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Recently, ammonia (NH;), which has a higher energy density than hydrogen, has gained attention

for zero-carbon emission goals in the transportation sector. However, in a conventional internal
combustion engine (ICE), NH; combustion mechanism is still under investigation. In this paper, to
further expand the knowledge on the adoption of NH; in ICEs, authors conducted NH;/gasoline
co-combustion experiments in a modified, 17.7:1 compression ratio, naturally aspirated spark-assisted
Cl engine with sub-chamber. The sub-chamber was chosen in order to enhance the combustion speed
of NH;. In addition, the sub-chamber was equipped with glow and spark plugs to overcome the high
auto-ignition temperature of NH;. Engine performance and NOy emissions were studied under three
different intake air temperatures. During the experiments, NH; content was increased gradually where
the engine was run under lean conditions. Although higher NH; content was achieved compared to
our previous work, increasing the intake air temperature resulted in decreased charging efficiency.

In addition, corrosion was found on the piston ring after 120 h of operation, negatively affecting the
engine performance. Furthermore, NH;/gasoline co-combustion duration was shortened drastically
with the influence of the sub-chamber, where the longest combustion duration under the present
conditions was found to be 17°CA.

In regard with the recent news on the European Union changing its original plan of phasing out internal com-
bustion engines (ICEs), unconventional fuels (such as ammonia (NH;), hydrogen (H,), synthetic fuels (E-fuels)
etc.) are gaining popularity in the ICEs research. It will now be possible to sell new ICE vehicles in Europe using
carbon-neutral fuels'. From these, NH; is a strong candidate for further expanding its usage in various industries.
It can be used in energy storage due to its high hydrogen content, and also in the transportation sector as a fuel
for power generation®?. As can be seen from its structure, NH; does not include any carbon atoms, in which there
are not any CO, emissions, thus regarded as a carbon-free fuel. Some important points that need to be addressed
are the toxicity and NOy emissions at elevated temperatures due to the nitrogen atom (N) available. However,
conventional selective catalytic reduction (SCR) system is capable of lowering NOx emissions substantially if
the SCR-inlet temperature is maintained at 200°C*.

Table 1 shows selected various properties of NH; and its comparison to hydrogen and gasoline. When com-
pared with hydrogen, NH; has higher volumetric energy density, however, when compared with gasoline, it
still has around 30% less volumetric energy density. In addition, numerous studies have been going on about
utilization of H, and NH; in ICEs. Kim et al. used direct injection method of H, with different mixture formation
modes®. Furthermore, since NH; has lower flame propagation speed, a more common approach was to utilize
it in marine engines with lower engine speeds®. In order to use NH; in passenger vehicles, where higher engine
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Ammonia>>'>! | Hydrogen'®'® | Gasoline>'%*
LBV (m/s) [@ ¢ = 1] 0.07 3.51 0.58
Octane rating, RON >130 >100 90-98
Minimum auto ignition temperature (K) | 930 773 503
Adiabatic flame temperature (K) 2090 2390 2411
Minimum ignition energy (m]) 8 0.018 0.14
Flammability limit in air (vol.%) 15-28 4.7-75 0.6-8
Latent heat of vaporization (kJ/kg) 1167 461 300
Stoichiometric A/F mass ratio 6.1 34 14.5
Volumetric energy density (GJ/m?) 113 4.7 33

Table 1. NHj;, Hydrogen and Gasoline properties and their comparison at 300 K and 0.1 MPa.

speed is needed, its properties need to be considered. As shown in Table 1, NH; has high octane rating and high
latent heat of vaporization, which allows its usage in an engine with high compression ratio (CR). In-line with
this knowledge, Pochet et al. conducted ammonia-hydrogen dual-fuel combustion studies in an engine with CR
of 15:17, 16:1%, 22:1° under Homogenous Charge Compression Ignition (HCCI) mode. Lhuillier et al. conducted
experiments using NH; and hydrogen blends in a spark ignition (SI) engine with CR of 10.5'. They also showed
that phasing of the combustion is correlated with the Laminar Burning Velocity (LBV) of the mixture under SI
timing conditions. In a more recent study, Mounaim-Rousselle et al. performed experiments on a spark-assisted
compression ignition (CI) single cylinder ICE with CR between 14 and 17, running on pure NH;'!. They managed
to obtain stable combustion at low loads and various engine speeds, proving that high CR and spark-ignition
method works well for NH; as fuel.

In-line with these previous studies, the authors believed that a novel engine design is necessary to adopt
NH; as an ICE fuel due to its disadvantages. It has been proven that a sub-chamber can shorten the duration of
combustion in SI engines'. Thus, a sub-chamber equipped with a spark plug and a glow plug was added to the
experimental engine, where an air heater mechanism was also added to the intake system of the experimental
engine. By increasing the temperatures inside engine cylinder, the aim was to promote NH; combustion and
increase its content in the fuel mixture. The overall purpose of these consecutive studies is to develop an ICE,
which can run on alternative fuels to reduce dependency on gasoline and further decrease CO, emissions. The
present study used a combination of two methods in-line with previous studies'""'®, where the engine experi-
ments were conducted in a high compression ratio spark-assisted HCCI engine. However, in our previous
study the highest NH; content achieved was only 33%. As compression-ignition process needs high in-cylinder
temperatures, the present study is conducted under higher intake air temperatures, up to 348 K. The objective of
this study was to investigate the intake temperature effect and further increase the NH; content while attaining
stable NH,/gasoline co-combustion and gradually decrease the gasoline content in the fuel-mixture. Modified
experimental engine performance along with NOy emissions were reported.

