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Abstract

Ammonia is currently receiving more interest as a carbon-free alternative fuel for in-
ternal combustion engines. A promising energy carrier, easy to store and transport,
being liquid, and has zero carbon-based emissions which makes ammonia a green
fuel to decarbonize internal combustion engines and reduce greenhouse gas emis-
sions. This thesis explores the development and use of ammonia with pilot diesel
in dual fuel compression ignition engine, by retrofitting a single-cylinder diesel en-
gine for experimental and numerical analyses. Hence, the first part of the thesis
involves experimental development and the procedure of utilizing ammonia as a
primary fuel with biodiesel in a dual-fuel mode. Thus, a single-cylinder diesel en-
gine was retrofitted to introduce gaseous ammonia into the intake manifold, and
then a pilot dose of biodiesel was injected into the cylinder to initiate combustion of
the premixed ammonia-air mixture. The effects of various ammonia mass flow rates
with a constant biodiesel dose on engine performance and emissions were investi-
gated. In a subsequent study, the impacts of substituting diesel fuel with gaseous
ammonia in a dual fuel engine were examined. The effects of various ammonia
diesel ratios on combustion, emissions, and engine performance were tested. Ad-
ditionally, a developed 1D model was utilized to analyze the performance of the
dual fuel engine. The second part of the thesis discusses the development of two
injection systems for the direct injection of liquid ammonia and biodiesel in a dual
direct injection engine. The effects of liquid ammonia and ammonia energy share
were investigated. In addition, various ammonia injection timings were studied
to improve ammonia/biodiesel combustion and reduce emissions. Furthermore, a
CFD model was developed and validated with experimental data to study ammonia
sprays, combustion characteristics, and emissions formation. Finally, the impacts of
the biodiesel injector configuration and its number of nozzles were explored. Hence,
the number of nozzles in the biodiesel injector was blocked by welding in various
configurations to improve injection and engine performance. Moreover, different
injection timings of biodiesel were tested to determine the optimal injection timing
for biodiesel in the dual direct injection engine. The main findings showed that a
maximum of 84.2% of input energy can be provided by gaseous ammonia in port
injection. Increasing the ammonia energy share changed the combustion mode from
diffusion to premixed combustion resulting in a short combustion duration. Al-
though ammonia significantly reduced CO,, CO, and particulate matter emissions,
it also increased NOx emissions and unburned ammonia (14800 ppm) in the port
injection strategy. The results of dual direct injection strategy showed that higher
ammonia energy share significantly reduced the local cylinder temperature due to
the strong cooling effects of ammonia, therefore, a maximum ammonia energy share
of 50% was achieved. Direct injection of liquid ammonia reduced unburned ammo-
nia by 10813 ppm compared to port injection. Moreover, the optimal injection timing
for ammonia and biodiesel was determined at-10 and -16 CAD, respectively. Finally,
since biodiesel was used as pilot fuel with lower injected mass, blocking three noz-
zles of the original six-nozzle injector increased indicated efficiency and reduced CO
and N Hj3 emissions.
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Chapter 1

Introduction

1.1 Background

Fossil fuels, greenhouse gas (GHG) emissions, and their effects on climate change
are the primary reasons to prevent internal combustion engines (ICE) from utilizing
fossil fuels. ICEs also produce harmful emissions, such as nitrogen oxides (NOx),
hydrocarbons (HC), Particulate Matter (PM) and carbon monoxide (CO), and ex-
ceeding the threshold limit for these hazardous gases has harmful health effects.
Nevertheless, ICEs are widely used in the transportation sector, such as heavy-duty
vehicles, producing a significant amount of carbon dioxide (CO;) emission. To com-
bat these worldwide challenges, the legitimately binding international agreement on
climate change, the 2015 Paris Agreement provided a global framework for reducing
greenhouse gases in the next decades. Hence, the European Union countries have
an aim to decrease the emissions of greenhouse gases by 55% by 2030 [7]. There-
fore, ICEs must be decarbonized by replacing them either with electric motors or
using alternative green fuels. Electrical Vehicles (EVs), which can be battery type or
hydrogen (H>) fuel cell, are more feasible for light-duty vehicles. However, the ma-
jority heavy-duty engine manufacturers will still use diesel engines because of the
challenges of batteries such as energy density and charging duration [8].

Therefore, alternative carbon-free fuels, such as ammonia (NHz) and hydrogen,
are a good way to replace fossil fuels and stop the emission of carbon dioxide. How-
ever, the big problem with hydrogen is storing in the high pressure at a reasonable
cost because of the extremely low density of gaseous hydrogen. Among all green
fuels such as ethanol [9], methanol [10], and methyl ester [11], ammonia is currently
attracting a lot of interest as a potential alternative to fossil fuels [12, 13, 14]. Itis a
good hydrogen carrier (17.8% by mass), is liquid and easy to store under low pres-
sure, and is also one of the most produced chemicals in the world. Additionally,
ammonia already has a great established infrastructure for distribution, production,
and handling, as it is used as fertilizer in the agriculture industry. However, the
practical usage of liquid ammonia as fuel for ICE requires many technical and oper-
ational difficulties to be surmounted.

Ammonia has different characteristics from common fossil fuels. However, the
challenges in using ammonia as fuel in ICE are high ignition energy and tempera-
ture, low flame speed, and low adiabatic flame temperature compared to diesel fuel.
Furthermore, the Lower Heat Value (LHV) of ammonia is around 60% lower than
diesel fuel. Nevertheless, the sociometric mixture of ammonia/air has almost the
same amount of energy compared to the sociometric mixture of diesel/air [15].
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1.2 Motivation and objectives

The motivation for this thesis comes from the urgent need to address the envi-
ronmental challenges posed by conventional fossil fuels, particularly in the con-
text of ICEs. Furthermore, the significant impact of greenhouse gas emissions on
climate change requires a shift toward renewable and carbon-free energy sources.
Hence, ammonia has emerged as a promising green fuel due to its carbon-free na-
ture and hydrogen carrier to utilize in the Compression Ignition (CI) engine. There-
fore, the main objective of this thesis is to develop an ammonia fueled CI engine by
retrofitting the single cylinder diesel engine. Then, experimentally and numerically
investigating the use of ammonia in CI engine, focusing on dual fuel combustion.
Also, addressing challenges of ammonia such as ammonia slip and NOx. The over-
arching goal is to enhance combustion, reduce emissions, and improve the perfor-
mance of ammonia-fueled CI engine compared to traditional diesel engine. Hence,
the following research and objectives were formulated to achieve the thesis goals:

¢ The experimental development for using ammonia as primary fuel and biodiesel
or diesel as a secondary pilot fuel in a CI engine.

¢ Developing and investigating two different approaches for utilizing ammonia
by retrofitting a single-cylinder diesel engine. The first strategy involves the
introduction of gaseous ammonia into the intake manifold, while the second
strategy is direct injection of liquid ammonia into the cylinder in dual injection
engine.

¢ Testing the impacts of replacing diesel fuel with ammonia to the maximum
possible substitution in the CI engine. Therefore, engine performance and
emission characteristics are experimentally studied for various ammonia-diesel
ratios and compared with pure diesel mode.

¢ Investigation of injection parameters for both liquid ammonia and biodiesel.
Therefore, injection timing of ammonia and biodiesel are studied to optimize
engine performance and reduce emissions.

¢ Since biodiesel is employed as pilot fuel with low injected mass, the number of
nozzles in biodiesel injector are blocked to improve injection and thus reduce
emissions.

* Development of a 1D model to analyze ammonia-fueled CI engine.

¢ The development and validation of a CFD model for both pure biodiesel and
ammonia biodiesel CI engine. The CFD model is developed to study ammonia
spray and combustion, as well as to predict local temperature and emissions
such as CO,, CO, NOx, and N Hs.



1.3. Thesis outline 3

1.3 Thesis outline

The thesis consists of four published articles, each contributing to the experimen-
tal and numerical study of an ammonia-fueled compression ignition engine. Thus,
thesis serves as a guide for the four papers. Chapter 1 provides background by
highlighting the potential of ammonia as a carbon-neutral alternative to traditional
fossil fuels. It establishes the global context, motivation, and objectives of the work.
Chapter 2 outlines the modification of a single-cylinder diesel engine to use gaseous
ammonia as the primary fuel with pilot ignition of biodiesel in a dual fuel engine. It
investigates the impact of varying ammonia mass flow rates on engine performance
and emissions at constant biodiesel doses and different engine loads. Chapter 3
discusses the experimental development for port injection of gaseous ammonia, ex-
ploring the impacts of replacing diesel fuel with ammonia in a dual-fuel engine and
studying the effects of various ammonia/diesel ratios on combustion emissions and
engine performance. Additionally, it discusses 1D model development of the en-
gine. Chapter 4 focuses on the development of the direct injection of liquid ammonia
with biodiesel and explains the dual direct injection system. It examines the effects
of the injection timing of ammonia and Ammonia Energy Share (AES) on combus-
tion, emissions, and engine performance through experimental and CFD analysis.
Moreover, it describes the CFD model case setup. Chapter 5 aims to investigate the
influence of the biodiesel injector configuration, injection timing, and its number of
nozzles on the performance, combustion, and emissions characteristics of the lig-
uid ammonia-biodiesel dual direct injection engine. Furthermore, the last sections
of Chapters 2, 3, 4, and 5 explain and summarize the corresponding papers in the
Appendix A. Hence, paper I, II, II, and IV can be find in the Appendix A.1, A.2, A.3,
and A 4, respectively. Finally, Chapter 6 summarizes key findings of the thesis.






