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ABSTRACT

Ammonia (NH3) has emerged as a promising alternative marine fuel, offering higher energy storage
density compared with hydrogen for deep-sea vessels. However, the lack of reliable experimental data
and validated models for large-scale marine engines (over one MW) poses significant challenges for
researchers and asset owners. This study addresses this gap by developing a parameterization
method using a multi-objective optimization approach based on a genetic algorithm (GA) for predicting
the performance of a retrofitted ammonia-diesel dual-fuel engine. This method extracts combustion
profiles from experiments on a small ammonia-diesel compression ignition engine, facilitating their
application in a scaled-up dual-fuel engine model for performance prediction.

Experimental work on the small diesel engine, later modified to a dual-fuel engine, explored various
dual-fuel ratios and in-cylinder injection timings, generating comprehensive data on combustion
characteristics under different operating conditions. The proposed GA-assisted parameterization
method was verified under pure diesel conditions, demonstrating accuracy within a 5% error margin
for in-cylinder pressure and characterizing combustion phases using a multi-Wiebe function.

The same method was applied to the dual-fuel engine, generating a credible model in GT-Power
through parameterization. It revealed that with a 60% NH3 heat fraction, the heat release rate (HRR)
curve broadened and slightly decreased in magnitude compared with lower NH3 fractions. This is
attributed to the higher presence of liquid NH3, which requires additional heat for vaporization in the
cylinder, leading to a distinct two-stage combustion process before the HRR peak.

With a better understanding of dual-fuel combustion characteristics from the small engine, the multi-
Wiebe function for ammonia combustion was further applied in the development and simulation of an
MW-scale marine diesel engine. The simulation results indicated that increasing the NH3 heat fraction
in the dual-fuel mix significantly lowers the combustion temperature and pressure in a large marine
engine. The predicted performance characteristics of the MW-scale dual-fuel engine, such as power
and speed, align well with findings from the literature on both small and large dual-fuel engines,
compared with baseline diesel engines, validating the model's credibility and scalability.

In summary, this study provides a novel and validated approach for modeling ammonia-diesel dual-
fuel combustion in MW-scale marine engines. The findings underscore the feasibility and benefits of
using ammonia as a marine fuel, offering a pathway towards more sustainable and efficient marine
propulsion systems.



1 INTRODUCTION

In the marine industry, which accounts for 11% of
greenhouse gas emissions in the transportation
sector, internal combustion engines serve as the
primary power source for propulsion [1].
Developing zero-carbon technologies to reduce
greenhouse gas emissions in the marine shipping
sector is crucial. Ammonia has been studied as an
alternative fuel to fossil fuels [2]. With its high
hydrogen content, ammonia could act as a
hydrogen carrier to support zero-carbon goals in
the era of carbon peaking and carbon neutrality [3].
For deep-sea vessels, ammonia Compression
Ignition (CI) engine offers an efficient solution for
the decarbonization of the marine industry [4].

Numerous studies have been conducted on
ammonia Cl engines. In the experiment domain,
most studies have focused on ammonia engines
with displacements of up to 10L, as summarised in
Table 1. Existing studies explored the effects of
injection methods, including injection pressure and
timing, as well as the ammonia energy ratio, on
engine performance and emissions. These studies
provide valuable insights and potential solutions for
the development of ammonia CI engines. In the
marine industry, ammonia CI| engines with high-
displacement and multi-cylinder are essential for
development and practical application. Addressing
the challenges of designing and testing large
ammonia Cl engines with displacements exceeding
30L, simulation studies play a crucial role in
advancing progress in this field.

Table 1 Experimental studies of ammonia-diesel Cl engines (PFI: Port Fuel Injection, DI: Direct Injection)

Reference Displacement  Injection method Main studied parameters
ammonia injection timing: -20—-10 CAD aTDC, diesel injection timing: -
: ammonia: DI 15 CAD aTDC
Bjorgen et al. [5] 0.3468L diesel: DI ammonia injection timing = diesel injection timing: -20—-10 CAD aTDC
ammonia energy ratio: 40%—60%, diesel mass fixed
. ammonia: PFI . PO
Jin et al. [6] 9.5L diesel: DI ammonia energy ratio: 0 =~ 90%
. ammonia: PFI . P o
Nadimi et al. [7] 0.406L diesel: DI ammonia energy ratio: 0 — 84.16%
Hosseinetal. [8] 2.44L ammonia. PFI ammonia energy ratio: 30% — 70%
diesel: DI
ammonia: PFI ammonia energy ratio: 0 =~ 30%
Elbanna etal. [9]  1.85L diesel: DI diesel injection timing: -12—-4 CAD aTDC
ammonia energy ratio: 90%—>99%
ammonia: DI ammonia injection timing: -40—-3 CAD aTDC, diesel injection timing: -
Shin et al. [10] 2.44L diesel- DI. 15 CAD aTDC
’ ammonia injection timing: -7 CAD aTDC, diesel injection timing: -25—-
10 CAD aTDC
main injection timing: -12—-4 CAD aTDC
ammonia: PFI pre-injection timing: -36—-24 CAD aTDC
Wang et al. [11] 3.26L diesel: DI pre-injection quantity: 1.2—2.8mg
diesel injection pressure: 100—140MPa
ia: PFI ammonia energy ratio: 0—60%
Liu et al. [12] 3.26L 2$;?”§ diesel injection pressure: 100—140MPa
) diesel injection timing: -12—-4 CAD aTDC
. ammonia: DI ammonia energy ratio: 90%, 80%, 70%
Lietal [13] 0.721L diesel: DI injection pressure: high and low
. ammonia: PFI . 0l
Kishore et al. [14]  0.909L diesel: DI ammonia energy ratio: 0—46.88%
Following  experimental studies, numerous 1-D engine model, incorporating a 0-D (O-

