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Abstract

Ammonia has emerged as a promising carbon-free alternative fuel for
internal combustion engines (ICE), particularly in large-bore engine
applications. However, integrating ammonia into conventional
engines presents challenges, prompting the exploration of innovative
combustion strategies like dual-fuel combustion. Nitrous oxide
(N20) emissions have emerged as a significant obstacle to the
widespread adoption of ammonia in ICE. Various studies suggest that
combining exhaust gas recirculation (EGR) with adjustments in inlet
temperature and diesel injection timing can effectively mitigate
nitrogen oxides (NOXx) emissions across diverse operating conditions
in dual-fuel diesel engines. This study conducts a numerical
investigation into the impact of varying inlet charge temperatures
(330K, 360K, and 390K) and EGR rates (0%, 10%, and 20%) on the
combustion and emission characteristics of an ammonia/diesel dual-
fuel engine operating under high-load conditions, while considering
different shares of ammonia energy. Computational fluid dynamics
(CFD) simulations are executed using Converge software.
Subsequently, multi-linear regression models are developed, utilizing
ammonia share, inlet charge temperature, and EGR rate as
independent variables, and emission parameters as dependent
variables. The best-fitted regression model can be employed to
analyze the response surface of performance parameters. The
findings indicate that EGR rate and inlet charge temperature
significantly impact N20O and other emission parameters. However,
the extent of this influence and the optimal percentage of each
parameter may vary across different engine operating conditions,
particularly concerning the ammonia share in a dual-fuel ammonia-
diesel engine.

1.Introduction

Compression ignition diesel engines are frequently found in
heavy-duty transportation, power production, and maritime vehicles
because of their effectiveness and long-term operability. However,
they release significant amounts of NOXx, soot as well as CO2 due to
their combustion characteristics. A wide range of technologies such
as exhaust gas recirculation (EGR), exhaust after-treatment devices,
time injection management, engine geometry modification, and dual
fuel mode using alternative fuels are practical in reduction these
emissions [1-3]. For diesel combustion systems to reduce CO2
emissions, carbon-free fuels must be introduced. In compression
ignition engines, dual-fuel mode provides flexibility for the fuel and
the possibility of clean, efficient combustion. Natural gas is
becoming more popular as a dual-fuel alternative due to its low
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reactivity. Premixed natural gas can now be used in certain diesel
engines thanks to modifications [4-5]. Due to the usage of natural
gas, dual-fuel engines have reduced soot emissions, but their NOx
emissions can be on par with diesel engines. When it comes to
reducing NOXx in dual-fuel engines, exhaust gas recirculation (EGR)
works incredibly well [6-7]. With EGR, certain exhaust gases are sent
back into the engine's inlet system, where they partially replace
nitrogen and oxygen with exhaust constituents. Because there is less
oxygen present during combustion, this method lowers the
temperature of the gas, which lowers flame temperature and prevents
the generation of NOx. There are two primary forms of EGR used:
cold EGR lowers NOx emissions while hot EGR increases thermal
efficiency. Therefore, temperature can have a major impact on EGR
performance [8].

Furthermore, reducing NOx and glasshouse gas emissions from
dual-fuel diesel engines can be achieved by the use of cleaner fuels
and increasing fuel efficiency. One carbon-free energy source that
has promise for heavy-duty transportation is hydrogen (H2). But
infrastructure, distribution, and storage issues prevent its full
implementation [9]. Ammonia (NH3), a hydrogen carrier, is
becoming another popular as a potential hydrocarbon fuel substitute
because of its high energy density, carbon-free status, and adaptable
infrastructure, all of which serve to mitigate hydrogen's drawbacks
[10]. Similar to hydrogen, burning ammonia produces no CO2. It
reduces its carbon footprint because it is made from renewable
resources (“green ammonia™) [11]. It is thought to be feasible to
partially substitute dimethyl ether, biodiesel, or diesel in dual-fuel
compression ignition. Ammonia's carbon-free nature, high H2
density, and ease of storage and transportation make it appealing for
significant greenhouse gas reductions, even though its combustion
characteristics may not surpass those of methanol, ethanol, or
methane. A premixed ammonia-air mixture is injected into the
cylinder during intake, compressed, and ignited by diesel injection in
ammonia-diesel  dual-fuel ~ combustion.  High  auto-ignition
temperature, sluggish flame speed, and limited flammability range
are problems for pure ammonia in Cl engines [12-14]. Additionally,
compared to diesel-only mode, ammonia combustion in dual-fuel
systems might result in higher NOx emissions and the powerful
greenhouse gas N20. For ammonia to be a viable carbon-free fuel
source, advanced combustion techniques are required to reduce N20
emissions in ammonia-diesel dual-fuel combustion [15].