Experimental method and combustion mechanism

Experimental setup. In this study, a high compression ratio (CR:17.7), four stroke, water-cooled horizon-
tal single-cylinder diesel engine (YANMAR TF120V-E2) was modified to conduct co-combustion experiments
using NH,/gasoline mixture in a spark-assisted HCCI engine. Figure 1 illustrates the schematic view of the
experimental setup. The original diesel fuel injector was removed, and cylinder head was machined purposely
to create a sub-chamber (23.5 x 10-° m®) equipped with spark and glow plugs (NGK-SRM). A gasoline injector
(BOSCH INJ-035) and an ammonia injector (Nikki O-RING Type) were installed in the intake port. A pressure
sensor was installed in the main chamber with a displacement of 638 x 10° m®. A flat head piston was used to
increase the compression ratio with a bore diameter and stroke of 92 mm, and 96 mm, respectively. The con-
nection between the main and the sub-chamber was made through an orifice with a cross-sectional area of
52.6 mm?. The throttle valve was controlled by hand to obtain a constant intake pressure, which was measured
by the intake port pressure sensor. Fuels (gasoline and NH;) were injected into the intake port. Injection tim-
ing and fuel quantity were controlled by a general-purpose Engine Control Unit (ECU) (INFINITY SERIES 7).
Fuel injection signal and spark ignition signal were transmitted to the data logger, concurrently. Spark ignition
was used inside the sub-chamber, where the ignition timings were controlled by the same ECU and adjusted
between 350°CA ~370°CA depending on the fuel mixture conditions. In addition, piston’s Top Dead Center
(TDC) timing was determined by using in-cylinder pressure data, which enabled the authors to confirm the real-
time position of the piston. It was used for fuel injection and spark ignition timings. This was done by matching
the in-cylinder pressure data to the signal from the rotary encoder (E6B2-CWZ6C) at every two revolutions of
the crankshaft. The coolant system of the modified experimental engine was composed of a coolant heater, heat
exchanger, and a pump to control the water temperature inside engine’s cooling channels. Table 2 shows the
overall engine specifications.

Experimental conditions. Table 3 shows the experimental conditions used in this study. The modified
experimental engine was connected to an eddy current dynamometer through an electromagnetic clutch to con-
trol and set the engine speed to 1,000 rpm. Coolant water temperature data was sent to the ECU and a PID con-
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Figure 1. Schematic view of the experimental engine and data acquisition system.

Engine model

YANMAR TF120V-E2

Engine type

Water-cooled, four stroke, horizontal single cylinder

Sub-chamber

Spherical swirl with glow plug

Valve mechanism Overhead valve
Intake valve closed [°CA] 216
Exhaust valve open [°CA] 502

Injection method

Port injection

Ignition method

Spark ignition

Gasoline supply

Gasoline injector

Ammonia supply

Ammonia injector

Total displacement [m?] 638x107°
Sub-chamber displacement [m?] 23.5x10°
Bore x Stroke [mm] 92 %96
Number of orifices [-] 1

Orifice cross-sectional area [mm?] 52.6
Compression ratio [-] 17.7

Table 2. Modified experimental engine specifications.

Engine speed [rpm] 1000

Fuel for injector 1 [-] Gasoline
Fuel for injector 2 [-] Ammonia
Gasoline injection timing [°CA] -30
Ammonia injection timing [°CA] 10

Ignition timing [°CA] 350~370
Coolant temperature [K] 343

Intake pressure [kPa] 99

Intake air temperature [K] 298, 323, 348
Glow plug voltage [V] 10
Ammonia content [%] (based on LHV) 31, 38, 45, 52, 59, 63, 66

Table 3. Experimental conditions.
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troller stabilized the coolant temperature at 343 K. The modified experimental engine was originally a naturally
aspirated, where the intake pressure was 99 kPa. The glow plug’s voltage was set to 10 V. A catalyst was installed
at the exhaust section of the modified experimental engine as exhaust after treatment and heated to 573 K with
catalyst heaters to enable optimum efficiency for the exhaust gas treatment. As shown in Table 3, engine experi-
ments took place by changing the intake air temperature between 298 K~ 348 K and NHj content in the fuel
mixture. The fuel consumption was calculated from the gasoline and NHj injectors’ flow meters, where the total
calorific value of fuel was calculated accordingly. The injection ratio was changed depending on how much the
calorific value of NH; accounted for the total calorific value. The excess air ratios were altered between 1.17 and
1.22, depending on the NH; content. This was because total calorific values of different ratios of NH,/gasoline
mixtures were set to same. Under these conditions the highest indicated thermal efficiencies and the lowest
coefficient of variation of the indicated mean engine pressure (COVyygp) were attained for the modified experi-
mental engine. Low heating value is used for determining the NH; content. For example, NH; 33% means the
remaining 67% is gasoline fuel was used for the experiments. In this experimental setup and conditions, stable
NHj;/gasoline co-combustion was achieved up to 66% of NH; and 34% of gasoline as the injected fuel ratio.
Above this limit of NH; content, COVyyp values were greater than 5%, thus omitted. Only averaged values over
100 cycles were presented in this study, where the investigated operating conditions were summarized in Table 3.