simulation studies have been employed to support
the research and development of ammonia CI
engines. Computational Fluid Dynamics (CFD)
models have been used to design and analysis the
combustion process of ammonia CI engines [15].
Working as a 3-D (3-Dimension) model, CFD
model is complex and focuses on simulating the
processes within the cylinder. Research and
analysis of multi-cylinder ammonia CI engines
require a 1-D (1-Dimension) model, which is also
well-suited for powertrain-level studies [16]. In the
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Dimension) combustion model is essential for
ensuring simulation accuracy. The 0-D model
emphasizes time-dependent changes in
thermodynamic states, rather than the spatial
distribution of physical quantities such as
temperature, pressure, and velocity [17]. This
approach is commonly employed to predict engine
performance and behaviour.

Among O0-D combustion models, the Wiebe
combustion model is the most widely utilized for
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simulating combustion processes within the

cylinder [18]. As shown in
Table 2, numerous studies have explored the

application of the Wiebe combustion model in
engine simulations, highlighting its potential for

Table 2 Studies related to Wiebe combustion model

accurate predictions and simulations in the context
of alternative fuel engines and dual-fuel engines.
To improve the accuracy of in-cylinder combustion
simulations, double and triple Wiebe combustion
models, along with optimization methods, have
been developed to refine the calculation of Wiebe
parameters.

Notes

Reference E/r;%me Fuel type Combustion model
Rajendra et al. 4-stroke Cl - . Single-Wiebe
] Biodiesel: DI ;
[19] engine combustion model
liquefied . .
Kim et al. [20] 4-stroke Sl petroleum  gas: Single-Wiebe
engine . combustion model
premixed
Maroteaux et al.  4-stroke Sl Diesel: DI Double-Wiebe
[21, 22] engine ' combustion model
Ngayihi et al. 4-stroke SI Neem . mpthy! Double-Wiebe
] esther biodiesel: ’
[23] engine DI combustion model
Bondarenko et 2-stroke ClI . . Single-Wiebe
] Diesel: DI ;
al. [24] engine combustion model
de Faria et al. 4-stroke SI Biogas: premixed Single-Wiebe
[25] engine 9as:p combustion model
Hydrogen and )
Sapra et al. [26] 4-stroke SI- \ Ziral gas: Double-Wiebe
engine ) combustion model
premixed
Aklouche et al. 4-stroke ClI D!esel: DI Double-Wiebe
. Biogas or natural .
[27] engine > . combustion model
gas: premixed
Tipanluisa [28] 4-stroke Cl  diesel/n-butanol Triple-Wiebe
P engine blends combustion model
Liu et al.[29] 4-stroke Cl Naturlal gas: Trlple-W!ebe
engine premixed combustion model
Loganathan et 4-st_roke Cl Dimethyl Ether: DI Double-Wlebe
al. [30] engine combustion model
Salvi et al. [31] 4-st!'oke Sl Hydrc_)gen: Slngle-Wlebe
engine premixed combustion model
Mishra etal. [32] 4-stroke CI  Diesel: DI Double-Wiebe
engine Gasoline: PFI combustion model

A comprehensive cycle simulation program for
engine by “C” language

Simulation model for engine by MATLAB/Simulink

Simulation model for engine by MATLAB/Simulink,
HIL

MATLAB code

Digital twin model of the powertrain

Wolfram Mathematica 7 was used for the
simulation procedure

0D/1D engine model in GT-ISE

The least squares method was used for the
calculation of Wiebe parameters

The partial least square approximation technique
for multiple variables was utilized to fit the Wiebe
parameters

The least-squares method was employed for the
calculation process.

Oxygenate correction factor and Load correction
factor were used for the prediction of Wiebe
parameters

The computer programme was developed in
MATLAB, EGR

Correlative model using random forest machine
learning was used for the construction of Wiebe

parameters

To address the challenges associated with
conducting experiments during the design and
development process of large bore ammonia ClI
engines, and the lack of a 0-D combustion model
for 1-D simulations of such marine engines, this
study focuses on developing a Multi-Wiebe
Combustion (MWC) model for a large Ammonia-
Diesel Compression Ignition (ADCI) engine. Multi-
objective  optimization, supported by Non-
dominated Sorting Genetic Algorithm Il (NSGA-II),
is utilized to facilitate the calculation and
parameterization of the MWC model. Additionally,
a GT-Power simulation model is developed to
predict and analyse the combustion performance of
the large ADCI engine. The optimization and
simulation results offer valuable insights into the
interaction between ammonia and diesel fuels
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within the engine, enhancing the development of
large ADCI engine.