The use of ammonia in CI engines with ammonia diesel dual fuel
(ADDF) combustion was first introduced by Bro et al1977.'s [16]
study. Reiter et al. [17-18] (2008, 2011) reported that ADDF engines
have reduced CO2 and equivalent output. Increased ammonia
proportion was observed to decrease fuel efficiency and increase
N20 emissions by Niki et al. [19] (2018). By modifying the timing of



diesel injection, N20 issues were alleviated and GHG emissions were
reduced by 30.6 percent at a 40 percent NH3 energy fraction. Yousefi
et al. [15] investigated the effects of diesel injection time and
ammonia fraction and found that while N20O emissions were higher,
Green House Gases (GHG) emissions were up to 12% lower when
only diesel was used. Studies on NH3 addition to different fuels to
reduce emissions have been conducted. In general, a review of the
literature shows that no study so far has performed on the analyzing
and modeling the performance of an ammonia-diesel dual-fuel engine
working at different intake temperature and EGR percentage while as
it mentioned these can have a remarkable effect on the performance
of dual-fuel CI engine.

The material mentioned above demonstrates the growing interest
in using ammonia in CI engines to lower greenhouse gas emissions.
This study thoroughly examines how an ADDF engine's combustion
performance and emissions are affected by the inlet charge
temperature and EGR percentage. Using CONVERGE 2.4 software,
a computational fluid dynamics (CFD) model is created to simulate
ADDF combustion and examine how exhaust emissions are affected
by EGR and inlet charge temperature. To comprehend fundamental
phenomena, the model looks at engine-out emissions and cylinder
pressure.

2. Material and method
2.1. Numerical model

The commercial CFD software, CONVERGE v3.0, was used to
simulate a close cycle (i.e., IVC to EVO) of the investigated engine.
The engine specification is reported in table 1 and a brief summary of
the numerical method and important models is described in this
section. With CONVERGE, the true boundary shape is accurately
represented without requiring the computational grid to be molded
with the geometry of interest thanks to a modified cut-cell cartesian
approach. This method fully automates the mesh generation process
and permits the usage of straightforward orthogonal grids. The
cylinder geometry and meshes are displayed in Figure 1.

Table 1: Engine specification

Engine model Caterpillar 3401
Number of cylinders 1

Bore*stroke (mm*mm) 137.2*165.1
Connecting rod length(mm) 261.62

Compression ratio 16.25
Displacement(L) 2.44

Intake valve opening (IVO) -.358.3°’ATDC

Intake valve closing (IVC) -.169.7°ATDC
Exhaust valve opening (EVO) -.145.3°'ATDC
Exhaust valve closing (EVC) -.348.3'ATDC

Figure 1: The cylinder geometry and the meshes of Caterpillar 3401
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A comprehensive transient chemical kinetics solver called SAGE was
used to simulate the combustion process [20]. The SAGE solver
solved new species mass fractions right before the transport equation
in each time step and cell. The pressure implicit with splitting of
operator approach was utilized to solve the transport equations. 388
reactions and 69 species made up the chemical kinetic mechanism
used in this simulation. Figure 2 shows the effect of fuel chemistry on
the solution at the beginning of each time scale of the software,
which is introduced to each computational cell by the single-region
zero-dimensional model. Entering the information of chemical
equations and reaction coefficients into the software is based on a
text file in auxiliary format, which includes stoichiometric reactions
and kinetic coefficients [21-22]. In the simulation of the present
work, the perfect gas assumption was used to estimate the
thermodynamic behavior of the gas mixture.
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Figure 2: The process of solving the combination of multi-dimensional
computational fluid dynamics model with fuel chemical kinetics.