Chapter 2

Paper I: Experimental development
and port injection of ammonia

2.1 Experimental development

Investigating the performance, emissions, and combustion of an ammonia-fueled
engine requires a well-equipped test rig. Therefore, the test rig was designed and
constructed in a way that allows for extensive research on engines fueled by ammo-
nia, biodiesel, and diesel. The measured data includes exhaust species concentra-
tion, in-cylinder pressure, engine speed, fuel and air mass flow rates, and PM levels.
The test rig consists of various components such as the ammonia fueling system,
electric motor, coupling shaft, National Instrument, gas analyzer, Fourier-transform
infrared spectroscopy (FTIR), temperature sensors and air and fuel flow measure-
ment devices. The construction and development of each part of the test rig, as well
as equipment selection, will be discussed in the following sections.

2.1.1 Emissions measurements

A sample of exhaust gas was analyzed using FTIR, Capelec gas analyzer, and SMG200M
PM device. The FTIR is a Gasmet DX4000 gas analyzer that is operated by Calcmet
software. The Calcmet can simultaneously analyze gas components in wet and cor-
rosive gas streams, and it has various spectrum libraries in different ranges to de-
termine the concentration of each species. The FTIR has an accuracy of less than
2%. FTIR can measure H,O, CO,, CO, N,O, NO, NO,, SO,, NH3, HCI (Hydro-
gen chloride), HF (Hydrogen fluoride), CHy, CoHg (Ethane), C;Hy (Ethylene), C3Hg
(Propane), C¢H14 (Hexane), CHOH (Formaldehyde) and O,. Furthermore, PM was
measured using SMG200M with a precision of 3% and particle sizes in the range
of 0.04ym to 10um under normal conditions ( 1 atm and 0°C). The additional Cap-
elec gas analyzer measured the dry exhaust gas for CO, CO,, HC, O, and lambda.
Emissions measurement devices are shown in figure 2.1.

2.1.2 Testrig

A single-cylinder CI engine has been retrofitted to operate with port injection of
gaseous ammonia and then will be installed in the tractor for using in the agricul-
tural sector. Gaseous ammonia was introduced into the port near the inlet valve,
through the pipe inserted into the intake manifold, and the mass flow of ammonia
was measured using a Coriolis flow meter. A surge tank has been installed in the
intake manifold to measure the constant air mass flow rate, also to avoid backflow
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mg/m>
Mean value 1.56

SMG200M

FIGURE 2.1: Emissions measurement equipment: a) FTIR, b)
SMG200M PM device, and c) Capelec gas analyzer.

of ammonia from the intake manifold to the environment. The temperature of the
port, exhaust gas, and ambient as well as the air and ammonia mass flow rate were
monitored by LabVIEW software and National Instruments hardware. The engine
has been coupled by the vibration damping shaft to the electric motor to adjust the
engine load and speed for the test. Also, the electrical parameters such as generated
electric power on the electric motor and estimated torque were indicated by the sys-
tem. The in-cylinder pressure was measured with a resolution of 1024 measuring
points per one shaft revolution and for 100 consecutive cycles using a piezoelectric
pressure transducer. An encoder with 0.35 CAD resolution was installed on the en-
gine shaft to sample the electrical signal from the pressure transducer to identify the
piston position at TDC. The photo of the test rig is shown in Figure 2.2.

FIGURE 2.2: Test rig for port injection of gaseous ammonia with pilot
ignition of biodiesel
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2.1.3 Gaseous ammonia port injection fuel line

The engine intake manifold was equipped with a custom-designed block to facili-
tate the installation of an ammonia pipeline, a temperature sensor, and a pressure
transducer. The PTFE pipe was placed inside the intake manifold and secured by
attaching the block. The installation of the ammonia line, disassembled block along
with its position near the inlet valve, are illustrated in Figure 2.3. Then, the ammonia
tank was connected to the block using piping, a control valve, and a Coriolis flow
meter.

FIGURE 2.3: The intake manifold with mounted elements for intro-
ducing gaseous ammonia

The elements highlighted in Figure 2.3 are as follows: 1- thermocouple nest al-
lowing for inserting thermocouples head into flows core, 2- hole and plug for pres-
sure sensor, 3- ammonia gas connector, 4- intake valve channel, 5- intake manifold,
6- exhaust port.

2.2 Paperl

The attached paper in Appendix A.1 entitled “Effects of using ammonia as a pri-
mary fuel on engine performance and emissions in an ammonia/biodiesel dual-
fuel CI engine" is result of experimental development of the ammonia-fueled engine
and the ammonia use strategy. In this paper, a comprehensive study has been car-
ried out to investigate the effects of using ammonia as the main fuel with biodiesel
in dual fuel mode. In this paper, a single-cylinder diesel engine was retrofitted to al-
low for introducing gaseous ammonia into the intake manifold while using biodiesel
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for pilot ignition. The strategy of using ammonia with biodiesel as secondary fuel
is proposed to run the engine with the lowest possible biodiesel at low load, and
then ammonia is introduced to obtain higher loads. Therefore, the effects of various
ammonia mass flows with two constant pilot doses on combustion, emissions, and
engine performance are investigated and compared with original engine operation
fueled with pure biodiesel.

2.2.1 Scope of the study and tests

The paper I demonstrates the use of ammonia as a potential carbon-free fuel with
biodiesel in the CI engine in dual fuel mode. An experimental carried out to in-
vestigate the impacts of different ammonia and biodiesel load contributions on am-
monia/biodiesel combustion, engine performance, and emissions. Therefore, the
engine is run first with two different pilot doses of biodiesel at low loads; then am-
monia is introduced into the intake port to obtain higher loads. Therefore, the engine
was initially run on biodiesel at various loads to determine the baseline. The ap-
proach to introduce ammonia into the port is defined in this way in which the engine
is operated with biodiesel at low load and with a constant biodiesel mass flow rate,
and then ammonia is injected to increase torque and power. In first test, the biodiesel
load contribution was 10%, i.e., the engine has been operated with biodiesel and the
measured load and biodiesel mass flow rate were 10% and 1y, = 0.107g/s, respec-
tively. Then, the ammonia mass flow is increased to obtain higher loads at the same
operating point as the biodiesel baseline. The second test is similar to the test one,
but with the difference that the engine was run with biodiesel at a low load of 3.5%
with constant 71, = 0.082 g/s. With increasing ammonia mass flow, ammonia load
contribution and ammonia energy share have been increased. The maximum input
AES is 59.1% and 69.4% at full load for test one with i, = 0.107 g/s, and test two
with i1y, = 0.082s g/s, respectively.
The main scopes of this study are summarized as follows:

¢ The test bench has been built for gaseous ammonia operation.
¢ A strategy for using ammonia with biodiesl has been proposed.

¢ Comparison of port injection of gaseous ammonia with pure biodiesel opera-
tions at various loads.

¢ The ammonia biodiesel dual fuel CI engine has been experimentally investi-
gated.

2.2.2 Results and Conclusions

The results of this paper shows that 69.4% of the input energy of biodiesel can be
replaced by ammonia, but increasing the mass flow rate of ammonia slightly de-
creases the brake thermal efficiency. Moreover, increasing the ammonia load con-
tribution significantly reduced the emissions of CO,, CO, and HC but increased the
emission of NO. It was found that ammonia delayed the start of combustion by 2.6
CAD compared to pure biodiesel due to the low in-cylinder temperature and the
high resistance of ammonia to autoignition. However, the combustion duration of
biodiesel /ammonia decreased 19 CAD compared to pure biodiesel operation at full
load, as most of the heat was released during the premixed combustion phase.
The main conclusions drawn from this study are summarized as follows:
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¢ Increasing ammonia energy share decreases the exhaust gas temperature. There-
fore, the exhaust gas temperature was reduced by 100 K when the AES was
69.4%.

¢ Increasing ammonia load contribution increases the peak of in-cylinder pres-
sure, e.g. in-cylinder pressure increased by 11.15 bar compared to biodiesel at
full load. Moreover, ammonia also increases the peak of the pressure rise rate
diagram.

e Ammonia increases the peak of the HRR and decreases the diffusion combus-
tion phase in the HRR diagram. Therefore, as more ammonia is introduced
into the intake manifold, the combustion mode changes from diffusion to pre-
mixed combustion.

* The maximum 69.4% of the input energy is provided by ammonia in reason-
able operation.