2 METHODOLOGY
21

In diesel CI engines, the combustion process can
be divided into three phases: premixed combustion
phase (PCP), main combustion phase (MCP) and
tail combustion phase (TCP) [29, 33]. In the ADCI
engine, two types of fuel are burned within the
cylinder. Diesel combustion occurs in three distinct
phases due to direct injection, while ammonia
combustion follows two phases due to port
injection. Therefore, five Wiebe functions are used
for the ADCI engine as follows [28]:

Multiple Wiebe Combustion Model
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where, a refers to ammonia; d refers to diesel; pr,
pm and pr are the proportion of fuel burned in the
PCP, MCP and TCP, respectively; a is the fraction
of fuel burned or combustion efficiency; Ce, Cuw and
Cr are the Wiebe constant of PCP, MCP and TCP,
respectively; Ep, Em and Er are the combustion
exponent of PCP, MCP and TCP, respectively; Pp,
Pm and Pr are the integration of the proportion of
fuel burned in PCP, MCP and TCP, respectively;
Bsoc is the Start of Combustion (SOC); 6so is the
Start of Injection (SOI); tip is the Ignition Delay (ID).

The calculation of the Wiebe constant in the
equation (3) and (4) is as follows:

Coy =—In(1-Py,)

Cys = —In(l— PBS) (5)
ee =—IN(1-Py)
~(Enatl)
CMia = 1 DM_a 1
C. Euetl _c Euatl
) (Era+l) ©)
CT_a = 1 DTia 1
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where, De, Dm and Dt are the combustion duration
of PCP, MCP and TCP, respectively; Cge is the
burned end constant; Css is the burned start
constant; Cewm is the burned mid-point constant; Pem
is the burned fuel percentage at burned mid-point,
and its value is always being set to 0.5; Pss is the
burned fuel percentage at duration start, and its
value is always being set to 0.1; Pge is the burned
fuel percentage at duration end, and its value is
always being set to 0.9.

Therefore, in ADCI engines, the total proportion of
fuel burned throughout the entire combustion
process is as follows:

Prota (9) =Va - Pa (9) +Vq Py (9)
) =Pua (9) *+Pra (6) (8)
Py (9) =Pe g (9) * Pug (6) T Prg (6)

where, 6 is the instantaneous crank angle; protal IS
the proportion of total fuel burned; pa and paq are the
proportion of ammonia and diesel burned,
respectively; ya and ya are the proportion of
ammonia and diesel in the mixture, respectively.

2.2  Optimization Method

As shown in Section 2.1, several parameters need
to be calculated for the MWC model. They are the
proportion of each combustion phase for each fuel
(Pwm_a, P1_a, Pp_d, Pm_d, PT_d), the burning duration of
each combustion phase for each fuel (Dv_a, D1 _a,
Dr_q, Dm_d, D1_d), the exponent of each combustion
phase for each fuel (Em_a, Et_a, Er_qa, Em_d, ET_d),
and the ignition delay of each fuel (tip_a, tip d). As
shown in the equation (2), Pv_a and Pwm_a can be
calculated indirectly. Therefore, there are fifteen
parameters to be determined in the MWC model for
ADCI engines. To accelerate the calculation speed
and improve the accuracy of the results, an
optimization method is developed in this section.
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2.2.1 Objective Function

To achieve accurate results in the optimization
process, a suitable objective function must be
selected as the optimization target. The goal of the
calculations of the MWC model is to closely align
with experimental data. Therefore, the error
between the fitting results and experimental results
should be minimized.

Residual Sum of Squares (RSS) measures the sum
of squares differences between the fitting results
and experimental results. The value of RSS should
be minimized to achieve close alignment between
the fitting results and experimental results. The
function of RSS is given as follows:

€rss = Z(Xi _Yi )2 ()

where, erss is the value of RSS; X and Y; are the
individual data point of variable X and variable Y,
respectively.

When using RSS as the objective function, it should
be defined as follows:

f, = min(exss)

= min(Z(rﬁt (6) ~lexp (6))2)

where, rit and rexp are the Rate of Fuel Burned
Proportion (FBPR) of fitting result and experimental
result, respectively.

(10)

The R-square (R?) is a popular and efficient metric
for evaluating how well the model fits the
experimental data. The value range of R? is from 0
to 1, where a value of 1 indicates a perfect fit, and
a value of 0 means the model has no correlation
with the experimental data. The function is given as
follows:

2(X v

€r, =l-=""—"7T"7=7

Z(xi —Y)z

(11)

where, erz is the value of R? X is the means of
variable X.

When using R? as the objective function, it should
be defined as follows:

f, =min(1-e,)

1- Z(rﬁt (9) “lexp (9))2
Z:(I’ﬁt (9) . )2

12)

=min| 1-
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where, rie is the means of the FBPR of fitting
results.

Pearson Correlation Coefficient (PCC) is useful for
measuring the linear relationship between the
fitting results and experimental data. The value
range of PCC is from -1 to 1, where 1 indicates a
strong positive linear relationship, O indicates no
linear relationship, and -1 indicates a strong
negative linear relationship. The function of PCC is
given as follows:

€rcc = (% +X)-(¥ +Y))
\/Z(Xi +Y)2 'Z((Yi +\?))2

13)

where, epcc is the value of PCC; Y is the means of
variable Y.

When using PCC as the objective function, it
should be defined as follows:

f, =min(1-e...)
Z((rﬁt (6)+ I ) . (rexp 6)+ Fexp ))
S

(14)

=min| 1-

where I;exp is the means of the FBPR of
experimental results.

