA ATDC, there was a noticeable increase in THC
emissions, reaching a peak of 144 ppm. The early SOI, strategies, with SOI; set at —64.0 °CA
ATDC, managed to reduce THC emissions by 6%. This suggested that THC emissions were
mainly influenced by the pilot injection fuels, which accumulated in the fuel-rich region
near the cylinder wall due to the pilot injection.
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Figure 6. THC emissions of various strategies: (a) different ammonia energy ratio, (b) different SOI;,
and (c) different SOI,.

NOy emissions of different strategies are shown in Figure 7. The combustion generated
two types of NO through distinct mechanisms: thermal NO, formed by N, reacting with
O, under high-temperature conditions, and fuel NO, an intermediate product of ammonia
oxidation. Figure 7a indicates that introducing a small quantity of ammonia decreased NOy
emissions by 20%. This finding was in line with previous research [12,20]. In this case, the
added ammonia reduced thermal NO by lowering the combustion temperature. While the
contribution of fuel NO to the overall NO production was minor, the NOy emissions nearly
doubled as SOI; advanced. Pilot injection fuels ignited the ammonia near the cylinder wall;
however, it could not be totally oxidized because of the small quantity of pilot diesel and
low temperature. Advancing SOI, raised NOy emissions from 1400 ppm to 2000 ppm, as
the combustion phases approached TDC, leading to increased production of thermal NO.
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Figure 7. NO, emissions of various strategies: (a) different ammonia energy ratio, (b) different SOI;,
and (c) different SOI,.

In Figure 8, the effects of temperature on NO formation of different background gas
were examined. As the equivalence ratio increased, n-heptane consumed more O radicals,
leading to the inhibition of NO formation. When the background gas was switched from
Ny, to Ar, a significant reduction in NO was observed under high-temperature conditions.
This suggests that thermal NO is primarily generated at high temperatures, while fuel NO
is formed within the temperature range of 1500 K to 2500 K.
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Figure 8. Effects of temperature on NO formation of various background gas under (a) ¢ = 0.4,
(b) @ =0.7, and (c) ¢ = 1.0.

Figure 9 displays the chemical reaction pathways of NO at temperatures of 2000 K and
3000 K. At 2000 K, NO reacts with NH/N radicals, resulting in the production of N,O/Ny.
However, as the temperature increases to 3000 K, N, undergoes decomposition through
interactions with O/OH/HO; radicals, leading to the formation of thermal NO.

Equivalent ratio=0.7  2000K
NH; Pressure: 3.0 MPa 3000K

o[

] =
b~ |
]

it = |
2 e

Figure 9. Chemical reaction path of NO under different temperatures (Blue: 2000 K Red: 3000 K).
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Figure 10 displays the N,O emissions across different strategies. In diesel-only mode,
the N>O emissions were 1.5 ppm, and the N,O emissions increased to 89.5 ppm when
ammonia was added, indicating that the ammonia pyrolysis played an important role
in the formation of N>O. As depicted in Figure 10b, the N,O emissions with early SOI;
were 2.5 times higher than late SOI;. This stemmed from the incomplete combustion
of ammonia near the cylinder wall, as discussed earlier. As SOI, was advanced, N,O
emissions dropped from 240 ppm to 200 ppm. The combustion being nearer to TDC
resulted in higher temperatures that facilitated the decomposition of N,O.

300 300 300
N0 AN Ammonia energy ratio: 20% AN

SOL: -1.0°CA ATDC i energy ratio: 209
2ok Sors 6 eATnC b 250 [ Ammonia energy ratio: 20%
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501 -1.0°ATDC ;%; 2?; ;E;
200+

200 200~

]

150F 1s0F
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3
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v o 20% -90.0 “CA ATDC 640 “CA AT 6.5 “CA ATDC S50 "CAATIC

Different Ammonia Energy Ratio Different SOI, Different SOI,

(a) (b) (c)
Figure 10. N,O emissions of various strategies: (a) different ammonia energy ratio, (b) different SOI;,
and (c) different SOI,.

Figure 11 illustrates the HCN emissions of different strategies. In diesel-only mode,
minimal HCN emissions were detected. This implies that the combination of N, with
hydrocarbon radicals is difficult under typical engine conditions. However, upon the
addition of ammonia, the HCN emissions surged to 1.7 ppm, marking an increase of more
than five times compared with the diesel-only mode. Notably, the early advancement of
SOl causing pilot fuels to spread beyond the w regions of the piston led to a noticeable
increase in HCN emissions. This suggests that HCN was predominantly generated near
the cylinder wall, where diesel and ammonia were thoroughly premixed.
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Figure 11. HCN emissions of various strategies: (a) different ammonia energy ratio, (b) different
SOI;, and (c) different SOI,.