¢ A higher ammonia contribution to the engine load delays the SOC and de-
creases the combustion duration.

e Significant reduction in CO, by, CO, and HC emissions in the ammonia/biodiesel-
fueled engine compared to pure biodiesel operation. Therefore, CO, decreases
by 510 g¢/kWh and CO reduces by 30.1 g/kWh.
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Chapter 3

Paper II: Port injection of ammonia
with diesel and 1D model

3.1 One dimensional (1D) modeling of the engine

3.1.1 AVL BOOST

AVL BOOST is a software for simulating engine cycles and gas exchange, designed
to create detailed models of engines and vehicles. It allows the modeling of var-
ious components, such as cylinders, air cleaners, catalysts, turbochargers, valves,
and advanced junction models. It also models heat transfer, flow, combustion and
emissions. By one-dimensional, it simulates steady-state operating conditions and
transient cycles across a wide range of engine speeds and loads. The 1D engine
model allows for the obtaining of numerical outputs at different locations of the sys-
tems providing data such as pressure, temperature, and air/fuel ratio at any specific
measuring point within the model [16].

3.1.2 Combustion Model

Two methods are used to model combustion in the cylinder. The first method is
called the "target pressure curve 2 zone", in this model, the measured in-cylinder
pressure profiles are used to calculate the mass fraction of burned fuel and heat re-
lease profile [16]. In the second method, the vibe function is used for the second
procedure. This method proposed by Vibe aims to model the combustion process by
using the first laws of thermodynamics and the rate of heat release. Hence, The Vibe
two-zone model was used for the combustion modeling process. In this method,
the combustion zone in the cylinder is divided between unburned and burnt gas
regions in this model [17]. The first law of thermodynamics is applied to the burnt
and unburned regions to calculate the gas temperature for each region [18, 19]:
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FIGURE 3.1: Energy balance in cylinder [16]

First law for the burned zone (index b):

dmpuy, dv, dQP deb dmb dmpg
dae Pega dn Z " da BB da (1)
And for the unburned zone (mdex u):
dmuuu o qu deu de deB,u
de Pegn da da I da 1580 da (32)

The terms d";fxub, P, CLZ", and dQF denote the internal energy change in the cylinder,

work by piston, and fuel 1nput chemical energy, respectively. Also, ), dggb, hy dﬂb ,
BB,b

and hpp d"; -~ are heat losses from the combustion chamber, enthalpy transfer from
unburnt to burned zone and enthalpy blow-by loss in the cylinder which is taken
into account and calculated by the BOOST model [16]. In the above equations Eq.
3.1, and Eq. 3.2, the volume of the burned and unburned zone is equal to the cylinder
volume as well as the changes of each zone volume are equal to the cylinder volume
change.

i+ V=V, (3.3)

vy, dv, _ dVe

da da  da

The integral of Vibe curve since the start of ignition calculates the mass of the burnt
fuel at each time setup and expressed as follows [20]:

d a—ap \M+1
mbf—/ mbfdoc_l —a("&) (3.5)

where 4, a9, Ax, and m denote the vibe parameter (a = 6.9), Start Of Combustion
(SOC), combustion duration, and m shape parameter, respectively.

(3.4)
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3.1.3 Heat transfer model

The heat transfer to the combustion chamber walls, namely, the the cylinder head,
piston, and cylinder liner, is determined by using the following Newton’s law of
cooling equation [16]:

Qwi = Awi X hw X (Tc - Twi) (3-6)

where Qi, Ayi, and Ty, are heat transfer, surface area, and temperature of cylinder
head, liner, and piston, respectively. The liner wall temperature difference between
BDC and TDC is taken into account by given Tr ppc and T, rpc and defined as fol-
lows:

_ ,—Cz

e
TL=Trrpc X ———— (3.7)
zZ-C

Where c is In (%) and z is the piston position related to full stroke. The heat

transfer coefficient (hy,) is calculated using the following Woschni model [21]:

0.8
VD : Tc,l

hy =130 x D~02. p08. 7053, [Cl “Cm+ Co - 5 (Pe — Pe) (3.8)
pc,l : Vc,l

Where [16]:
¢ D: Cylinder bore [m]
¢ P.: Cylinder pressure [bar]
¢ T.: Cylinder gas temperature [K]
* c;: Mean piston speed [m/s]
¢ ¢,: Circumferential velocity
¢ Vp: Displacement per cylinder [m?]
¢ T.1: Temperature in the cylinder IVC [K]
® P.1: Pressure in the cylinder at IVC [bar]
* P.,: Cylinder pressure of the motored engine [bar]

* =228+ 0.308cy/cm

C>=0.00324

3.1.4 Emission formation

In 1D model, NOx formation is determined through Zeldovich mechanism. Pattas
and Hafner [22] developed the NOx production model known as Zeldovich mech-
anism [23]. Moreover, the rate of CO formation is calculated based on Onorati et
al.[24] with two reactions. The soot formation was model based on Schubiger et al
[25].
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3.2 1D model of the engine

The engine 1D model is shown in Figure 3.2 was simulated using AVL BOOST soft-
ware. This model includes the engine (E1), single cylinder (C1), Inlet (5B1) and
outlet (5B2) boundary conditions, measurement points 1 and 2 (MP1, MP2), and the
lines representing pipes. For this model, data for setuping cylinder covers the basic
dimensions of the cylinder like bore, stroke, compression ratio, conrod length, pis-
ton pin offset, firing order, plus information on the combustion characteristics, heat
transfer, and valve/port specifications for the attached pipes. Therefore, the cylin-
der dimensions and inlet and exhaust valves lift profiles from our measurements
of the engine have been used to set the 1D model. As initialization, the cylinder
conditions, pressure, temperature, and gas composition at the end of the high pres-
sure at exhaust valve opening were set. Furthermore, the initial conditions for the
calculation of the cylinder have been specified.

FIGURE 3.2: One dimensional model of the engine in the AVL BOOST.

The heat release rate in the engine cylinder was modeled using the Vibe function.
Vibe function is often used to approximate the heat release characteristics of the en-
gine. Figure 3.3 illustrates the approximation of a heat release profile of a diesel
engine using a vibration function for different valves of the 'm” shape parameter
(0.4, 0.6, 0.8, and 1). The shape parameter determines the speed of combustion and
heat release. For different values of m, the vibe diagram and burned fuel mass frac-
tion are calculated and presented in this figure. The start of combustion, combustion
duration, and m shape parameter will be obtained by a least square fit of the mea-
sured heat release curve. However, for accurate modeling of the double peak heat
release in the cylinder, since there are two peaks in the heat release diagram, the first
peak due to premixed burning and the second peak due to diffusion combustion.
Therefore, two vibe functions will be specified for the modeling.[5]

3.2.1 1D model of port injection of gaseous ammonia

The 1D model was developed to simulate the ammonia-fueled engine by using AVL
BOOST software. The model covers all test bench elements as can be seen in Fig-
ure 3.4. In this model, E1, CL1, C1, and CAT are engine, air cleaner, cylinder, and
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FIGURE 3.3: Vibe curve to model combustion and heat release in the
cylinder, and influence of m shape parameter

aftertreatment systems, respectively. Moreover, seven measurement points (MP) are
set to measure thermophysical properties of the flow inside the pipes. Ammonia is
continuously introduced into the pipe through the injector I1. For this model, the
measured experimental data were applied to setup each element, for example, en-
gine friction (FMEP), valves lift profile, and flow coefficient through the valves were
determined and used in the model.
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SB1
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MPG MP5

FIGURE 3.4: AVL BOOST 1D model of ammonia port injection engine

3.2.2 Validation of 1D model

For ensuring the accuracy of the 1D results, the numerically modeled pressure pro-
file is compared with the experimentally measured one at the same operating con-
dition. Figure 3.5 illustrates the simulated in-cylinder pressure for the motored and
combustion operation along with the measured pressure traces. By comparing the
two pressure traces, it can be seen that the equations which were used for modeling
fluid flow, combustion, and heat transfer are accurate. Therefore, the results of the
1D model for the modeling of ammonia fueled engine is reliable.
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Experiment

— — — Experimental motoring
1D
1D motoring

Pressure (MPa)

FIGURE 3.5: Validation of 1D model with experimental data at 1700
rpm, rity = 0.082%, idle.

3.3 PaperIl

The paper II in Appendix A.2, titled " Effects of ammonia on combustion, emis-
sions, and performance of the ammonia/diesel dual fuel compression ignition en-
gine" investigates how replacing diesel with ammonia in a dual fuel engine impacts
combustion, emissions, greenhouse gases (GHG) and performance. Therefore, this
paper aims to illustrate the impacts of replacing diesel fuel with gaseous ammonia in
an ammonia/diesel dual fuel engine. Hence, the effects of various ammonia diesel
ratios on emissions and engine performance were experimentally investigated. CO,
equivalent GHG emissions are evaluated over 100 years to show the effectiveness
of ammonia in reducing GHG emissions considering the emission of N>O. Addi-
tionally, a developed 1D model is used to analyze the combustion characteristics of
ammonia and diesel.