RSS, R? and PCC assess how well the fitting
results align with the experimental data from
different perspectives. Therefore, the objective
function fi1, f2 and fs serve as multiple objective
functions in the optimization process of this study.
To evaluate the convergence of the optimization
process and assist in selecting the optimal solution,
a comprehensive objective function is introduced.
By assigning weights to each individual objective
function, the final comprehensive objective function
is formulated as follows:

F= min(iwnfn] (15)

n=1

where, wi is the weight of the n' objective function.
N is the number of objective functions.

2.2.2 Constraint Conditions

During the combustion process, the amount of fuel
burned should be limited to the quantity injected
into the cylinder. The function representing this
constraint is given as follows:
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where, ua and pq are the normalized fuel content of
ammonia and diesel, which have been injected into
the cylinder, respectively; Sa and Sq are the
normalized fuel injection rates of ammonia and
diesel, respectively; Beoi_a and Beor_d are the end of
injection points of ammonia and diesel,
respectively.

Based on the experimental data, the range of
ignition timing for diesel can be predicted. Given
the combustion characteristics of diesel and
ammonia, the ignition time for ammonia should
occur later than that of diesel. The function
representing this constraint is shown as follows:

esocid < eSoCﬁa (18)

The range of exponent for each fuel in each
combustion phase is between 0.3 and 2 [34]. The
range of combustion duration and proportion for
each fuel in each combustion phase are predicted
based on the experimental data.

To achieve optimal fitting results, the Relative Error
(RE) of key points should be kept within a low
range. These key points include the maximum
FBFR and the crank angle at which the maximum
FBFR occurs. The function representing this
constraint is given as follows:

r . — I
|eRE_rmax = |[maft maxee € [0'005]
rma><_e><p (19)
2} -6
| rmax_fit r max_exp c [0,005]

|eRE_6_rmax| =
r max_exp

where, rmax_fit and rmax_exp are the maximum FBPR
of the fitting result and the experimental result,
respectively; Bmax_fit and Brmax_exp IS the crank angle
at which the maximum FBPR occurs in the fitting
result and experimental result, respectively;
ere_rmax iS the RE in the maximum FBPR; ere_6 _rmax
is the RE in the crank angle at maximum FBPR.
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2.2.3 Optimization Method — NSGA-II

To calculate the fifteen Wiebe parameters for the
MWC model, NSGA-Il is employed as the
optimization algorithm. By using the fast non-
dominated sorting algorithm, NSGA-II offers low
complexity, rapid calculation speed, and improved
converge quality. The optimization process can be
terminated once the cutoff condition is met. The
cutoff condition is specified as follows:

G 2 Gmax (20)

where, G is the number of generations; Gmax is the
maximum threshold of generations.

The optimization process, as shown in Figure 1,
follows these steps: (i) The initial population is
generated based on the input parameters and
constraint conditions. (i) The population is
evaluated using the objective functions, sorted,
feasibility assessed, and crowding distances
calculated. (iii) A new generation is created through
selection, crossover, mutation, and correction of
infeasible solutions. (iv) The results are evaluated:
If the cutoff condition is met, the final results are
produced, and the optimization process concludes.
If not, the process returns to step (ii) and continues.

Input initial parameters

i
i |
' I
1 Fuel type | | Fuel fraction | | Experimental combustion curve 1
1 |
' i
'

Start of fuel injection | | Normalizing fuel injection speed

gty oot gyt
i
Constraint condition X NSGA-II
[

'
i
'
i\| Wiebe parameters’ range || Maximum point | Initial population
! [ ;
!|__Other special point ” Normalizing fuel content | | ! generation

'

et e i Sorting of Objective Function Values
) H and Feasibility Determination
To get higher correlation i 1
relationship | Fast Non-Dominated Sorting |

| Calculate Crowding Distances |

crossover
mutation

Correction of Infeasible Solutions

Does the results
meet the cutoff
condition?

Output optimization results

'
'
E | Wiebe Parameters, Optimization Combustion Curve, Pareto Fronts

Figure 1 Diagram of the NSGA-II optimization
process

2.3 Simulation Model

In this study, the Wartsila 32 engine serves as the
base engine for analysis, with its specifications
provided in Table 3. The experiment data used in
this study is obtained from the reference [35]. To
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validate the accuracy of the MWC model, which is
computed using NSGA-Il, and to simulate the
performance of the multi-cylinder engine, a 1-D
simulation model is developed in GT-Power.

For the fuel injection system, ammonia is
introduced through a port injection system
equipped with an 8-nozzle injector, each nozzle
having a diameter of 0.2 mm, ensuring thoroughly
mixing with air before combustion. Diesel is
injected via a direct injection system to serve as the
pilot fuel, operating at an injection pressure of 150
MPa.

Table 3 Engine specifications and basic operating
conditions

Parameter Unit Data
Engine type 4-stroke
Number of cylinders 6
Engine Compression ratio 16:1
specifications  Bore/Stroke mm 320/400
Displacement volume  L/cyl 32.2
Connecting rod length  mm 848
Engine speed rpm 750
. Injection pressure of MPa 150
Operating .
parameters diesel
Intake temperature °C 40
Fuel temperature °C 60

2.4 Case Setup

This study analyses various diesel injection timings
at a high energy substitution rate to examine the
interaction dynamics of ammonia in a large ADCI
engine and its impact on engine performance. The
goal is to accelerate the adoption of high ammonia
substitution rates in large ADCI engines for the
marine industry. The cases setup is provided in
Table 4 [35].