Combustion mechanism. As mentioned in the introduction section, this study was done in a high CR
engine which was modified for NH;/gasoline co-combustion. The combustion mechanism was as follows:
Fuels were injected to the intake port during the intake stroke of the engine (gasoline @-30°CA and ammonia
@10°CA, as written in Table 3). These fuels were mixed during the intake and compression strokes. During the
compression stroke some of the air-NH;/gasoline fuel mixture was directed into the sub-chamber, where glow
plug was used to heat up the air-fuel mixture, which was mainly used to promote combustion increasing the
ambient temperature. The phenomenon was experimentally proven in our previous study’®. The spark plug
was initiated at different CA timings depending on the NH, content inside the for Minimum spark advance for
Best Torque (MBT) and its results are discussed in the next section. As the power stroke began (after 360°CA
for this study), spark-ignited air-fuel mixture inside the sub-chamber was flown into the main-chamber from
the orifice, where, at this point, the remaining air-fuel mixture inside the main-chamber was considered to be
well-mixed. This phenomenon started HCCI mode as high temperature combusted gas was flown from the sub-
chamber into the main chamber.

Evaluation method. In-cylinder pressure data was used to calculate the indicated mean effective pressure
(IMEP), P,,; [MPa] which was used to characterize the engine’s power, P; [kW]. Equation (1) was used to calcu-
late IMEP which was changed into a discretized form to be used in the data analyses, as Eq. (2).

1
Pyi=— - ¢ PV
mi =y j{ (1)
1 a—1Pj11 + P
Pmi = VS . E i=0 f : (Vj+1 - V]) (2)

where V is the stroke volume [m’], P is the in-cylinder pressure [MPa], V is the volume of both main and sub-
chamber [m?]. P; is the in-cylinder pressure [MPa] and V; is the volume at per CA, a is the total number of data
in one cycle [-].

Equation (3) was used to calculate the COVyygp to confirm the combustion stability. The combustion is
considered to be stable when the COV ygp is less than 10%'.

COV]MEP = TP x 100% (3)
Py
where 0p,,; is the standard deviation of IMEP [MPa] and Py,; is the average IMEP [MPa].

Generally, during the combustion period, heat is transferred by both convection and radiation between the in-
cylinder combustion gas and the cylinder walls. However, the radiative heat transfer in a SI engine only accounts
for 3-4% of the total heat transfer?!, thus omitted in this study. The heat transfer between the combustion gas
and cylinder wall through Eq. (4), which is based on Newton’ s law of cooling.

Qe (0) = he(0)Ac(Tioy — Tw) (4)

where Q) represents the heat transfer from the combustion gas to the cylinder wall per crank angle [kW/°CA],
A_ represents the combustion chamber area [m?], T,, is the mean temperature of cylinder wall, which was used
as 450 K*2. h, is the convective heat transfer coefficient of gas [kW/m*K], which was expressed in Eq. (5) based
on the Hohenberg’s correlation®.

he(8) = 1879P(6)*3T(0) "4V (6) % (S, + 0°® -

where ¢ is calibration factor which is equal to 1.4 as suggested by Hohenberg®; S, represents the mean piston
speed [m/s] and expressed in Eq. (6).
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The cooling loss, L, [%], was calculated by the Eq. (7).
Oevo
> Quedd
L= Jonc %)

mg - Hyq +mg - Hyg

where lower and upper limit of the integral 6y, 05y are the crank angle of the intake valve closed (IVC) and
the exhaust valve open (EVO) timings [*CA], respectively. Timings are given in Table 2.
Equation (8) was used to calculate the heat release rate (HRR) to show the heat release per crank angle.

Q 1 VdP " PdV +Q

L P2

HRR() = '~ a0 40 nt (8)
where Qppp is the heat energy [J/°CA], subscript (i) was used for different intake air temperature cases, P is the
in-cylinder pressure [MPa], V is the volume of both main and sub-chamber [m?], « is the specific heat ratio, 6
is the crank angle in degrees [°CA]. The combustion efficiency [%], 7., was used to determine the burned fuel
ratio, which was calculated from the following equation:

6
" = fgf QHRR(i)d0 ©)
‘ ma'Huu+mg'Hug

where 0, is the crank angle when the fuel chemical energy has started to be released [°CA] and 6, is the crank
angle when the fuel chemical energy has totally been released [°CA]. m, and m, are the mass of injection NH; and
gasoline [kg], respectively. H,, and H,, are the lower calorific values for NH; and gasoline [k]/kg], respectively.
The lower calorific values used for NH; and gasoline are 18,600 kJ/kg, and 42,280 kJ/kg, respectively. Normalized
mass fraction burned (NMFB) was obtained from Eq. (10) by dividing the instantaneous heat release energies
between IVC and EVO timings from three different intake air temperatures to the heat release energy obtained

from 298 K case.