3.3.1 Scope of the study and experiment

The utilization of ammonia in CI engines still presents notable research gaps. Am-
monia is known for its carbon-free emission, yet nitrogen oxides are an issue besides
NO and NO, which cumulatively known as NOx, N>O is particular concern as it
can be emitted from ammonia-diesel combustion and has nearly 300 times larger
greenhouse effects than CO; on the 100-year time scale. Considering the emissions
by the greenhouse effect, it can offset the reduction of CO,. Furthermore, unburned
ammonia on itself can be another challenge for dual-fuel diesel ammonia engines.
This paper investigate the impacts of replacing diesel fuel with gaseous ammonia
to the maximum possible substitution in the CI engine under full loads conditions
and engine speed of 1200 rpm. Engine performance and emission characteristics are
experimentally studied for various ammonia-diesel ratios. Moreover, 1D model is
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used to calculate the combustion characteristics indicators. Therefore, ignition de-
lay, combustion phasing and duration are determined for different ammonia diesel
ratios. Furthermore, unburned ammonia and N>O emissions are discussed.

The test was carried out to determine the maximum diesel that can be replaced
with ammonia. In addition, the impact of the ammonia energy share on engine per-
formance, combustion, and emissions characteristics was examined. Since ammonia
has a low flame speed and a high minimum required ignition energy [26, 27], low
engine speed fixed at 1200 rpm and full load were chosen for all operating condi-
tions. The first operating point (OP1) regarded as the reference was taken at those
conditions fueled with pure diesel. Subsequently, the mass flow of diesel is reduced
and gaseous ammonia is aspirated to the intake port close to the inlet valve accord-
ing to the AES values in Table 3.1 (Table 3 in Paper II in Appendix A.2), to achieve
the same power as in the case of pure diesel. Therefore, 9 operating points have been
tested. The maximum amount of diesel fuel that could be replaced with ammonia
was AES = 84.2% in OP9 and for a higher value of AES, the engine could not run.

TABLE 3.1: Overview of the operating points conditions (Table 3 in

Paper Il in Appendix A.2).
NO. mdiesel 7/’.1NH3 muir YNHs AES Tport TEx Pi AFRsto A
g/s g/s g/s - % °Cc °C kW  kg/kg -
OP1 0220 O 427 0 0 33.6 460 3 14.59 1.35

OP2 0186 0.074 425 0286 1490 313 450.6 3.05 1215 1.36
OP3 0.152 0.135 425 0470 2794 281 399.2 3 10.58 1.41
OP4 0127 0162 425 0561 3585 26.6 3877 295 9.80 1.51
OopP5 0.103 0212 421 0.674 4744 260 3735 3 8.84 1.52
OP6 0.09 0249 415 0735 5481 249 3706 3.06 8.32 1.48
or7 0.076 0279 4.03 0.786 61.62 248 357.7 3.06 7.89 1.45
OP8 0.040 0.338 397 0.894 7873 23.6 3354 298 6.96 1.51
Oor9 0.030 0364 388 0924 84.16 225 328 3.03 6.71 1.47

3.3.2 Main findings

The results of Paperll show 84.2% of input energy can be provided by ammonia
meanwhile indicated thermal efficiency is increased by increasing the diesel substi-
tution. Moreover, increasing the ammonia energy share changed the combustion
mode from diffusion combustion in pure diesel operation to premixed combustion
in dual fuel mode. Therefore, the combustion duration and the combustion phasing
decreased by 6.8 CAD and 32 CAD, respectively. Although ammonia significantly
reduced CO;, CO, and particulate matter emissions, it also increased NOx emissions
and unburned ammonia (14800 ppm). Furthermore, it is important to note that in
order to effectively reduce greenhouse gas emissions, diesel must be replaced with
more than 35.9% ammonia, as ammonia combustion produces N,O at a level of 90
ppm, which offsets the reduction in CO, emissions.
The main results are summarized as follows:

¢ The maximum 84.2% of input energy was provided by ammonia. As more
ammonia was introduced into the intake port, ITE increased by around 5.6
percent point at the highest AES compared to pure diesel. It also reduced the
exhaust gas temperature by 132°C.
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¢ Since ammonia has a lower < than air, the compression pressure decreases by
increasing the ammonia mass flow. However, ammonia increases the peak of
in-cylinder pressure. Furthermore, it also increases dramatically the peak of
pressure rise rate to 9.5bar/deg for AES of 61.6%, which is 76.5% higher than
only the diesel case due to premixed combustion.

¢ Ammonia delayed the SOC by around 7.2CAD at the highest diesel substitu-
tion due to the low compression pressure and consequently in-cylinder tem-
perature. Higher ammonia ratio also reduced diffusion combustion phase and
increased premixed combustion mode at the highest AES.

¢ By substituting diesel fuel, carbon-based emissions were markedly reduced,
but NO, NO; and N;O emissions increased. However, a significant amount
of unburned ammonia was measured that further investigation is needed to
reduced ammonia emission.

¢ Ammonia significantly reduced the CO, emission from 705¢/kWh to 103g/kWh,
but it also produced N>O emission, which has 298 times GHG effects. The
GHG emissions decreased when more than 35.9% of diesel was replaced. GHG
emissions decreased significantly from 727g/kWh for only diesel operation to
2439 /kWHh for the highest AES.

* The ammonia-fueled CI engine significantly reduced GHG emissions by 3 times
over 100 years scale.

3.4 Conclusions for the next steps

In papers I and II gaseous ammonia was introduced into the intake manifold and
pilot fuel was injected into the cylinder through the engine’s old injection system
and injector. Therefore, the injection parameters of diesel, such as injection timing
and injection pressure can not be controlled. Since diesel was used as pilot ignition
in low doses, it became necessary to optimize the injection parameters in order to
enhance combustion and engine performance. As a result of using the engine’s old
injection system which lacked control over diesel fuel injection, led to high emis-
sions of CO and PM, as well as reduced engine efficiency. In addition, introducing
gaseous ammonia into intake manifold caused significant amount of ammonia emis-
sions. However, direct injection of liquid ammonia could considerably reduce these
emissions.

Therefore, in the next step, two common rail injection systems for ammonia and
biodiesel will be used to optimize injection parameters for both fuels. Moreover, dif-
ferent diesel injector configurations and number of nozzles will be investigated. In
addition, the CFD model of the ammonia biodiesel fueled engine will be developed.
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Chapter 4

Paper III: Direct injection of liquid
ammonia and CFD model

4.1 Direct injection of liquid ammonia

4.1.1 Injection system for both fuels

The ammonia fuel system was specifically designed and constructed for high pres-
sure injection. Ammonia was stored in the ammonia tank under low pressure around
8 bar. Since the GDI pump did not work with liquid ammonia to feed high pressure
ammonia to GDI injector, a nitrogen gas tank was used to pressurize the ammonia
tank to 100 bar. However, the nitrogen gas can pressurized ammonia between 50 and
150 bar. The liquid ammonia is then transferred to the common rail at a pressure of
100 bar. The final concept of the manual and solenoid valves locations is illustrated
in Figure 4.2. Two distinct injection systems, with their own Electronic Control Unit
(ECU), are employed for the injection of ammonia and biodiesel. This allows the
control of injection timing parameters such as Start of Injection (SOI), main dose,
injection pressure, and split injection for both fuels. The common rail injection sys-
tem with its own ECU to control biodiesel injection timing with a separate ECU and
injection system for ammonia. These two injection systems were used to optimize
the injection of both fuels. Figure 4.1 displays a view of the dialog window of the
ECU management program used to control the common rail injector, as well as the
corresponding window for the ammonia injector program of ECU.

3500 4000 4500 “S

FIGURE 4.1: Ammonia injection (left) and biodiesel injection control
system (right)
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FIGURE 4.2: Diagram of the concept of connection of ammonia fuel
line components [28].

4.2 Injectors

For direct injection of ammonia and biodiesel, BOSCH injectors have been selected
from the automotive market. Therefore, the injector OSEF 83F(02 328480 model is
used for diesel/biodiesel, and the GDI injector 0 261 500 172 model is used for am-
monia. Considering the modified cylinder head geometry and limited space in the
engine head, the GDI injector was used for direct ammonia injection and installed in
the center of the engine head. While biodiesel injector angularity inserted to cylin-
der as can be seen in Figure 4.3. The GDI injector derived from a four cylinder spark
ignition engine with a maximum power of about 45 kW per cylinder which may
face challenges in supplying an adequate dose of ammonia due to differences in the
LHYV of ammonia compared to gasoline. Consequently, future investigations needed
to adjust the injection strategy and configurations.
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FIGURE 4.3: Photo of the engine head and location of GDI and
biodiesel injectors on engine head

43 CFD

4.3.1 Designing full geometry of engine

The full engine geometry has been designed in SolidWorks and ANSYS SpaceClaim.
The geometry includes the intake port, exhaust manifold, crevice and inlet and ex-
haust valves. The geometry was prepared according to the CONVERGE require-
ment such as valves positions and connection with port and engine head. The ge-
ometry will be imported in CONVERGE as a CAD file. The CAD geometry of engine
for CFD simulation is shown in figure 4.4.