Table 4 Cases setup. ¢a is the equivalence ratio of
the ammonia/air mixture; InjDq is the injection
duration of diesel.

Unit Case 1 Case 2 Case 3

Ba % 91.85 91.85 91.85
Pa 0.58 0.58 0.58
m, gl/cycle 3.276 3.276 3.276
my glcycle 0.125 0.125 0.125
Bso1 a CAD aTDC -350 -350 -350
Bsoi d CAD aTDC -10 -15 -20
InjDy CAD 8.64 8.64 8.64

The energy share ratio of each fuel in a mixed-fuel
scenario could be calculated as follows:

m, - A
By=—
m,-A,+m, - A (21)
m_-A
Ba: a a

my-Ay+m, - A

where, B4 and Ba are the energy share ratio of
diesel and ammonia, respectively; ms and ma are
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the mass of diesel and ammonia, respectively; Aq
and Aa are the lower heating value of diesel and
ammonia, respectively.

3 RESULTS AND ANALYSIS
3.1 Validation
3.1.1

In the optimization process, as shown in Figure 2,
the Pareto nondominated solution set covers the
solution space, demonstrating the strong
exploratory capabilities of the NSGA-II algorithm in
optimizing multiple objectives [36]. The Pareto
boundaries emphasize the trade-offs among the
objectives, assisting in the selection of optimal
solutions for the specific MWC model problem.

Pareto Front and Convergence

) Pareto Nondominated Solution
Pareto Front

Figure 2 The Pareto nondominated solution and
Pareto front

Figure 3 shows the iterative convergence curve,
which illustrates that the comprehensive objective
function steadily decreases as the number of
generations increases. The objective value drops
significantly before the 50" generation and then
levels off, indicating that the NSGA-II could achieve
efficient convergence within a relatively small
number of generations.

0.0525

0.0500
0.0475
0.0450
0.0425
0.0400
0.0375
0.0350

0.0325

0.0300

00275 1 1 1 1 1
0 50 100 150 200 250 300
Generation

Figure 3 The iterative convergence curve
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The results of the Pareto solution set and
convergence curve indicate that the optimization
algorithm, NSGA-II, exhibits strong computational
efficiency and convergence performance when
applied to the calculation of Wiebe parameters in
the MWC model. It shows a balance between
global exploration and local exploitation during the
optimization process.

3.1.2 Validation of Results

The final solution for each case is selected from the
Pareto nondominated solution set based on the
comprehensive objective function. The values of
each objective function are presented in Table 5.
The error between the fitting results and the
experimental data can be assessed from various
perspectives using these objective function values.
The values of comprehensive objective function F
are all below 0.03, indicating a strong fit between
the fitting results and the experimental data.

Table 5 The value of objective functions.

Objective function Case 1 Case 2 Case 3
fi=min(1-erz) 0.0155 0.0079 0.0091
f,=min(erss) 0.0035 0.0020 0.0029
f=min(1-epcc) 0.0310 0.0172 0.0184
F=min( X wafy) 0.0267 0.0148 0.0159

Figure 4 to Figure 6 compare the fitting results,
simulation results, and experimental data. The
results show that during the optimization process,
the FBPR of the fitting results and experimental
results exhibit a strong correlation. The relative
error at key points, such as the maximum FBPR, is
below 5%. Additionally, the fitting results follow the
same trend as the experimental results.

0.10 FBPR:
P~ —— Experimental Result|
2 0.08 | Fitting Result
Loost {
@ 004 [ i
o |
E 0.02 y “\,\
M__
0.00 ! -
1 1 E 1 1 1 1
2500 HRR:

80

Experimental Resulf]

Q2000 5% << Simulation Result_| o &
O 1500 | T Pressure: %
= v e ---- Experimental Result| 40 3
o 1000 |- ® | Sinl Simulation Result 2
o i ]
E s00 420 &

T
———

0 -
0
-20 -10 0 10 20 30 40 50 60
Crank Angle (CAD aTDC)

Figure 4 Comparison of FBPR between fitting
results and experimental data, as well as a
comparison of HRR and pressure between
simulation and experimental results, with a diesel
SOl of -10 CAD aTDC.
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2 0.08 - ‘l Fitting Result
Qo006 | |
Z i
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o 1]
@ 002 - |
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0i00; = 1 | L 1 1 L i L

3750 |- HRR: -1 100
s Experimental Result -
33000 - Simulation Result & &
O 2250 | Pressure: ) 160 ;
= 7 ~-== Experimental Result| 5
o 1500 | e Simulation Result { 40 o
o " s 4
T 750 F e S Jo0 @

——— e
0 i | L 1 ! L i 0
20 10 0 10 20 30 40 50 60

Crank Angle (CAD aTDC)

Figure 5 Comparison of FBPR between fitting
results and experimental data, as well as a
comparison of HRR and pressure between
simulation and experimental results, with a diesel
SOl of -15 CAD aTDC.
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Figure 6 Comparison of FBPR between fitting
results and experimental data, as well as a
comparison of HRR and pressure between
simulation and experimental results, with a diesel
SOl of -20 CAD aTDC.