9
f gf“,/f QHRr())d0
7

EV(

Sorve, QuRR(@298K)d0

NMFB =

(10)

where integral of Qygg(;) With respect to crank angle is the instantaneous heat release energy [J] for each intake
air temperature case under NH; content of 59%. Integral of Qprr(205 x)(6) With respect to crank angle is the heat
release energy [J] under the intake air temperature of 298 K. NH; content of 59% was the highest case for all
intake air temperatures where stable combustion was achieved, thus used for comparison.

Indicated power, P; [kW] of the modified engine was calculated with Eq. (11), where these values were used
to calculate indicated thermal efficiency #;, as shown in Eq. (12).

Ppi-A-Sn-Z-i
P — (11)
60
where A is the cylinder cross-sectional area [m?], S is the piston stroke [m], 7 is the engine speed [rpm], Z is the
number of cylinders, which was 1 for this study since the experimental engine was a single cylinder type, and i
is a constant number, which was used as 0.5, since the experimental engine was a four-stroke type.

P;

N By Hya + Fy - Hyg

(12)
where F, and F, are the fuel consumption rates for the NH; and gasoline [kg/s], respectively.
The in-cylinder gas temperature [K] was calculated by the Eq. (13), which was derived from the ideal gas law.

Pe) - Ve
©=p Ty (13)
where Py, V5 and T4 denote the pressure [MPa], volume [m?], and temperature [K] per crank angle of the
in-cylinder gas from the IVC to EVO, respectively. P,,, V;, and T;, are pressure, volume, and temperature at IVC;
thus, T;, is the same as the intake air temperature.

Results and discussion

Effect of MBT on NH;/gasoline co-combustion. During the engine experiments in-cylinder pressure
data was measured, where the case of 348 K intake air temperature under different NH; content is shown in
Fig. 2. Due to the presence of sub-chamber, in-cylinder pressure graph resulted in two peak points (camelback
figure), one from around 360°CA at TDC due to piston’s compression, whereas the second one occurred due to
the combustion took place inside the main-chamber during the expansion (power) stroke. As the NH; content
increased from 31 to 66%, in-cylinder pressure initially increased, up to 52%, and then gradually decreased with
the increasing NH; content. However, peak in-cylinder pressure occurred around the same CA with different
NH; content in the fuel mixture due to the different MBT timings. The obtained in-cylinder pressure data for dif-

Scientific Reports |

(2023) 13:11649 | https://doi.org/10.1038/s41598-023-38883-3 nature portfolio



www.nature.com/scientificreports/

35 —E
3 - =38(-4)
25 =)
——52(0)

2r - = 59(0)

In-cylinder pressure [MPa]

0 t t t t t t t t t t t
280 300 320 340 360 380 400 420 440 460 480 500
Crank angle [deg]

Figure 2. In-cylinder pressure at each MBT of different NH; content under the intake temperature of 348 K
(the number in the parenthesis is the MBT at each condition).

ferent NH; contents was used to calculate IMEP and COV yp under each intake air temperature condition. The
highest attained IMEP values were used to calculate the MBT, which was shown in parentheses next to the NH;
content in the figures below. As an example, in the case of 31% NH; content at 348 K of intake air temperature,
MBT was found to be — 6 deg BTDC (Before-Top Dead Center), meaning MBT was achieved at 6°CA after the
piston reached TDC, which corresponds to the beginning of the power stroke. Thus, written as 31(-6). It should
be noted that, for the same NH; content under different intake air temperatures, MBT was found to be different.

Figure 3 illustrates IMEP under 348 K intake air temperature with different NH; content in the fuel mixture.
IMEP values were calculated from Eq. (2). As can be seen from this figure, at 31% NH; content, combustion was
stable over a long range due to high gasoline content in the fuel mixture. The highest IMEP (MBT) was found to
be — 6 deg BTDC for 31% NHj at the intake air temperature of 348 K. However, as the NH; content got higher,
the range of stable combustion got narrower. This phenomenon was related to the slow laminar burning velocity
of NH;'®7. Tt is a known fact that laminar burning velocity of a fuel affects both advanced limit and retard limit
of the combustion process. As can be seen from Fig. 3, for the 31% NH; content case, IMEP values were stable
for a wider range. However, as the NH; content was increased, both MBT timings, and stable IMEP results were
getting narrower. For high NH; content cases, when the ignition time was advanced too much, in-cylinder pres-
sure (due to piston’s position) and in-cylinder gas temperature were lowered. However, it is also known that NH;
needs high in-cylinder gas temperature to be ignited. Thus, the flame core of the fuel mixture could not expand
properly. On the contrary, once again for high NH; content cases, when the retard limit was extended, this time
piston started to move down, lowering both in-cylinder pressure and temperature. At these timings partial burn
of the fuel mixture occurred, resulting in lowered IMEP values. Three trendlines were added in Fig. 3, for NH,
contents of 59%, 63% and 66%. Reverse parabolic curves depict the effect of advanced and retard limits caused
by narrowed stable combustion range for high NH; content cases. At 348 K, the highest NH; content achieved
was 66%, where combustion got unstable for ignition timings later than — 1 deg BTDC. It should be noted that,
even though the same modified experimental engine was used from our previous study'*, compared to our pre-
vious work the coolant temperature was increased from 318 to 343 K. In addition, engine experiments started
with gasoline fuel in lean state (excess air conditions), and then NH; was added gradually into the fuel-mixture.
This method was used to overcome the knocking phenomenon and further increase the NH; content in the fuel
mixture. These modifications were thought to be the reason behind how higher NH; content was successfully
combusted, while attaining COVygp values under 5%, for all cases.
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Figure 3. IMEP under the condition of each NHj; content with the ignition timings from 4 to — 6 BTDC
(A=1.17~1.22, glow plug voltage: 10 V, intake temperature: 348 K).
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Figure 4 shows the change in heat release rate (HRR) after ignition at each MBT for the intake temperature of
348 K, calculated from Eq. (8). The ignition timing was normalized to 0°CA, as it was different on each condition
due to different NH; content in the fuel mixture. It should also be noted that, after peaking, the HRR asymp-
totically approaches zero, which indicates an accurate compensation for cooling loss (calculated from Eq. (4))
from the combustion chamber. From this figure, it became apparent that as the NH; content got higher, HRR
decreased. In addition, as can be seen from this figure, the width of each curve got wider as the NH; content got
higher. For NH; content of 31%, the start and the finish of HRR was found to be 17°CA, while for NH; content
of 66% the width was increased to 30°CA. This result was thought to be related to the slow chemical kinetics of
NH,, taking longer time for combusted flame to propagate and release its energy. The peak points of the curves
were also retarded as a result of slower LBV of NH;. In addition, it was expected that HCCI combustion occurred
in the main chamber, since the HRR curve is found to be similar to the previous study by Pochet et al.”.