The diesel injection pressure and time in the simulation were in
line with the measured data, and the injector had six holes. The
"DIESEL2" fuel surrogate, which is provided in the CONVERGE
library for the spray and mixing process, was used to mimic the
physical characteristics of diesel fuel [23]. Table 2. presents specifics
of a few adopted spray models. Also, turbulence in the combustion
chamber flow field was simulated using a re-normalization group
(RNG) k-¢e model based on the Reynolds Averaged Navier-Stokes
(RANS) [24]. A grid size of 0.25 mm was produced with the aid of
adaptive mesh refinement, which was anticipated to precisely resolve
the features in the turbulent flame front [25].

Table 2: summary of key spray processes used for the spray model

Physical process model

Liquid injection Blob injection model
Spray breakup KH-RT model
evaporation Frossling model
Droplet collision NTC model

Drop drag Dynamic drag model
Drop turbulent dispersion O’Rourke model
Drop/wall interation Rebound/slide model




The input for the simulation was the three minutes of engine
steady state settings, averaged different condition of intake air
temperature (IAT), exhaust gas recirculation (EGR), and diesel,
ammonia, and air flow rates, which address in Table 3. To get the
simulations' intake pressure closer to the experimental pressure
during the compression stroke and the mass flow rates of ammonia
and air, 5 kPa was changed. It was believed that the inflow consisted
of a uniform mixture of air and ammonia. Given that the experiment's
ammonia port fuel injector is situated a considerable distance from
the engine block's inlet, this assumption seems probable.

Table 3: Simulation conditions.

NH3 _Energy IAT (K) EGR | Diesel | NH3 Air
Fraction (%) % (kg/h) | (kg/h) | (kg/h)
0 330-360-390 0 338 | 0 83.26
0 273 | 156 80.64
20% 330-360-390 10 273 | 156 76.60

20 2.73 | 1.56 74.02
0 2.08 | 3.18 77.92
40% 330-360-390 10 2.08 | 3.18 72.58
20 2.08 | 3.18 70.13

2.2. Model validation

The ADDF engine’s measured and calculated cylinder pressures at
commencement of injection at —14.2 °ATDC and with varying
ammonia energy percentages are compared in Figure 3. Additionally,
a comparison will be made between the calculated and experimental
combustion characteristics and emissions (NH3, NO, N20, and
CO2). The outcomes are contrasted with the diesel and ammonia-
diesel dual-fuel combustion outcomes of reference [13]. In their
research a Caterpillar 3401 diesel engine with the specification
reported in table 1, modified for ammonia/diesel dual-fuel
combustion was used for the experiments. It is evident that the peak
cylinder pressure, initiation of combustion, and numerical cylinder
pressure correspond well with the experimental data. Overall, the
validation results demonstrate the current numerical simulation's
capacity to qualitatively replicate the ADDF engine's emissions and
combustion characteristics.

2.3. Optimization and statistical analysis

In this section, a mathematical model that could forecast engine
performance and ideal conditions was created using statistical
approaches. Initially, the multiple linear regression models were used
to the simulation data from the preceding section in order to
characterize the behavior of the system and connect engine
performance with operating factors. Numerous fields have effectively
employed this technique [26-28]. The following is an expression for
MLR models [29]: )

H H

y= o+ ) B+ ). Y Byt + )t +e
i=1

=1 j=i+1 =1

where the dependent variable is called y, the independent variables
are called xi and x;, and they range in length from 1 to k. The
intercept coefficient is denoted by Po, and the regression coefficients
of the linear, quadratic, and second-order terms are represented by fi,
Bii, and Bij, respectively. The number of independent parameters in
this work is 2, and the regression error is called e. Using linear,
quadratic, reduced quadratic, and two-factor interaction (2FI) models
to analyses the experimental data, the optimum regression equations
were identified for this investigation.
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Figure. 3: Comparison of measured and calculated cylinder pressure
combustion for pure diesel (a) and 20% NH3 (b).