FIGURE 4.4: The the engine full geometry for CFD
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Imported CAD geometry needs to be repaired using CONVERGE tools. Vari-
ous cleaning and refining processes are utilized to clean the geometry. The Coarsen
tool is applied to reduce the surface triangle density in overly refined areas of the
geometry, ensuring an efficient simulation. The Boolean tools perform boolean op-
erations between different parts of the geometry, while Healing efficiently repairs
defects in the surface geometry [29]. Figure 4.5 displays the repaired CAD geometry
in CONVERGE.

FIGURE 4.5: Repairing engine geometry in CONVERGE

4.3.2 CFD models

The detailed description of CFD simulation is provided in Section 3, "Numerical
methods", of Paper III in Appendix A.3. Therefore, it covers boundary conditions,
grid generation, spray, turbulence, combustion, and validation discussions. The fol-
lowing is a summary of the model used in the CFD simulation:

¢ Transient RANS

* RNG k — ¢ turbulence model

¢ SAGE combustion

* Spray: Lagrangian solver

¢ Blob injection drop distribution (solid cone)

* Non-flash boiling spray

¢ Spray angle and injection parameters

¢ Spray break-up: (KH-RT) model

¢ Droplet collisions: The No Time Counter (NTC) method; dynamic drag model

¢ Evaporation: Frossling correlation with boiling
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¢ Turbulent dispersion: O’'Rourke approach

e O’'Rourke and Amsden heat transfer model

4.4 Paper IlI

The paper III in Appendix A.3 entitled "Experimental and numerical study on di-
rect injection of liquid ammonia and its injection timing in an ammonia-biodiesel
dual injection engine" shows results of direct injection of liquid ammonia and CFD
model. In this paper, experimental and CFD studies have been carried out to investi-
gate the effects of direct injection of liquid ammonia, ammonia injection strategy (in-
jection timing) and input AES on sprays, mixing process, combustion, ignition, en-
gine performance and emission characteristics in the dual-fuel ammonia/biodiesel
mode. The primary focus of this paper is to explore the possibilities of direct liquid
ammonia injection within a dual direct injection engine. It highlights the importance
of ammonia spray and optimizing injection timing to reduce emissions and improve
combustion efficiency.

44.1 Scope of the study and tests

Based on previous chapters and the literature review, ammonia was applied in CI en-
gines in the gaseous phase through introducing into the intake manifold. However,
this can lead to high ammonia emissions in dual fuel CI engines due to unsuccess-
ful flame propagation and uncontrolled combustion. Hence, combustion, emissions,
and engine performance can be improved by injecting liquid ammonia directly into
the cylinder. Therefore, in this work, the effects of liquid ammonia direct injection as
well as AES with using biodiesel as pilot fuel are studied and compared with pure
biodiesel operation. In addition, various ammonia injection timings are investigated
in order to improve ammonia combustion and then reduce emissions. A CFD model
is developed and validated with experimental data to study ammonia spray and
combustion, as well as to predict local temperature and emissions.
The key areas addressed in this research include:

¢ The ammonia-biodiesel dual direct injection engine are studied.

* Various strategies for injecting liquid ammonia and its impacts on combustion,
engine performance, and emissions are investigated.

¢ Enchanting the performance of the dual fuel engine by optimizing the injection
timing of ammonia

¢ Addressing the source of ammonia emission for direct injection and port injec-
tion strategies.

¢ Developing a CFD model for dual direct injection engine to study ammonia
spray, combustion, and emissions formation.
4.4.2 Experiments producer

In Paper 111, all tests have been carried out on a retrofitted single-cylinder CI engine.
The test rig, engine specifications, and equipment are similar to those in our previ-
ous work on port injection of gaseous ammonia [1, 2, 5, 6]. However, the ammonia
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fueling system and injectors were changed for the direct injection of liquid ammo-
nia and biodiesel. Since biodiesel is used as a pilot fuel, three of the six holes in
the biodiesel injector were welded to inject a low amount of biodiesel under high
pressure and with a long injection duration. The GDI injector was used without any
modifications for the injection of ammonia. Two separate injection systems were
used to adjust the injections of ammonia and biodiesel under different injection tim-
ings, pressures, or split injections.

In Paper III, two cases were designed to study ammonia biodiesel dual direct
injection CI engine. Since liquid ammonia has a higher heat of evaporation and high
mass flow due to low LHV compared to fossil fuels, it can reduce the in-cylinder
temperature resulting in unsuccessful operation of the engine. Therefore, Case 1
investigates the effects of biodiesel substitution with liquid ammonia. The engine
tirst runs with pure biodiesel at partial load that IMEP is 5.7 bar at a speed of 1500
rpm as a baseline for comparison. As the ammonia emission increases with higher
loads, therefore, the engine is operated under a partial load condition. Thereupon,
biodiesel is replaced by ammonia to achieve different AESs. For test case 1, the start
of injections of ammonia and biodiesel are kept at -15 and -16 CAD, respectively, as
shown in Table 1 from Appendix A.3 . However, a higher AES above 50% caused
a striking amount of unburned ammonia and hydrocarbons and a drop in power.
Therefore, a maximum AES of 50% was achieved during the test for direct injection
of liquid ammonia. Furthermore, case 2 investigates the impacts of the ammonia
injection timing, while the biodiesel injection timing, the biodiesel and the ammonia
injection durations, and both fuel mass flow rates are kept constant. Therefore, the
start of injection of ammonia in -25, -20, -15, and -10 CAD are tested in case 2.

4.4.3 Conclusions

The results of Paper III showed higher AES significantly reduced the local cylinder
temperature due to the strong cooling effects of ammonia, therefore, a maximum
AES of 50% was achieved. Increasing AES to 50% decreased combustion duration
and combustion phasing by 26.2 and 4.4 CAD, respectively. However, it deteriorated
the indicated thermal efficiency by 1.3 percent point compared to pure biodiesel.
Furthermore, retarding ammonia injection from -25 to -10 CAD significantly reduced
NOx, CO, and ammonia emissions by 31.4%, 39.6%, and 31.3%, respectively. Ulti-
mately, the optimal operating condition was suggested when ammonia was injected
at-10 CAD and biodiesel at -16 CAD with AES of 50%.
The main conclusions can be summarized below:

¢ The injection of liquid ammonia significantly reduced the local and average
in-cylinder temperature during injection due to the strong cooling effects of
ammonia compared to pure biodiesel operation. When AES is 50%, combus-
tion only occurs when ammonia is injected between -25 to -10 CAD.

¢ Increasing liquid ammonia energy share slightly increased the ITE by 0.7 per-
cent point and reached 38.5% for AES of 40% compared to only biodiesel oper-
ation. However, it then decreased to 36.5% when AES is 50% due to incomplete
combustion.

¢ Ammonia notably reduced combustion duration by 26.2 CAD compared to
pure biodiesel at the highest AES. Furthermore, the early injection of ammonia
at -25 CAD delayed the start of combustion by 3.6 CAD relative to when it
was injected at -10 CAD. Because, as ammonia is injected before biodiesel, it
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reduces the in-cylinder temperature during biodiesel injection, resulting in a
longer ignition delay.

¢ Liquid ammonia energy share diminished CO, and CO emissions by 47.4%
and 51.2% when AES is 50% and SOInH, is -15 CAD compared to pure biodiesel.
Additionally, direct injection of ammonia significantly reduced ammonia emis-
sions by approximately three times compared to the port injection strategy.

e Shifting the ammonia injection from -25 to -10 CAD markedly reduced all
emissions when AES is 50%. Hence, NOx, CO, and ammonia emissions de-
creased by 31.4%, 39.6%, and 31.3%, respectively, due to the improvement in
ammonia combustion.
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Chapter 5

Paper IV: Biodiesel injector
configurations

5.1 Scope

The process of biodiesel injection and its related parameters have a significant im-
pact on biodiesel evaporation, atomization and air/fuel mixing and consequently
its combustion with ammonia. Since biodiesel is used as a pilot fuel with low injec-
tion mass, conducting a study on the number of nozzles and their orientations con-
tributes to gain a deeper understanding of the combustion process. In this regard,
the number of holes in the common rail injector is welded in various configurations
to ensuing effective injection and combustion of biodiesel with liquid ammonia in
the engine. This chapter aims to explore the influence of the number of nozzles
on the performance, combustion, and emissions characteristics of liquid ammonia
biodiesel dual direct injection engine. Furthermore, previous findings in Chapter 4
and Paper III revealed that late injection of ammonia at -10 CAD is the optimal in-
jection timing of liquid ammonia [3]. Thus, the interaction of ammonia spray with
biodiesel spray, as well as the cooling effect of ammonia spray, can significantly affect
engine performance and emissions. Therefore, this chapter determines the optimal
injection timing for biodiesel.

5.2 Biodiesel injector configurations

Asbiodiesel is used as a pilot fuel along with ammonia, the injected dose of biodiesel
is lower compared to using biodiesel alone for the same operating point. Conse-
quently, various configurations of biodiesel injector nozzles are blocked by using
laser welding techniques to achieve longer injection duration. Figure 5.1 shows the
welded nozzles of the injector before and after welding.