Figure 5 illustrates the NOy emissions at each MBT for various NH; content under the intake temperature
of 348 K. From NH; content of 31% to 52%, NOy emissions showed an increasing trend. As the NH; content
further increased, NOy emissions were lowered. This was related to the decreased combustion efficiency due to
the delay in reaching high ignition temperatures for higher NH; content cases. More details about this phenom-
enon are given in Fig. 9. With the increase of NH; in the fuel mixture, due to the lower stoichiometric value of
NH;, gasoline is left with an abundance of free oxygen molecules. This resulted in a leaner environment, creating
difficult conditions for gasoline to burn to help NH; to reach high ignition temperatures. Thus, in-cylinder gas
temperature was decreased, which resulted in lowered NOx emissions. However, when compared to previous
studies’~?, where NH; was used as an auxiliary or main fuel in engine experiments, current NOy emission values
were in-line with those results.

Intake air temperature effect on co-combustion and engine performance. Figure 6 shows the
influence of NH; content on MBT advancement under different intake air temperatures. Since NH; has slower
LBV compared to gasoline (see Table 1), under the same intake air temperature, MBT was advanced (values
going from — 6 to 3 deg BTDC) as the NH; content was increased from 31 to 66%. In addition, the highest
combusted NH; content was increased with increasing intake air temperatures from 323 to 348 K. The reason
for this result was thought to be the increase in the initial temperature of the air-fuel mixture promoted the low-
temperature oxidation reaction which enables the ignition of both NH; and gasoline fuels. Thus NH,/gasoline
co-combustion range was extended.
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Figure 4. HRR for different NH; content under the intake temperature of 348 K.
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Figure 5. NOy emissions at each MBT for various NH; content of under the intake temperature of 348 K.
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Figure 6. MBT of each NH; content under intake temperatures of 298 K, 323 K and 348 K.

Figure 7 shows the peak gas temperature change as the NH; content was increased under different intake air
temperatures, where air temperatures were calculated by Eq. (13). As expected, higher intake air temperature
cases resulted in higher peak gas temperatures as the combustion completed. However, even though COV yp
values were still less than 5%, as the NH; content was increased, at higher intake air temperatures the peak gas
temperature was decreased at a faster pace. As the intake air temperature increased, low-temperature oxidation
reaction was promoted, which also increased combustion gas temperature. However, as the NH; content was
further increased, combustion gas temperature was lowered due to both the delay in peak HRR and that in end of
combustion. This is because of the slow combustion effect caused by the lean conditions as NH; content increased.

Combustion duration is defined as the crank angle at which 10% (CA10) to 90% (CA90) of the total heat
release energy is achieved in the modified engine. The combustion duration of each MBT under different intake
air temperatures is shown in Fig. 8. At low NH3 content, higher intake temperatures showed shorter combustion
duration, about 9°CA. However, as the NH; content further increased, combustion duration started to increase,
following a quadratic polynomial path. This was related to the slow kinetics of NH;, and leaner environment
causing lower combustion efficiency for gasoline under higher NH; content in the fuel mixture. However, it
should be noted that with increased intake air temperatures NH; content in the fuel mixture was increased to
66%, where the longest combustion duration was found to be around 17°CA. When the literature was reviewed,
it was found that for a typical SI engine using gasoline, the combustion duration was calculated approximately
to be around 26°CA?*. These results show that the addition of a sub-chamber, which was equipped with spark
and glow plugs, promoted the combustion mechanism even for NH,/gasoline fuel blends.