4. Results and discussion

This part presents and discusses the numerical results for intake
charge temperature (330K, 360K, and 390K) and EGR (0, 10%, 20%,
and 30%) on the cylinder pressure, heat release rate, and emission
exhaust of the studied dual-fuel engine. Examining different
percentages can assist in achieving emissions-based operating
conditions that are optimum. Additionally, the net diesel engine
would be compared to the effects of these parameters in two dual-fuel
scenarios (20 percent and 40 percent ammonia). The emission in this
study is determined using the following the following equation 2 to
the stated particular values of 1ISCO2, ISN20, ISNO, ISNO2, and
ISNH3. Where mex and mrel are the amount of each species and
consumed fuel, respectively, mruel is the mass flow rate of fuel and 1P
is the indicated power.
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4.1. cylinder pressure and heat release rate

The computed cylinder pressure and HRR of the diesel and ADDF
engine during running conditions with a 20 percent and 40 percent
ammonia energy fraction, respectively, as shown in Figures 4 and 5.
Because the difference between the three temperatures was nearly
equal, the outcome is only visible at the mild temperature of 360K.
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Figure. 4. Comparison of calculated cylinder pressure of diesel and ADDF
combustion mode with different EGR ratio for a) 20% ammonia b) 40%
ammonia energy fractions

It is clear that when ammonia replaces diesel fuel, the ignition
delay and peak cylinder pressure decrease proportionately. The
increased ignition delay can be explained by two main explanations.
First, by using less diesel fuel spray, the fuel momentum required for
effective atomization and mixing is reduced, which leads to ignite.
Secondly, the use of ammonia in replace of some diesel makes it
more difficult for ignition to occur due to its strong resistance to
autoignition [11 and 13]. Furthermore, at higher ammonia fueling
conditions, the comparison of the two different dual modes, EGRO at
Figures 4a and 4b, shows that the maximum pressure was 9.61 MPa
and 9.39 MPa at 6.83 ATDC and 6.21 ATDC, respectively.

The heat release rate statistics in Figures 5a and 5b demonstrate
that the energy scenario utilizing only diesel fuel exhibits diffusion
burns and discrete premixed burns, which are features of ordinary
diesel combustion. These characteristics are still present for diesel
fuel energy percentages of 20 and 40 percent. When the energy level
of the diesel fuel is reduced to 80% (EGRO at figure. 5a), there is a
slight decrease in the premixed phases; however, a more notable
reduction occurs when the ammonia content is 40% (EGRO at figure.
5b). It is clear that the extended ignition delay resulted in a large
premixed combustion for diesel fuel with a rather high peak heat
release rate. The combustion begins at -15.3 e/ATDC rather than -15.1
when the ammonia energy percentage is raided from 20 to 40%.
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Figure. 5. Comparison of calculated HRR of diesel and ADDF combustion
mode with different EGR ratio for a) 20% ammonia b) 40% ammonia energy
fractions

Moreover, Figures 4 and 5 show the in-cylinder pressure and heat
release rate for the ammonia-diesel dual fuel at 360K intake charge
temperature for EGR rates ranging from 0 to 20 percent. It is clear
that the application of EGR decreased the rate of heat release and the
in-cylinder pressure in dual-fuel scenarios; however, this reduction
was negligible in dual-fuel cases with 40% ammonia. Both a decrease
in oxygen availability and a drop in the rate of fuel burning during
the diffusion phase could be the cause of this decline [30]. It is
important to note that at various temperatures, the trends for pressure
and heat release rate were constant.

The ignition delay in the dual-fuel operation mode was generally
investigated. The ignition delay increases with increasing EGR rate.
In order to account for the reason behind the extended ignition delay
with increasing EGR rate, the oxygen molar concentration at the
injection timing decreased as the EGR rate grew because the volume
percent of oxygen in the intake mixture decreased. The temperature
of the unburned mixture decreased as the EGR rate increased because
specific heat increased at fixed volume. Because of the decline in the
unburned mixture's temperature and the drop in the oxygen molar
concentration at injection timing, the ignition delay increased as the
EGR rate increased [30]. However, a comparison of Figures 5a and
5b shows that the ignition delay under dual fuel operation was not the
same under ammonia injection of different volumes. In dual-fuel
modes, it turned out that the effect of EGR on the higher (40 percent)
ammonia level was less pronounced than it was on the lower
premixed fuel percentage.