Welded nozzles

FIGURE 5.1: Biodiesel injector: a) open nozzle b) welded nozzle.
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Therefore, the biodiesel spray of the injector from the experiment and CFD for
injector with a) 3a, b) 3b, and C) 1 nozzle can be seen in Figure 5.2.

FIGURE 5.2: Different configuration of welded biodiesel injector and
their corresponding CFD sprays: a) 3a, b) 3b, and C) 1 nozzle

The approach used for closing the nozzle hole of the injector is in this way that
three of them are welded in two different configurations and spray orientations.
Then, 4 and 5 nozzles are welded. Therefore, five different injectors with 6, 3a, 3b, 2,
and 1 nozzle are studied, as can be seen in Figure 5.3. The welded and open nozzles
in the biodiesel injector are shown in this figure along with biodiesel and ammonia
sprays from CONVERGE. Also, the GDI injector nozzles and the locations of both
GDI and biodiesel injectors on the engine head are fixed for all five configurations
of injectors.
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FIGURE 5.3: Various configurations of biodiesel spray and welded
nozzles along with GDI injector and ammonia spray.

In paper III, the injector with 3a nozzles was used. However, one of the biodiesel
sprays was directed towards the engine head and impacted the GDI injector as
shown in Figure 5.2a. This resulted in increased emissions, reduced efficiency, and
negative effects on the GDI injector functionality. Hence, Figure 5.4 illustrates the
soot deposit in the GDI injector, leading to the closure of its nozzles. Therefore,
using the CR injector with three nozzles on one side (Figure 5.2b) can prevent this
deposit, result in decreasing emissions and enhancing engine performance.

FIGURE 5.4: GDI injector a) before and b) after working in diesel en-
gine
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5.3 PaperIV

The paper IV in Appendix A.4 titled "Effects of biodiesel injector configuration
and injection timing on the performance, combustion, and emissions characteris-
tics of a liquid ammonia direct injection engine" presents results of biodiesel injec-
tor configurations and its injection timings. This study investigates the influence of
the biodiesel injector configuration and its number of nozzles on the performance,
combustion and emissions characteristics of the liquid ammonia-biodiesel dual di-
rect injection engine. Therefore, the number of holes in the biodiesel injector was
welded in various configurations for further improving injection. Furthermore, var-
ious injection timings of biodiesel were tested, ranging from -24 to -14 CAD, while
the ammonia injection timing was kept at -10 CAD with AES of 50%.

5.3.1 Operating conditions and studied parameters

The paper IV investigates the biodiesel injector with fewer nozzles and its injection
timing to achieve efficient combustion, improved engine performance, and reduce
emissions. The research focuses on the following areas:

* Assessing the biodiesel injector with fewer nozzles.

¢ Optimization of the common rail injector configuration to enhance engine per-
formance.

* CFD study of dual direct injection CI engine.
¢ Study of biodiesel injection timing in dual injection mode.
e Effects of blocking injector nozzles on CO, N>O, CO;,, NH3 emissions.

¢ Analysis of the source of emission formation, including PM, CO, N,O, and
NHs.

5.3.2 Selected findings

By welding three nozzles from the original six-nozzle CR injector, the highest pres-
sure peak and the highest indicated thermal efficiency were achieved. This new
injector not only improved the combustion but also substantially reduced the emis-
sions when compared to the original CR injector. The impact of injection timing
was addressed through retarding injection timing from -24 to -14 CAD, revealing
an improvement in combustion. Emissions were also analyzed, with decreasing the
number of nozzles in the biodiesel injector leading to a longer injection duration,
promoting the formation of a lean mixture during combustion, which significantly
reduced CO emissions and resulted in a noticeable reduction in ammonia emissions.
Furthermore, this reduction in the number of nozzles reduced NOx emissions.
The main findings of this research are summarized as follows:

¢ The highest ITE and low emissions were achieved when biodiesel was injected
at-16 CAD.
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¢ When ammonia energy share is 50%, blocking three nozzles of the original six-
nozzle injector results in a remarkable 29.2% reduction in ammonia emissions
compared to the original injector. It also reduces CO emission from 26.9 to 8.9
g/kWh.

* The lowest N,O emissions (115.0 ppm) at the earliest SOI of biodiesel -24 CAD.

* The number of biodiesel injector nozzles significantly impacts engine perfor-
mance. By welding three nozzles from the original six-nozzle CR injector (3b
nozzle), the highest pressure peak at 66.4 bar and the highest ITE of 39.7%
were achieved, indicating the most effective combustion of liquid ammonia
with biodiesel.
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Chapter 6

Summary and conclusions

Ammonia is currently receiving more interest as a carbon-free alternative fuel for in-
ternal combustion engines. A promising energy carrier, easy to store and transport,
being liquid, and non-carbon-based emissions which make ammonia a green fuel
to decarbonize internal combustion engines and reduce greenhouse gas emissions.
This thesis aims to experimentally and numerically study the use of ammonia as a
primary fuel with pilot ignition of biodiesel in compression ignition engine. Two
strategies were tested for the ammonia-fueled engine. In the first strategy, a single-
cylinder diesel engine was retrofitted to introduce gaseous ammonia into the intake
manifold, followed by the injection of a pilot dose of biodiesel into the cylinder to
initiate combustion of the premixed ammonia-air mixture using the engine’s existing
injection system. In the second approach, the diesel engine was modified to install
two common rail injection systems, allowing for the direct injection of liquid ammo-
nia along with biodiesel as a pilot fuel into the cylinder. Moreover, a CFD model
was developed and validated with experimental data to study ammonia/biodiesel
sprays, ammonia cooling effects, combustion characteristics, and emissions forma-
tion. In addition, a developed 1D model is used to analyze the ammonia-fueled
engine.

In the initial tests by using the first strategy, the engine was operated with biodiesel
in low load and with a constant biodiesel mass flow rate, and then gaseous ammo-
nia was introduced into the intake port to increase torque and power. The effects
of various ammonia mass flow with two constant pilot doses of biodiesel on com-
bustion, emissions, and engine performance were investigated and compared with
respective pure biodiesel operations.

Subsequent work was carried out using the first strategy, testing the impacts of
replacing diesel fuel with ammonia to the maximum possible diesel substitution in
the compression ignition engine under full load conditions. Engine performance
and emission characteristics are experimentally studied for various ammonia-diesel
ratios in dual fuel mode. Furthermore, CO; equivalent greenhouse gas emissions
were discussed to show the effectiveness of ammonia in reducing CO, equivalent
emissions by considering N,O emission.

The second part of the thesis focuses on the development of two injection sys-
tems for the direct injection of liquid ammonia and biodiesel. By using the second
strategy, the effects of liquid ammonia injection and ammonia energy share on com-
bustion, emissions, and engine performance were investigated and compared with
pure biodiesel operation. Moreover, various ammonia injection timings were stud-
ied to improve ammonia/biodiesel combustion and reduce emissions. The CFD
model was used to study ammonia spray and its combustion with biodiesel, flame
propagation, and emissions formation, as well as to address unburned ammonia.

The final work investigated the influence of the biodiesel injector configuration
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and its number of nozzles on the performance, combustion, and emissions charac-
teristics of the liquid ammonia-biodiesel dual direct injection engine. Therefore, the
number of holes in the biodiesel injector was welded in various configurations to
improve injection, since biodiesel was used as a pilot fuel with less injected mass.
Furthermore, various injection timings of biodiesel were tested.

The key findings of this thesis can be summarized as follows:

¢ A maximum AES of 84.2% was achieved by introducing gaseous ammonia into
the intake manifold with the pilot ignition of diesel fuel.

¢ Increasing AES reduced CO, and CO emissions, but it led to an increase in
ammonia emissions and NOx.

¢ Increasing the AES resulted in a longer ignition delay time and a shorter com-
bustion duration.

¢ The ammonia-diesel fueled engine significantly reduced greenhouse gas emis-
sions by 3 times over 100 years scale at highest AES.

¢ Direct injection of liquid ammonia strategy significantly reduced ammonia
emission compared to introducing gaseous ammonia to the intake manifold.

¢ Maximum AES of 50% was achieved for direct injection of liquid ammonia
with biodiesel in reasonable engine operation.

* Direct injection of liquid ammonia significantly reduced the local and average
in-cylinder temperature during injection as a result of the strong cooling effects
of ammonia.

¢ The optimal injection timing for ammonia and biodiesel is -10 CAD for ammo-
nia and -16 CAD for biodiesel. Therefore, liquid ammonia should be injected
after biodiesel and close to TDC.