As shown in Figure 4 to Figure 6, when applying
the MWC model obtained through optimization to
the 1-D simulation model, the Heat Release Rate
(HRR) of the simulation results also aligns well with
the experimental results, with a relative error of less
than 5% at key points and a similar trend.
Furthermore, the relative error in in-cylinder
pressure between the simulation results and the
experimental results is below 5%, demonstrating
the high accuracy of both the MWC model and the
1-D simulation model [37].

3.2  Analysis of Fuel Interaction and Its
Effect

Through the MWC model, this section mainly
analyses the interaction between diesel and
ammonia, as well as the impact of diesel injection
timing on combustion in the large ADCI engine.
Figure 7 presents the Wiebe combustion curves,
derived from the Wiebe parameters, showing a
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comparison of the FBPR of diesel during the
premixed, main, and tail combustion phases under
different diesel injection timings. Figure 8 is similar
to Figure 7, but focuses especially on ammonia.
These two figures will be referenced for the
following subsequent analysis in different sections.
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Figure 7 Comparison of the FBPR of diesel across
various SOIs during the premixed, main, and tail
combustion phases.
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Figure 8 Comparison of the FBPR of ammonia
across various SOls during the premixed, main,
and tail combustion phases.

3.2.1 HRR, Pressure and Temperature

Figure 9 illustrates the HRR, in-cylinder pressure
and in-cylinder temperature under varying SOI of
diesel in the simulation model based on the MWC
model. The delayed diesel injection timing results
in a lower HRR, driven by the FBPRs shown in
Figure 7 and Figure 8. Since the energy share ratio
of diesel is less than 10%, and given the premixed
ammonia and the small gap between the SoC of
diesel and ammonia, the first peak of HRR is mainly
determined by the FBPR of both diesel in premixed
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combustion phase and ammonia in main
combustion phase. Based on the FBPRs in the
premixed combustion phase, as shown in Figure 7
and Figure 8, although the peak of diesel increases
with the delayed diesel injection timing, the lower
peak of ammonia has a greater influence on the
first peak of HRR due to its higher energy ratio,
leading to a lower first peak of HRR, as shown in
zone (i) of Figure 9. As the gap between the SoC
of ammonia and diesel narrows with delayed diesel
injection timing, the first peak of HRR becomes less
significant, as shown in zone (iii) of Figure 9. The
second peak of HRR is mainly influenced by the
first peak of ammonia, which occurs in the main
combustion phase. The lower FBPR in the main
combustion phase for ammonia, as shown in
Figure 8, results in a lower second peak of HRR, as
depicted in Figure 9. Besides, with the delayed
diesel injection timing, the lower HRR means
reduced heat release, which in turn results in a
lower in-cylinder temperature and pressure.
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Figure 9 Comparison of the HRR, pressure and
temperature across various SOls.

3.2.2 Ignition and SoC

When the diesel injection timing is delayed from -
20 CAD aTDC to -10 CAD aTDC, the diesel is
injected into a higher temperature and pressure
environment near TDC as shown in zone (i) and
zone (ii) of Figure 9. The higher temperature
accelerates the evaporation of diesel, while the
increased pressure enhances the mixing process
between diesel and air, resulting in the formation of
a superior diesel-air mixture [38]. Under high-
temperature and high-pressure conditions, it is
easier to ignite the superior diesel-air mixture,
leading to a shorter ignition delay, as shown in
Figure 10 [39]. The ignition delay of diesel
decreases from 12.46 deg to 7.14 deg, a reduction
of 5.32 deg, representing a decrease of up to
42.69%.
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In this study, the ignition delay of ammonia is
defined as the gap between the SOI of diesel and
the SoC of ammonia, as ammonia is premixed and
diesel is directly injected. When diesel injection
timing is delayed, the higher temperature and
pressure also increase the Kkinetic energy of
ammonia, making it easier for ammonia to reach
the ignition condition [35]. This results in a
reduction of the ignition delay of ammonia from
13.47 deg to 7.8 deg, a decrease of 5.67 deg. The
larger reduction in ignition delay of ammonia
compared to diesel leads to a smaller gap between
the SoC of diesel and ammonia, as shown in Figure
10.

Ammonia:|
-0 S0C| |
o 1D

Diesel:
—0—SoC
—o— 1D

SoC (CAD aTDC)
A

-20 -15 -10
SOl (CAD aTDC)

Figure 10 SoC and ID with varying SOI of diesel.

3.2.3 Fuel Burned Proportion

As the diesel injection timing is delayed from -20
CAD aTDC to -10 CAD aTDC, the ignition delay of
diesel decreases by up to 42.69%, as mentioned in
3.2.2. The shorter ignition delay reduces the time
available for diesel to mix with air before ignition
[40]. As shown in Figure 9, when the diesel injection
timing is delayed from -20 CAD aTDC to -10 CAD
aTDC, the temperature at the SoC of diesel
increases from 869 K to 881 K, while the pressure
rises from 42 bar to 46 bar. Although higher
temperature and pressure can enhance the mixing
process [41], the timing of mixing plays a more
dominant role, which leads to a decrease in the
diesel-air mixture. Since the fuel burned proportion
in the premixed combustion phase is primarily
determined by the diesel-air mixture before ignition
[42], a smaller proportion of diesel is burned in the
case of late SOI, as shown in Figure 11.