Figure 9 illustrates the combustion efficiency, which was calculated by Eq. (9), under different intake air tem-
peratures, with NH; content increasing from 31 to 66%. Initially, at 31% of NH; content, all intake air temperature
conditions showed similar combustion efficiency values. However, as the NH; content was increased, combustion
efficiencies were lowered, especially for the higher intake air temperatures. This was thought to be related to
the fact that NH; has high ignition temperature, which was affected by decreased charging efficiencies at higher
intake temperature cases. It should be noted that the excess air ratio was altered between 1.17 and 1.22, depend-
ing on the NH; content in the fuel mixture. It was reported that oxygen-enriched conditions were more suitable
for NH; combustion, as LBV was increased!. However, this condition was not suitable for complete gasoline
combustion. With these conditions, under the same intake air temperature, as the NH; content was increased,
the air-fuel mixture got leaner for the gasoline fuel. This was related to the lower stoichiometric air-to-fuel ratio
mass needed for NH; combustion. With increased NHj in the fuel mixture, gasoline was left with an abundance
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Figure 7. Peak gas temperature of each MBT condition at different NH; content under the intake temperatures
0f 298 K, 323 K and 348 K.
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Figure 9. Combustion efficiency of each MBT at different NH; content under the intake temperatures of 298 K,
323 Kand 348 K.

of oxygen, resulting in a leaner environment. This excess air environment caused lower combustion efficiency for
gasoline, when compared to the standard SI gasoline engine®. As a result of this phenomenon, without complete
gasoline combustion, NH; could not reach high ignition temperatures fast enough. Thus, further lowering the
overall combustion efficiencies at higher NH; content. Furthermore, the piston ring was found to be stuck with
apparent corrosion on its surface when the experimental engine was inspected after the experiments. At the time
of inspection, the engine timer showed 120 h. It is believed that this corrosion and the soot formation due to
gasoline, caused the piston ring to get stuck and increased the ratio of blow-by gases during engine’s operation.
With increased blow-by gases due to corrosion, some of the high temperature air/fuel mixture escaped to the
crankcase, lowering the overall combustion efficiencies, under all intake air temperatures.

Figure 10 illustrates the comparison of intake air temperature effect on normalized mass fraction burned
results under 59% of NH;, which were calculated by Eq. (10). 59% was the highest NH; content where stable
comubustion was achieved under all intake air temperatures. As can be seen from the figure, when the intake
air temperature was increased, combustion duration got narrower, which was an indication of high temperature
enviroment promoting the NH;’s combustion speed. However, as the intake air temperature increased, mass
burned fraction was lowered. This was thought to be an apparent result of lower charging efficiency causing
incomplete combustion under higher intake air temperature cases.

Figure 11 shows the indicated thermal efficiency, calculated by Eq. (12), results at different intake air tem-
peratures as NH; content was increased. As shown in Table 1, and in-line with previous studies’!, in order
to promote NH; combustion, the ICE needs to have high compression ratio with higher ambient temperature
inside the main-chamber for stable and more efficient combustion. However, elevated intake air temperatures
resulted in loss in charging efficiency. Thus, it became apparent as the intake air temperature was increased,
thermal efficiencies were decreased in a faster pattern for higher NH; contents. In addition, similar to the com-
bustion efficiency results, at the same NH; content, higher intake air temperatures resulted in decreased charging
efficiency, causing even lower indicated thermal efficiency results.
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Figure 11. Indicated thermal efficiency of each MBT at different NH; content under the intake temperatures of
298 K, 323 Kand 348 K.

Conclusion

In this study, a modified 17.7:1 CR spark-assisted CI engine with a sub-chamber equipped with glow and spark
plugs was operated under various NH;/gasoline blend ratios. Glow plug and spark plug were used at the sub-
chamber to increase the ambient temperature of the fuel mixture which would enhance the flame propagation
speed of the fuel. Using a naturally aspirated system with an intake air heater mechanism, coolant temperature
at 343 K, the modified experimental engine was able to operate with NH; content of 66% under 1000 rpm. For
all cases, COVyep values were less than 5%, indicating a stable combustion process took place in the modified
experimental engine. In addition to engine performance, corrosion was found on the piston ring. Several key
findings from this study are listed as the following:

e It was confirmed that utilization of spark plug, and glow plug inside the sub-chamber of the modified engine
enabled shorter combustion duration. This was thought to be an outcome due to the utilization of intake air
heater, creating higher gas temperatures inside the combustion chamber promoting the combustion. The
longest combustion duration was found to be around 17°CA, which was a drastic improvement for NH; with
slow kinetics.

® Asthe intake air temperature increased, this induced the NH; content in the fuel mixture to reach up to 66%.
As NH; content was increased, MBT was observed to be advanced.

e Engine experiments started with gasoline fuel in lean state (excess air), and then NH; was added gradu-
ally into the fuel-mixture. Gasoline was used as promoter to help NH; to reach high ignition temperature.
However, as the NH; content was increased further, more oxygen became available for gasoline—creating
a leaner environment due to lower stoichiometric A/F mass ratio of NH;. This caused gasoline combustion
efficiency to deteriorate, which resulted in a delay in reaching high ignition temperatures for NH; to ignite.
Thus, a further decrease in combustion efficiency was observed at higher NH; content.

e It was found that, at the same NH; content, as the intake air temperature was increased, charging efficiency
was lowered. This caused lower in-cylinder temperatures, which resulted in slower flame propagation, thus
reducing the combustion, and indicated thermal efficiencies.

e During the inspection of the experimental engine after 120 h of operation, corrosion and soot formation
were found on the piston ring. This caused the piston ring to be stuck, where blow-by gasses were increased.
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The increase in blow-by gases resulted in lower combustion and thermal efficiencies than usual operation of
the engine.