¢ Welding three out of the six nozzles of the biodiesel injector was shown to
increase efficiency and reduce emissions.
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In the end, the research and results of this thesis were used to develop and op-
timize the ammonia fueled compression ignition engine for powering the prototype
agriculture tractor which was developed as part of the ACTIVATE project. The photo
of ammonia fueled tractor is presented in figure 6.1.
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FIGURE 6.1: Liquid ammonia-biodiesel fueled prototype agriculture
tractor
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Ammonia is a promising alternative fuel that can replace current fossil fuels.
Hydrogen carrier, zero carbon base emissions, liquid unlike hydrogen, and can
be produced using renewable resources, making ammonia a future green fuel
for the internal combustion engine. This study aims to show the procedure of
utilizing ammonia as a primary fuel with biodiesel in a dual-fuel mode. Hence,
a single-cylinder diesel engine was retrofitted to inject ammonia into the
intake manifold, and then a pilot dose of biodiesel is sprayed into the cylinder
to initiate combustion of the premixed ammonia-air mixture. The effects of
various ammonia mass flow rates with a constant biodiesel dose on engine per-
formance and emissions were investigated. Furthermore, a one-dimensional
model has been developed to analyze the combustion of ammonia and biodie-
sel. The results reveal that 69.4% of the biodiesel input energy can be replaced
by ammonia but increasing the ammonia mass flow rate slightly decreases the
brake thermal efficiency. Moreover, increasing the ammonia load contribution
significantly reduced the emissions of CO,, CO, and HC but increased the
emission of NO. It was found that ammonia delayed the start of combustion by
2.6CAD compared with pure biodiesel due to the low in-cylinder temperature
and the high resistance of ammonia to autoignition. However, the combustion
duration of biodiesel/ammonia decreased 19CAD compared with only biodie-
sel operation at full load, since most of the heat was released during the pre-
mixed combustion phase.

Highlights
« Ammonia biodiesel dual-fuel CI engine has been investigated

experimentally.
« Maximum 69.4% of the input energy is provided by ammonia in reasonable
operation.
» Higher ammonia contribution in the engine load delays the SOC and

decreases the combustion duration.
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« Significant reduction in CO,, CO, and HC emissions in the ammonia-/bio-

diesel-fueled engine.
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1 | INTRODUCTION

Fossil fuels, greenhouse gases, and their effects on cli-
mate change are required to be replaced by renewable
energy sources to slow down the emission of carbon diox-
ide. To combat these worldwide challenges, the legiti-
mately binding international agreement on climate
change, the 2015 Paris Agreement provided a global
framework for reducing greenhouse gases in the next
decades. Hence, the European Union countries have an
aim to decrease the emissions of greenhouse gases by 55%
by 2030.! Therefore, alternative carbon-free fuels, such as
ammonia and hydrogen, are a good way to replace fossil
fuels and stop the emission of carbon dioxide. However,
the big problem with hydrogen is storing in the high pres-
sure at a reasonable cost because of the extremely low
density of gaseous hydrogen. Among all green fuels such
as ethanol,” methanol,> and methyl ester," ammonia
(NH3) is currently attracting a lot of interest as a poten-
tial alternative to fossil fuels.>” It is a good hydrogen car-
rier (17.8% by mass), is liquid and easy to store under low
pressure, and is also one of the most produced chemicals
in the world. Additionally, ammonia already has a great
established infrastructure for distribution, production,
and handling, as it is used as fertilizer in the agriculture
industry. However, the practical usage of liquid ammonia
as fuel for internal combustion engine (ICE) requires
many technical and operational difficulties to be sur-
mounted. Ammonia has different characteristics from
common fossil fuels. High resistance to auto ignition, low
flame speed, and corrosivity are challenges of ammonia
that make it even harder to apply in ICE.*'° The begin-
ning of using ammonia as fuel goes back to 1943 in
Belgium due to a shortage of diesel fuel during World
War Two.'! Subsequently, in the 1960s, the possibility of
applying ammonia to ICE was examined, providing pri-
mary guidance concerning ammonia as a fuel in ICE.****

In recent years, researchers have been working to over-
come the challenges of using ammonia as fuel for both CI
and spark ignition (SI) engines. However, a new review
paper'® shows that most research is currently concentrated
in SI engines because ammonia is more favorable for use in
SI engines. Schonborn'” by zero-dimensional chemical
kinetic calculation estimated the minimum required Com-
pression Ratio (CR) of 27 to ignite pure ammonia in the CI

engine. Grannell et al.'® investigated mixtures of gasoline

and gaseous ammonia in the SI engine in varied ammonia/
gasoline ratios, as well as various CR. Their findings
revealed that a significant portion of gasoline can be
substituted with ammonia. Nevertheless, they suggested a
CR of 10:1 for the ammonia gasoline dual-fuel SI engine.
Salek et al."® numerically studied the impact of adding 10%
of ammonia on engine performance and emissions in a
wide range of engine speeds for the SI engine using AVL
BOOST software. The results show that 10% of ammonia
injection reduces the in-cylinder temperature by 50 K,
resulting in a significant reduction in NO, emissions by 50%
throughout the different engine speeds. Furthermore, the
needed minimum octane number of gasoline for avoiding
knock was decreased by the injection of 10% ammonia, indi-
cating that the injection of ammonia could clearly have an
effect on engine failure. Nevertheless, it imposed some neg-
ative effects on reducing BSFC and increasing HC and CO
emissions. Yapicioglu and Dincer® conducted experimental
research on injecting ammonia in SI engine. The primary
objective of this study is to utilize ammonia to reduce car-
bon emissions. Based on their findings, introducing ammo-
nia reduced the gasoline engine's CO, emission. In addition,
it resulted in a significantly reduction of engine energy and
exergy efficiency. The recent paper carried out by Mou-
naim-Rousselle et al.** provides new information on opera-
tion limits in ammonia-fueled gasoline direct injection
(GDI) SI engine, especially to find the lowest possible load
limit when the engine is fed with pure ammonia. However,
they extended the operating limitations by adding less than
10% of hydrogen to ammonia. Although the ammonia-
fueled engine does not produce carbon-based emissions, it
can emit high NO, emissions. However, their results show
that adding 10% of H, to ammonia significantly decreases
NO, emissions up to 40%. Lhuillier et al.>> experimentally
investigated engine performance, emissions, and combus-
tion characteristics of an SI engine fueled with premixed
ammonia, hydrogen, and air mixtures. They tested mixtures
of gaseous ammonia with different portions of hydrogen as
well as various equivalence ratios. Their results illustrate
that the higher hydrogen fraction in the stoichiometry mix-
ture decreases the indicated efficiency, but the efficiency
increases when the equivalence ratio decreases. Moreover,
when the equivalence ratio is raised above stoichiometry,
the unburned ammonia rises significantly. Sechul et al.>*
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experimentally studied ammonia blended with natural gas
in the SI engine. According to their findings, CO, emissions
were reduced by almost 28% when natural gas was replaced
with ammonia for more than 50% of the volume portion.
However, considering combustion efficiency and emissions,
the air/fuel ratio reached a high limit around lambda 1.5.
As mentioned above, using only ammonia in CI engines
requires high CR; hence, ammonia can be utilized as a sec-
ondary fuel with a small dose of diesel or biodiesel to ignite
combustion in a dual-fuel mode without considerable modi-
fication in the engine.* Reiter and Kong™ investigated the
impacts of injecting gaseous ammonia into the intake mani-
fold on the emissions and combustion characteristics of the
CI engine. They tested different ratios of ammonia/diesel to
obtain constant power in the operating range of 40% to 60%
of the input energy provided by ammonia to achieve the
optimal fuel efficiency. Their experimental results show that
when the ammonia energy contributes to more than 60% of
the total energy, the NO emissions rise significantly, but soot
emissions decreased for a higher ammonia ratio. Their other
similar work? proved that engine operation was successful
for 95% of energy supplied by ammonia; however, the
unburned NH; was significantly higher due to unsuccessful
combustion. Nevertheless, reasonable efficiency can be
achieved if 80% of the total energy is supplied by ammonia.

A novel combustion strategy for using ammonia in CI
engine has been suggested by Lee and Song”’ to reduce NO
emissions. Parametric research has been performed to vali-
date and evaluate the characteristics of the ammonia-fueled
engine by applying the suggested combustion strategy.
They discussed engine operation characteristics according
to the ammonia dose, start of injection (SOI) timing, and
NO emissions. Their findings indicate that for constant
amount of ammonia and diesel fuel, NO production is a
strong function of SOI instead of the load of the engine.
Hence, NO emission was reduced from 8500 ppm to
3040 ppm by changing the SOI timing. Recently, Yousefi
et al.*® investigated the impacts of the ammonia energy
fraction with diesel injection timing on engine performance
and emissions. Their results reveal that the NO, emissions
decreased by 58.8% when the ammonia energy percentage
was increased from O to 40%. However, it increased the
N,O emission, which has a higher greenhouse effect.

In recent years, there has been renewed enthusiasm for
utilizing ammonia as a primary fuel for ICE. Nevertheless, it
is evident from the above literature review that there is a sig-
nificant research gap in ammonia-/biodiesel-fueled CI
engine. Comprehensive research has to be done to effectively
utilize ammonia while reducing emissions in the diesel
engine. Therefore, in this paper, a strategy of using ammonia
with biodiesel as a secondary fuel is proposed to operate with
the lowest possible biodiesel and high amount of ammonia
in different loads with reasonable operation. For the first

time, ammonia with biodiesel dual-fuel CI engine has been
studied. Hence, the effects of various ammonia mass flows
with two constant pilot doses of biodiesel on combustion,
emissions, and engine performance are investigated and
compared with pure biodiesel operation. Additionally, a 1D
model is built and developed to analyze ammonia with bio-
diesel combustion characteristics.