As depicted in Figure 12, the generation of HCN occurs within a temperature range of
1000 K to 1750 K. At lower temperatures, the decomposition of fuels was slow, resulting
in minimal HCN formation. As the temperature rises, the formation of HCN becomes
more active. Nevertheless, it is important to note that HCN acts as an intermediate
product during combustion and is susceptible to oxidation by O,. It becomes instable as
the temperature exceeds 1100 K [35,36], and the elevated temperature accelerates HCN
oxidation, leading to reduced HCN emissions. With an increased proportion of fuel, more
HCN was generated due to more contact between ammonia and hydrocarbon radicals.

As discussed earlier, the early pilot injection created a larger region of low-temperature
combustion, which in turn facilitated the formation of HCN. To mitigate HCN emissions,
it is crucial to ensure that the combustion temperature exceeds 1750 K. Strategies such as
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increasing the amount of pilot injection fuel, raising the temperature of the intake premixed
gas, or advancing the combustion phases closer to TDC could potentially help in reducing
HCN emissions.
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Figure 12. Effects of temperature on HCN formation at different pressures under (a) ¢ = 0.4,
(b) ¢ =0.7,and (c) ¢ = 1.0.

The analysis of the HCN rate of production (ROP) is presented in Figure 13. The
primary contributors to HCN production were HCNH, H,CN, and NO. HCN formation
displayed an increasing trend with increasing pressure and temperature, indicative of
rapid chemical reactions. Moreover, the oxidation became more active at 1750 K. All these
combined factors contributed to the reduction in HCN emissions, as depicted in Figure 12b.

T 2.0 MPa T 2.0 MPa q’ . .
— [ N+ 0 =NCO + HCN +0=NCO +H
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Figure 13. ROP of HCN at the maximum heat release rate under different pressures at (a) 1250 K,
(b) 1500 K, and (c) 1750 K.

Figure 14 shows that HCN was mainly formed following the reaction path of NHj3
— NH; — CH;NH; — CH,NH — HCNH — HCN. At elevated temperatures, this HCN
formation pathway underwent alterations. Notably, the proportion of HCN generated
through H,CN increased, and the reactions involving NH became more pronounced.
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1250K
1500K
1750K

CH;NH

L2 Sedoaswn

5424%
50

|HCNH|

i 98.97%=94%4/96 98%
»| HCN

43.62%066.92°/76.80% L | <1%/<1%/1.17%

89.71%/76.92%/88.47%

Figure 14. Key reaction pathways of HCN formation and the contribution of the pathways for each
species under different temperatures (Blue: 1250 K; red: 1500 K; Purple: 1750 K).
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5. Conclusions

This study focused on the combustion and emissions of an ammonia—diesel engine.
The engine was maintained at a fixed operation point of 800 r/min and 0.556 MPa IMEP.
The conclusions drawn are as follows:

(1) The introduction of ammonia resulted in delayed combustion and extended combus-
tion duration. Advancing the pilot injection timing (SOI;) led to missing the first stage
combustion.

(2) Strategies involving early pilot injection timing (SOI;) improved ammonia combustion
efficiency from 74% to 89%. Diesel injected during pilot injection facilitated ammonia
decomposition. The maximum ammonia combustion efficiency achieved in this study
was 93%, attained with SOI; set at —64.0 °CA ATDC and SOI, at —5.0 °CA ATDC.

(38) The early pilot injection strategy yielded poorer emission performance (CO, THC,
NOy, N>O, and HCN). Advancing SOI, accelerated the oxidation process of CO,
THC, N,O, and HCN due to higher temperatures. However, thermal NO, emissions
worsened.

(4) With the addition of ammonia, HCN emissions increased to 1.7 ppm, more than five
times higher than those in diesel-only mode. The early pilot injection strategy stimu-
lated HCN formation. The highest recorded HCN emission was 9.2 ppm. Simulation
results indicate that HCN was produced when local temperatures ranged from 1000 K
to 1750 K under fuel-lean conditions. Strategies for mitigating HCN emissions could
involve increasing pilot injection fuel quantities, heating intake air, or advancing
combustion phases closer to TDC.
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