Since ammonia is premixed with air before entering
the cylinder, its combustion primarily consists of
two phases. The main combustion phase is driven
by in-cylinder temperature and pressure. As
ammonia ignition is triggered by diesel, the
premixed combustion phase of diesel also
influences ammonia combustion. A lower diesel
premixed proportion results in reduced heat
release during this period, leading to less heat
absorption by ammonia for combustion. As shown
in Figure 9 and Figure 8, delaying the diesel
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injection timing lowers the temperature and
pressure during ammonia's main combustion
phase. This slows the burning rate of ammonia in
the main combustion phase, as shown in Figure 8
[43, 44], and reduces the proportion of ammonia
burned in the main combustion phase, as shown in
Figure 11 [45].

The tail combustion phase of ammonia is defined
as the post-combustion period, during which
unburned ammonia and other combustion products
continue to react. In the tail combustion phase, the
proportions of diesel and ammonia burned are
determined by the unburned fuel remaining after
the main combustion phase [46]. The decreased
ammonia burned proportion in the main
combustion phase results in more unburned
ammonia remaining after the main combustion
phase, leading to a lower ammonia burned
proportion in the tail combustion phase, as shown
in Figure 11. At the same time, the lower diesel
burned proportion in the premixed and main
combustion phases means a more unburnt diesel
remains after the main combustion phase, resulting
in a higher diesel burned proportion in the tail
combustion phase, as shown in Figure 11.
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Figure 11 The proportion of fuel burned in different
combustion phases with varying SOI of diesel.

3.2.4 Combustion Duration

Figure 12 shows the combustion durations in
different combustion phases for both diesel and
ammonia. The high energy share ratio of ammonia,
at 91.5%, combined with its inherently slower
combustion speed than diesel, results in a longer
combustion duration for ammonia compared to
diesel [47]. As the diesel injection timing is delayed,
the combustion duration of both diesel and
ammonia increase. This is because the delayed
diesel injection timing shifts the SoC closer to TDC,
causing the heat to be released primarily during the
power stroke rather than the compression stroke.
This leads to lower in-cylinder temperature and
pressure, as shown in Figure 9 [48]. The lower in-
cylinder temperature and pressure result in a
slower combustion reaction rate [49]. With further
delay in diesel injection timing, a greater portion of
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both diesel and ammonia is combusted after TDC,
as shown in Figure 7 and Figure 8, leading to a
longer combustion duration, as shown in Figure 12.
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Figure 12 The combustion duration in different
combustion phases with varying SOI of diesel.

3.2.5 Combustion Exponent

Combustion exponent defines the shape of the
combustion curve and influences the burning rate.
As shown in Figure 13, the combustion exponents
in different combustion phases for diesel are higher
than those of ammonia, indicating that diesel has a
faster combustion speed than ammonia [50]. Since
diesel is easier to combust than ammonia, this
characteristic contributes to its higher combustion
quality and speed [51]. In Figure 13, as the diesel
injection timing is delayed, the combustion
exponents for both diesel and ammonia decrease,
indicating an increase in combustion speed.
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Figure 13 The combustion exponent in different
combustion phase with varying SOI of diesel.

3.2.6 Efficiency and ammonia slip

As shown in Figure 14, when the diesel injection
timing delayed from -20 CAD aTDC to -10 CAD
aTDC, the deterioration in fuel combustion, lower
temperature and pressure, results in a decrease in
combustion efficiency from 64.86% to 28.2%. It
also leads to an increase in ammonia slip from 0.3
to 0.62, normalized by the total ammonia injected
into the cylinder [35]. Although delayed diesel
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injection can shift ignition closer to TDC and
increase the percentage of heat released during
the power stroke, potentially improving indicated
efficiency, the overall reduction in combustion
efficiency significantly lowers the peak in-cylinder
pressure from 80 to 60 bar, causing the indicated
efficiency decreases from 33.79% to 18.33%.
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Figure 14 Combustion efficiency, indicate efficiency
and unburned ammonia (Normalized by the total ammonia
injected into the cyIinder) under varying SOl of diesel.

4 CONCLUSIONS

This study developed a multi-Wiebe combustion
model (MWC) for ammonia-diesel compression
ignition  (ADCI) engines to enhance the
understanding of combustion interactions between
ammonia and diesel, while addressing simulation
challenges in multi-cylinder ammonia engines.
NSGA-Il was employed to parameterize and
optimize the Wiebe parameters in MWC model. A
simulation model in GT-Power was developed to
validate the accuracy of the MWC model and
support future research at the powertrain level.

The method described above was applied to the
study of a special large-bore ADCI engine with
premixed ammonia and direct injection of diesel.
The results show that the NSGA-II optimization
method converges quickly and provides accurate
optimization results. It was found that, when the
diesel injection timing is delayed, the ignition delay
of both ammonia and diesel are shortened, while
the premixed combustion of diesel is enhanced and
the main combustion of ammonia is weakened.
However, the combustion efficiency and indicated
efficiency significantly decrease when the diesel
injection timing is delayed near TDC, resulting in a
high ammonia slip. The high level of ammonia slip
indicates that the premixed ammonia engine
requires further research to address this issue.

In the next step, it is expected to explore the direct
injection of ammonia for marine engines by using
the MWC model and NSGA-Il developed in this
study. This approach will enhance the
understanding of the fuel interactions and provide
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a simulation model that can be applied at the
powertrain level, supporting the advancement and

development of ADCI engines.