4.2. Indicated Specific Emission Exhaust
4.2.1.1SCO2

Figure 6 depicts the CO2 emissions from a diesel engine running
on ammonia and diesel. As can be shown, the net diesel fuel is
compared to three distinct intake charge temperatures in two distinct
dual-fuel cases, with 20% and 40% of the ammonia energy fraction
and varying EGR percentages. As seen in Figure 6, adding varying
amounts of EGR would result in increased CO2 emission for dual-
fuel instances, even though employing ammonia as both 20 percent
and 40 percent energy fraction reduces the CO2 emission at different
temperature when comparing EGRO with diesel.
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Figure.6. Effect of EGR on ISCO2 emission of engine fueled by two ammonia
fractions worked at different charge temperature.

Since ammonia is a carbon-free alternative fuel that replaces more
diesel fuel, the decrease in CO2 with dual fuel cases was predicted.
Furthermore, recirculating some of an engine's exhaust gas (including
CO, CO2,...) back into the engine cylinders may be the cause of the
increased CO2 emission for dual-fuel situations with EGR.
Nonetheless, it is evident that the cases with 40% ammonia and two
distinct fractions of EGR (pink and blue columns) would have lower
CO2 emissions than the net diesel cases (red column). This could be
because ammonia is a carbon-free fuel that replaces a larger
proportion of diesel. Thus, while the CO2 emissions of the ADDF
combustion mode can be further increased by adopting the EGR
method in comparison to the diesel injection strategy, the CO2
emissions of stops with a greater ammonia percentage (40 percent)
would still be lower than those of diesel. Furthermore, in general, all
cases especially those with lower ammonia percentages produce more
CO2 emissions at higher temperatures. The outcomes may
demonstrate improved fuel combustion brought on by a greater
temperature.

4.2.2. ISNH3

Figure 7 illustrates how two ammonia energy fractions and three
distinct input temperatures affect the indicated specific NH3
emissions when using with EGR. The amount of NH3 is anticipated
to rise in comparison to all dual fuel cases with the net diesel fuel
because ammonia is added as a premixed fuel [31]. Additionally,
Figure 7 shows that there is an increase in unburned ammonia
emissions when the ammonia energy portion rises. The primary cause
of this is the premixed ammonia-air mixture's ineffective flame
propagation [19]. When using EGR10, a reduction in the NH3
emission was seen. There is an exception for EGR10 of 20 percent
ammonia at 390K when compared to EGRO for both 20 and 40
percent ammonia. It is clear that the reduction for 40% ammonia is
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more noteworthy. This decrease may be explained by the way NH3
reacts with the types of exhaust gases that are recirculated in the
intake manifold; nonetheless, a higher EGR percentage usually
results in a higher amount of unburned NH3, particularly for 20
percent ammonia 330K, because of a lower combustion temperature.
Even so, the amount of unburned ammonia remains smaller in larger
percentage ammonia at higher temperatures than in circumstances
without an EGR (comparing dark blue column with grey one at 360
and 390K). Since greater combustion temperatures may overcome the
higher auto-ignition temperature of ammonia as a premixed fuel,
higher input temperatures generally resulted in fewer unburned NH3
for various instances.
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Figure.7. Effect of EGR on ISNH3 emission of engine fueled by two ammonia
fractions worked at different charge temperature.

4.2.3.ISNO

The indicated specific NO (ISNO) emissions for two ammonia
energy fractions at various EGR percentages and inlet charge
temperatures are displayed in Figure 8 shows that at different
temperatures, dual fuel situations (EGRO for both ammonia energy
fraction, light blue and grey column compared with red column) can
reduce ISNO emissions more than 70%. The primary cause of NO
creation in Cl engines is the lower combustion temperature in ADDF
mode, which tends to generate less NO via the thermal-NO formation
route. Furthermore, the formation of fuel-NO via reaction (6), in
which nitrogenous radicals (primarily NH and NH2) react with
oxygenated species (primarily O and 0O2) at high combustion
temperatures (i.e., T > 1400 K) to form NO, is primarily responsible
for the higher amount of NO for dual-fuel cases at higher
temperatures.