Finally, we believe that experimental results from this study made it clear the need for increased boost pres-
sure at the intake system, in order to improve the charging efficiency at higher intake air temperatures to further
improve the performance and efficiency of the modified experimental engine. In addition, it became clear that
corrosion phenomenon needs attention for long operation hours of the experimental engine. Based on these
results, we will also investigate the relationship between corrosion in the combustion chamber and its effects on
the combustion characteristics, which will be the main topic in our upcoming studies.

Data availability
The authors declare that all experimental data supporting this study are available from the corresponding author
upon reasonable request.

Received: 9 May 2023; Accepted: 17 July 2023
Published online: 19 July 2023

References

1. Villforth, J., Vacca, A., Bargende, M. & Kulzer, A. Methods for the holistic evaluation of the eFuel influence on gasoline engine
combustion. SAE Tech. 2023-01-1210 (2023).

2. Valera-Medina, A., Xiao, H., Owen-Jones, M., David, W. I. F. & Bowen, P. ]. Ammonia for power. Prog. Energy Combust. Sci. 69,
63-102. https://doi.org/10.1016/j.pecs.2018.07.001 (2018).

3. Dincer, I, Erdemir, D., Aydin, M. I, Karasu, H. & Vezina, G. Utilization of ammonia and ammonia blends in power generators.
Lect. Notes Energy 91, 235-355. https://doi.org/10.1007/978-3-031-13532-3_4 (2023).

4. Mera, Z., Matzer, C., Hausberger, S. & Fonseca, N. Performance of selective catalytic reduction (SCR) system in a diesel passenger
car under real-world conditions. Appl. Thermal Energy 181, 115983. https://doi.org/10.1016/j.applthermaleng.2020.115983 (2020).

5. Lee, S., Kim, G. & Bae, C. Effect of mixture formation mode on the combustion and emission characteristics in a hydrogen direct-
injection engine under different load conditions. Appl. Thermal Energy 209, 118276. https://doi.org/10.1016/j.applthermaleng.
2022.118276 (2022).

6. Machaj, K. et al. Ammonia as a potential marine fuel: A review. Energy Strategy Rev. 44, 100926. https://doi.org/10.1016/j.esr.2022.
100926 (2022).

7. Pochet, M., Dias, V., Jeanmart, H., Verhelst, S. & Contino, E. Multifuel CHP HCCI engine towards flexible power-to-fuel: Numerical
study of operating range. Energy Procedia 105, 1532-1538. https://doi.org/10.1016/j.egypro.2017.03.468 (2017).

8. Pochet, M., Truedsson, I, Foucher, E, Jeanmart, H. & Contino, F. Ammonia-hydrogen blends in homogeneous-charge compression-
ignition engine. SAE Tech https://doi.org/10.4271/2017-24-0087 (2017).

9. Pochet, M., Contino, F. & Jeanmart, H. Compression ratio ammonia-hydrogen HCCI engine: Combustion, load, and emission
performances. Frontiers https://doi.org/10.3389/fmech.2020.00043 (2017).

10. Lhuiller, C., Brequingny, P., Contino, F. & Mounnmain-Rouselle, C. Experimental study on ammonia/hydrogen/air combustion
in spark ignition engine conditions. Fuel 269, 117448. https://doi.org/10.1016/j.fuel.2020.117448 (2020).

11. Mounaim-Rousselle, C. et al. Performance of ammonia fuel in a spark assisted compression ignition engine. Int. J. Eng. Res. 23(5),
781-792. https://doi.org/10.1177/14680874211038726 (2021).

12. Takashima, Y., Tanaka, H., Sako, T. & Furutani, M. Evaluation of engine performance by changing specification of pre-chamber
spark ignition plug under lean burn condition. Trans. Soc. Auto Eng. Jpn. 45(2), 221-227. https://doi.org/10.11351/jsaeronbun.
45.221 (2014).

13. Guo, B. et al. Combustion analysis of ammonia/oxygen mixtures at various equivalence ratio conditions using a constant volume
combustor with sub-chamber. Auto Exp. 4(3), 161-170. https://doi.org/10.31603/ae.6132 (2021).

14. Guo, B. et al. Combustion analysis of ammonia fueled high compression ratio SI engine with glow plug and sub-chamber: Effects
of ammonia content under condition of co-combustion with gasoline/ammonia/air. Int. J. Auto Eng. 13(1), 1-8. https://doi.org/
10.20485/jsaeijae.13.1_1 (2021).

15. Osborne, N. S. & Van Dusen, M. S. Latent heat of vaporization of ammonia. Bull. Bur. Stand. 14, 439-472 (1917).

16. Elbaz, A. M., Wang, S., Guiberti, T. E. & Roberts, W. L. Review on the recent advances on ammonia combustion from the funda-
mentals to the applications. Fuels Commun. https://doi.org/10.1016/j.jfueco.2022.100053 (2022).