5 DEFINITIONS, ACRONYMS,

ABBREVIATIONS
Nomenclature
English letters
Cse Burned end constant
Cem Burned mid-point constant
Css Burned start constant
Cu » Wiebe constant of main
- combustion phase of ammonia
Cu o Wiebe constant of main
- combustion phase of diesel
Cr o Wiebe constant of premixed
- combustion phase of diesel
Cr. Wiebe constant of (tail
- combustion phase of ammonia
Cr o Wiebe constant of tail
- combustion phase of diesel
Du Duration of main combustion
phase of ammonia, deg
Du 4 Duration of main combustion
- phase of diesel, deg
Duration of premixed
Dp_q combustion phase of diesel,
deg
Dr . Duration of tail combustion
- phase of ammonia, deg
Dr 4 Duration of tail combustion
- phase of diesel, deg
Exponent of main combustion
EM a .
phase of ammonia
Eu o Exponent of main combustion
- phase of diesel
erce The value of Pearson
Correlation Coefficient
= Exponent of premixed
- combustion phase of diesel
€r2 The value of R-squared
ORE max Relative error of the maximum
- rate of fuel burned proportion
Relative error of the crank
©RE_6_rmax angle at the maximum rate of
fuel burned proportion
The value of residual sum of
ERss
square
Exponent of tail combustion
ET_a :
phase of ammonia
Er 4 Exponent of tail combustion
- phase of diesel
E Comprehensive objective
function
G The number of generations
G The maximum thresholds of
max .
generations
InjDq Injection duration of diesel
Ma Mass of ammonia, kg

mqd
N

Pa
Pd
Protal

PM_a
Pm_d
ppr_d
PT_a
pT.d
Protal
Pwm_a

Pr_a

Fexp

it
I'max_exp

I'max_fit

Sa

S

tp_a
tip_d

X
Xi
Y
Yi

Greek letters

da

ad

Ba
Bd

Ya
Ya
o

GSOC_E!

Mass of diesel, kg

The number of objective
functions

Proportion of ammonia burned
Proportion of diesel burned
Proportion of total fuel burned
Proportion of ammonia burned
in main combustion phase
Proportion of diesel burned in
main combustion phase
Proportion of diesel burned in
premixed combustion phase
Proportion of ammonia burned
in tail combustion phase
Proportion of diesel burned in
tail combustion phase
Proportion of total fuel burned
The integration of the
proportion of ammonia burned
in main combustion phase
The integration of the
proportion of ammonia burned
in tail combustion phase

Rate of fuel burned proportion
of experimental result

Rate of fuel burned proportion
of fitting result

Maximum rate of fuel burned
proportion of experimental
result

Maximum rate of fuel burned
proportion of fitting result
Normalized fuel injection rate
of ammonia

Normalized fuel injection rate
of diesel

Ignition delay of ammonia, deg
Ignition delay of diesel, deg

The means of variable X

Individual data point of
variable X

The means of variable Y
Individual data point of
variable Y

Fraction of fuel burned or

combustion
ammonia
Fraction of fuel burned or
combustion efficiency of diesel
Energy share ratio of ammonia
Energy share ratio of diesel
Proportion of ammonia in the
mixture

Proportion of diesel in the
mixture

Instantaneous crank angle,
CAD
Start of

efficiency  of

Combustion  of
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Bsol_a
Bsoc_d

Bsol_d

ermax_exp

ermaxifit

Beol_a
Beol_d
Aa

Ad

Ma

Ud

Pa

Wn

Abbreviations
0-D
1-D
3-D

ADCI

aTDC
BE
BM
BS
CAD
CFD
Cl

DI
EOI

FBPR

ESR
HRR
ID
MCP
MWC

NSGA-II

PCC

PCP
PFI
R2

ammonia, CAD aTDC

Start of injection of ammonia,
CAD aTDC

Start of Combustion of diesel,
CAD aTDC

Start of injection of diesel,
CAD aTDC

Crank angle of experimental
result at the maximum rate of
fuel burned proportion, CAD
Crank angle of fitting result at
the maximum rate of fuel
burned proportion, CAD

The end of injection point of
ammonia, CAD

The end of injection point of
diesel, CAD

Lower heating value of
ammonia, MJ/kg

Lower heating value of
ammonia, MJ/kg

Normalized fuel content of
ammonia, which has been
injected to the cylinder
Normalized fuel content of
diesel, which has been
injected to the cylinder
Equivalence ratio of the
ammonia/air mixture

Weight of the n'" objective
function f;

Zero-Dimensional
One-Dimensional
Three-Dimensional
Ammonia-Diesel Compression
Ignition

After Top Dead Center

End of Burned

Burned Mid-point

Start of Burned

Crank Angle Degree
Computational Fluid Dynamics
Compression Ignition

Direct Injection

End of Injection

Rate of  Fuel Burned
Proportion

Energy Share Ratio

Heat Release Rate

Ignition Delay

Main Combustion Phase
Multi-Wiebe Combustion

Non-dominated Sorting
Genetic Algorithm I

Pearson Correlation
Coefficient

Premixed Combustion Phase
Port Fuel Injection
R-squared
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RE Relative Error

RSS Residual Sum of Squares
SoC Start of Combustion

SOl Start of Injection

TCP Tail Combustion Phase
TDC Top Dead Center
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