NHi + OX —» NO + NHi

Using EGR would also significantly reduce the ISNO emission at
the same time. The examples with the greater ammonia and EGR
percentages (dark blue column) have the lowest NO emission levels
at varying temperatures. Generally speaking, the ADDF mode's lower
combustion temperature tends to produce less NO through the
thermal-NO production route. Furthermore, lowering the oxygen
concentration in the combustion chamber and increasing heat
absorption from a rise in the specific heating capacity of the
premixed mixture in the intake manifold result in a decrease in the
quantity of NOx produced by using and increasing the EGR
percentage. Furthermore, the increased level of NO in exhaust
emissions is a predicted consequence of the greater inlet charge
temperature. Regarding all of cases in this investigation, 40-EGR20
at 330K yielded the lowest unburned ammonia emissions of 0.0046
g/kW.h, while the net diesel at 390K produced the highest emissions



at 0.0014 g/kW.h. In comparison to the lowest unburned ammonia
emissions in ADDF mode with a single diesel injection technique,
they are reduced by approximately 64 percent and 76 percent,
respectively.
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Figure.8. Effect of EGR on ISNO emission of engine fueled by two ammonia
fractions worked at different charge temperature.

4.2.4. ISNO2

When the NO2 emissions from the dual fuel instances are
compared to the net diesel in Figure 9, it can be seen that while the
cases with 40% ammonia, both with and without EGR, emit less
NO?2, the cases with 20% ammonia exhibit a different pattern. This
indicates that NO2 emissions were higher than the net diesel in the
cases with 20% ammonia and no EGR (light blue column); however,
the cases with EGR (20-EGR10 and 20-EGR20) exhibit lower NO2
exhaust emissions than the net diesel, with the exception of 390K.
The larger increase in NOx-thermal production at the study's greatest
temperature may be the source of the divergent results. Put another
way, a greater combustion temperature, particularly for a smaller
ammonia proportion, may be the cause of the increase in this
particular sort of nitrogen oxides at higher temperatures. This
indicates that at different temperatures, the cases containing 40
percent ammonia and 10-20 percent EGR produce the least amount
of NO2, whereas the instances containing 20 percent ammonia with
and without EGR show the largest quantity of NO2. Thus, in general,
higher ammonia fraction and EGR percentages were associated with
the lowest amount of NO2 (dark blue column 40-EGR10).
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Figure.9. Effect of EGR on ISNO2 emission of engine fueled by two ammonia
fractions worked at different charge temperature.
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4.2.5.ISN20

Figure 10 shows that at all temperatures tested, the diesel
combustion mode emits very little N20. Nonetheless, since the
greenhouse gas impact of N20 is around 300 times greater than that
of CO2 over a 100-year period, N20 emissions are one of the
primary issues associated with ammonia combustion [32]. Nitrous
oxide is formed when nitrogenous radicals, primarily NH and NH2,
react with NO and NO2 at temperatures lower than 1400K to
generate nitrous oxide. Numerous investigations have documented
these reactions as the primary mechanisms of N2O generation [15,
33-34].
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Figure.10. Effect of EGR on ISN20 emission of engine fueled by two
ammonia fractions worked at different charge temperature.

A higher inlet temperature would result in less N20O being released
into the exhaust, even though using EGR would somewhat increase
ISN20O emissions. Consequently, dual fuel cases with a smaller
ammonia proportion and no EGR at a higher temperature would
produce the least quantity of N20O. (20-EGRO light blue column). The
reaction described above and a lower temperature in the ammonia-
diesel dual-fuel combustion process are likely connected to
increasing N20 with EGR. Furthermore, a higher ammonia fraction
was found to increase the amount of N20O (comparing 20 percent and
40 percent) at 330 and 360K, but a higher ammonia fraction at 390K
produced the opposite result, indicating that the cases with 40 percent
ammonia and EGR emit less N20O than the cases with 20 percent
ammonia dual fuel and EGR.