17. Kobayashi, H., Hayakawa, A., Kunkuna, K. D., Somarathne, A. & Okafor, E. C. Science and technology of ammonia combustion.
Proc. Comb. Inst. 37, 109-133. https://doi.org/10.1016/j.proci.2018.09.029 (2019).

18. Kar, K, Last, T., Haywood, C. & Raine, R. Measurement of vapor pressures and enthalpies of vaporization of gasoline and ethanol
blends and their effects on mixture preparation in an SI engine. SAE Int. J. Fuels Lub. 1(1), 132-144. https://doi.org/10.4271/2008-
01-0317 (2009).

19. Morch, C,, Bjerre, A., Gottrup, M., Sorenson, S. & Schramm, J. Ammonia/hydrogen mixtures in an SI-engine: Engine performance
and analysis of a proposed fuel system. Fuel 90(2), 854-864. https://doi.org/10.1016/j.fuel.2010.09.042 (2011).

20. Lanni, D., Galloni, E., Fontana, G. & D’Antuono, G. Assessment of the operation of an SI engine fueled with ammonia. Energies
15, 8583. https://doi.org/10.3390/en15228583 (2022).

21. Lounici, M. S., Loubar, K., Balistrou, M. & Tazerout, M. Investigation on heat transfer evaluation for a more efficient two-zone
combustion model in the case of natural gas SI engines. Appl. Thermal Eng. 31, 238-319. https://doi.org/10.1016/j.appltherma
leng.2010.09.012 (2011).

22. Bobi, S. & Laoonual, Y. Evaluation of heat loss to cylinder wall of compression ignition engine by heat transfer models. GMSARN
Int. J. 16, 240-246 (2022).

23. Hohenberg, G. Advanced approaches for heat transfer calculations. SAE Tech. 790825 (1979).

24. Urata, Y. & Takanashi, J. Study of gasoline-fueled HCCI engine. J. Comb. Soc. Jpn. 51(155), 40-47 (2009).

25. Splitter, D., Boronat, V., Chuahy, F. D. E. & Storey, J. Performance of direct injected propane and gasoline in a high stroke-to-bore
ratio SI engine: Pathways to diesel efficiency parity with ultra low soot. Int. J. Eng. Res. 22(12), 3475-3488 (2021).

Acknowledgements
Present work was supported by Japan Society for the Promotion of Science, Grants-in-Aid for Scientific Research
(No. 19K04244) and Sophia University Special Grant for Academic Research, Research in Priority Areas.

Scientific Reports |

(2023) 13:11649 | https://doi.org/10.1038/s41598-023-38883-3 nature portfolio


https://doi.org/10.1016/j.pecs.2018.07.001
https://doi.org/10.1007/978-3-031-13532-3_4
https://doi.org/10.1016/j.applthermaleng.2020.115983
https://doi.org/10.1016/j.applthermaleng.2022.118276
https://doi.org/10.1016/j.applthermaleng.2022.118276
https://doi.org/10.1016/j.esr.2022.100926
https://doi.org/10.1016/j.esr.2022.100926
https://doi.org/10.1016/j.egypro.2017.03.468
https://doi.org/10.4271/2017-24-0087
https://doi.org/10.3389/fmech.2020.00043
https://doi.org/10.1016/j.fuel.2020.117448
https://doi.org/10.1177/14680874211038726
https://doi.org/10.11351/jsaeronbun.45.221
https://doi.org/10.11351/jsaeronbun.45.221
https://doi.org/10.31603/ae.6132
https://doi.org/10.20485/jsaeijae.13.1_1
https://doi.org/10.20485/jsaeijae.13.1_1
https://doi.org/10.1016/j.jfueco.2022.100053
https://doi.org/10.1016/j.proci.2018.09.029
https://doi.org/10.4271/2008-01-0317
https://doi.org/10.4271/2008-01-0317
https://doi.org/10.1016/j.fuel.2010.09.042
https://doi.org/10.3390/en15228583
https://doi.org/10.1016/j.applthermaleng.2010.09.012
https://doi.org/10.1016/j.applthermaleng.2010.09.012

www.nature.com/scientificreports/

Author contributions

E.Y. experimental data analyses, wrote the main manuscript text, prepared Figs. 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11,
and Tables 1, 2, 3. M.I. experimental data analyses, review & editing of manuscript, supervision. Q.Z., B.G., and
N.A. conducted the experiments. M.K., H.S., and T.O. conducted experiments and took part in discussions. T.S.
experimental data analyses, review & editing of manuscript, supervision. All authors reviewed the manuscript.

Funding
This work is supported by Japan Society for the Promotion of Science, Grants-in-Aid for Scientific Research (No.
19K04244) and Sophia University, Tokyo, JAPAN.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to T.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |  (2023) 13:11649 | https://doi.org/10.1038/s41598-023-38883-3 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Investigation of intake air temperature effect on co-combustion characteristics of NH3gasoline in naturally aspirated high compression ratio engine with sub-chamber
	Experimental method and combustion mechanism
	Experimental setup. 
	Experimental conditions. 
	Combustion mechanism. 
	Evaluation method. 

	Results and discussion
	Effect of MBT on NH3gasoline co-combustion. 
	Intake air temperature effect on co-combustion and engine performance. 

	Conclusion
	References
	Acknowledgements