4.3. Multiple linear regression model for predicting engine
performance parameter

As it explained in section 2.3, in this study two independent
factors (xi and xj) were the EGR ratio (0, 10 and 20) and the
temperature of inlet charge (330, 360 and 390). The dependent
variables (y) were ISCO2, ISNO, ISNO2, ISN20, and ISNH3. As
previously noted, in order to identify the best-fitting models, four
regression models have been created to predict eight engine
performance metrics. Two metrics were used to assess the quality of
fitted models: the coefficient of determination (R2) value and the
adjusted R2adj. To put it another way, these two coefficients are used
to determine whether an MLR model is compatible. Based on the
results shown in Table 4. the reduced quadratic model, with the
highest value of determination coefficient, is determined to be best-
fitted model for most of emission parameter all cases at two different
ammonia fractions. The best fitted model for each species is shown
bold style in table.




Table 4. R2 and adjusted Rz coefficients of four different MLR models for five engine
emission parameters while consuming biodiesel produced using Conv., Micro and Ultra.
heating system.

Model 1SCO2
20% NH; 40% NH3
R? R2agj R? RZagj
linear 0.998 0.997 0.985 0.982
2FI 0.998 0.998 0.989 0.986
Red.Quad 0.999 0.999 0.996 0.994
Quad. 0.998 0.997 0.988 0.983
ISNH;
linear 0.887 0.868 0.470 0.381
2FI 0.927 0.907 0.684 0.598
Red.Quad 0.934 0.898 0.808 0.701
Quad. 0.898 0.857 0.549 0.369
ISNO
linear 0.850 0.825 0.804 0.595
2FI 0.944 0.929 0.804 0.695
Red.Quad 0.989 0.983 0.764 0.663
Quad. 0.856 0.798 0.699 0.579
ISNO2
linear 0.770 0.732 0.520 0.440
2FI 0.824 0.776 0.766 0.702
Red.Quad 0.894 0.835 0.899 0.842
Quad. 0.792 0.709 0.584 0.418
ISN20
linear 0.911 0.896 0.610 0.545
2FI 0.930 0.911 0.727 0.652
Red.Quad 0.993 0.989 0.804 0.695
Quad. 0.979 0.971 0.681 0.553

In the cases with the coefficient about 0.99, this means that the model
can estimate the emission very well. Therefore, the obtained equation
for each parameter would be helpful to analysis the response of
emission exhaust running at different EGR ratio and inlet
temperature. Moreover, this can be practical to achieve the optimum
amount of EGR and temperature for dual-fuel cases via optimization
algorithm.

5. Conclusion

In this study, CFD methods are used to investigate the emission
parameter of an ammonia-diesel dual-fuel engine when it is fueled
with two different ammonia (20% and 40% ammonia) and working
with different EGR ratio (0, 10, 20) at different inlet charge
temperature (330, 360 and 390). In general, in-cylinder and heat
release rate of dual-fuel cases decrease in comparison with diesel
mode, and the amount of ISCO2, ISNO for dual-fuel cases were
lower than diesel one while ISNH3, ISNO2 and ISN20O with
ammonia-diesel dual-fuel cases increase generally. Comparison dual-
fuel cases with EGR also, show that using EGR increase 1SCO2
while it was more significant for lower percentage of ammonia, but
ISNH3 for lower percentage of ammonia with EGR generally
increase while for cases with higher ammonia percentage and low
percentage of EGR this can be lower. Moreover, for dual-fuel cases
with EGR the amount of ISNO and ISNO2 decrease. while, lower
amount of these nitrogen oxides would be for the cases with higher
ammonia fraction and EGR ratio. Regarding ISN20 as an important
species for dual-fuel cases represent that the use of low level of EGR
for higher fraction of ammonia can decrease this emission exhaust at
all of investigated temperature. finally, applying regression model
shows that the amount of emission parameter would be predictable
with some multi-linear regression that would be helpful to find the
optimum amount of EGR and intake temperature for dual-fuel cases.
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