2 | TEST RIG AND
EXPERIMENTAL SETUP
2.1 | Testrig

The tests were performed on a single-cylinder 4-stroke
Lifan diesel engine C186F with forced air cooling system.
The engine's main specifications are listed in Table 1.
The engine has been retrofitted to operate with port
injection of ammonia and then will be installed in the
tractor for use in the agricultural sector. Gaseous ammo-
nia at 2 bar was injected into the port near the inlet valve,
through the pipe inserted into the intake manifold, and
the mass flow of ammonia was measured using a Coriolis
flow meter. A surge tank has been installed in the intake
manifold to measure the constant air mass flow rate, and
also to avoid the backflow of ammonia from the intake
manifold to the environment. The temperature of the
port, exhaust gas, and ambient as well as the air and
ammonia mass flow rate were monitored by LabVIEW
software and National Instruments hardware. The engine
has been coupled by the vibration damping shaft to the

TABLE 1 Engine main specifications
Engine information Valves Units
Engine type 4 stroke, CI
Number of cylinders 1
Bore x Stroke 86 x 70 mm X mm
Compression ratio 16.5:1
Maximum power (3500 rpm) 6.4 kw
Piston shape ® bowl
vo 14 BTDC
Ive 45 ABDC
EVO 50 BBDC
EVC 16 ATDC
SOI 15.5 BTDC
Injection pressure 200 bar
Intake temperature 10 °C
Intake pressure 93.19 kPa
Engine speed 1500 rpm
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electric motor to adjust the engine load and speed for the
test. The in-cylinder pressure was measured with a reso-
lution of 1024 measuring points per one shaft revolution
and for 100 consecutive cycles using a piezoelectric pres-
sure transducer. An encoder with 0.35 CA resolution was
installed on the engine shaft to sample the electrical sig-
nal from the pressure transducer to identify the piston
position at TDC. A sample of the exhaust gas was ana-
lyzed using Fourier transform infrared spectroscopy
(FTIR), gas analyzer, and particulate matter (PM). The
FTIR is a Gasmet DX4000 gas analyzer, which is operated
by Calcmet software. The Calcmet can simultaneously
analyze 50 gas components in wet and corrosive gas
streams, and it has various spectrum libraries in different
ranges to determine the concentration of each species.
However, the ammonia concentration was beyond the
measurement ranges, so it is not available. The FTIR has
an accuracy of less than 2%. Furthermore, the PM mea-
surement device has a precision of less than +3% and
measures particle sizes from 0.04 to 10 pm with particle
mass concentrations up to 250 mg/m? under normal con-
ditions and dry exhaust gas. Each parameter was mea-
sured every second for 5 min in the steady-state running
engine for each operating point.

2.2 | Experiment procedure

Figure 1 illustrates the schematic of the test. In this figure,
P and T show the measuring points for pressure and tem-
perature. In all tests, the rotational speed has been fixed at
1500 rpm. The engine has been operated with biodiesel at
different loads to determine the baseline. The approach

FIGURE 1 Schematic of the
experiment for the ammonia biodiesel
dual-fuel engine. P and T represent the
measurement points of pressure and

temperature, respectively

for ammonia port injection is defined in this way that the
engine is operated with biodiesel in low load and with
constant biodiesel mass flow rate, and then ammonia is
injected to increase torque and power. Hence, Table 2 pre-
sents the procedure of the two sets of ammonia and bio-
diesel tests. In the first test, biodiesel load contribution
(BLC) was 10%, ie, the engine has been operated with bio-
diesel and the measured load and biodiesel mass flow rate
were 10% and r, =0.107g/s, respectively. Then, the
ammonia mass flow is increased to obtain higher loads at
the same operating point as the biodiesel baseline. The
second test is similar to the test one, but with this differ-
ence that the engine was run with biodiesel at a low load
of 3.5% with constant 7, = 0.082g/s. By increasing the
ammonia mass flow, ammonia load contribution (ALC),
and ammonia energy contribution (AEC), which is
defined in Equation (1), have been increased since the
biodiesel mass flow rate and the BLC were constant in
the two sets of tests. The maximum input AEC is 59.1%
and 69.4% at full load for test one with ry, =0.107g/s,
and test two with i, =0.082g/s, respectively. However,
reducing the biodiesel mass flow lower than
Mpi, = 0.082g/s to replace it with more ammonia to
obtain higher input AEC causes a significant amount of
ammonia slip. The exhaust gas sample is interred to
FTIR, gas analyzer, and PM measurement before SCR.

2.3 | One-dimensional model and data
analysis

One-dimensional (1D) model of ammonia/biodiesel dual-
fuel engine was built and developed using the AVL
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TABLE 2 Ammonia/biodiesel tests NO. BLC ALC Load Tithio ti, W, Tgir AEC
conditions

Unit % % % g/s g/s kg/kg g/s %
Setl 1 10.0 10.0 20 0.107  0.045 0.29 6.47 17.1
2 10.0 25.3 35 0.107  0.100 0.48 6.25 322
3 10.0 37.1 47 0.107 0.141 0.56 6.16 40.0
4 10.0 48.8 59 0.107 0.186 0.63 597 46.6
5 10.0 60.6 71 0.107 0.227 0.67 5.83 51.0
6 10.0 78.2 88 0.107 0.293 0.73 5.63 57.2
7 10.0 90.0 100 0.107 0.327 0.75 5.44 59.1
Set2 8 3.5 16.5 20 0.082  0.107 0.56 6.36 40.0
9 3.5 31.8 35 0.082 0.157 0.65 6.13 49.2
10 3.5 43.6 47 0.082 0.213 0.72 6.02 55.6
11 3.5 55.3 59 0.082 0.260 0.76 5.94 60.7
12 3.5 67.1 71 0.082 0.293 0.78 5.69 65.0
13 35 84.7 88 0.082  0.361 0.81 5.47 67.1
14 35 96.5 100 0.082  0.398 0.82 5.27 69.4
TABLE 3 Biodiesel properties of biodiesel are listed in Table 3. In this work, the AEC is
Property Value Unit defined as the ratio of the ammonia input energy to the
Name Bioester _ total input energy in the dual-fuel model in Equation (1).
c 75.33 kg/kg .
H 13.97 kg/kg AEC=— N X L.HVNH3 (1)
o 105 G Mpio LHV bio + Mg, LHV Np,
Molecular weight 200 kg/kmol
LHV 374 MJ/kg The friction power of the electric motor at 1500 rpm
Cetane number 51.0 - has been measured, and it is about 0.52 kW. The torque
Density 360 ke/m® and power are calculated after subtracting the friction
Cold point 3 e power. ‘TheArefor.e, the brake thermal efficiency (BTE) of
Flash point Lo1 o the engine is defined as follows:
Stoichiometric air/fuel ratio 12.96 - P,
BTE = (2)

BOOST software. In addition, the AVL Burn utility was
used for post-processing of the measured data, analyzing
the pressure profile, and calculating the net heat release
rate (HRR). The HRR has been determined from the mea-
sured pressure trace through the inverse procedure. Addi-
tionally, the combustion timing indicators have been
calculated by mass fraction burned (MFB). Hence, the
MFB diagram, combustion duration (CD), start of com-
bustion (SOC), and the location of MFB 10%, 50%, 90%
(CA10, CA50, and CA90) have been calculated using AVL
software. In this study, the SOC refers to the location of
the rising point on the MFB curve in the Vibe function.*
Biodiesel fuel (Bioester B100) was provided by Orlen
Poludnie company in Poland. The LHV of biodiesel was
measured at 37.400 MJ/kg; however, the ammonia LHV
is 18.6 MJ/kg.*® The elementary analysis and properties

- r'nbio X LHVbio + mNH3 X LHI/NH3

The concentrations of each species were measured
during 5 min of steady-state operation in molecules per
million in ppm unit and then recalculated according to
Equation (3) in 5% of O, since the concentration of each
species varies for different loads.>* Additionally, the
brake-specific emission in g/kW.h units is calculated.

Xsto, = X ot oy | ()

20.9% — (0,),,

Where (X;),, and (O,),, are the measured concentra-
tion of each species and the measured concentration of
0,, respectively.

The equivalent brake-specific fuel consumption is
defined in Equation (4) in dual-fuel engine.*
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Measurement uncertainty has been evaluated
through statistical analysis. The SD of the emissions and
data obtained from the test rig were calculated using the
Equation (5)****

where X;, and X are the measured and mean values,
respectively, and n is the number of measurements.
Therefore, uncertainty (U) is defined by>>**:

U:ﬁ (6)

Furthermore, the coefficient of variation (COV) of
100 continuous cycles for IMEP, P.., and apn.x was
obtained. Therefore, COVp, and COV, _ were less than
1% for all tests. However, COVyzp Was less than 2% and
4% for biodiesel and ammonia/biodiesel operations,

respectively.

3 | RESULTS

3.1 | Effects of ammonia on engine
performance

As mentioned above, the ammonia injection strategy was
carried out in such a way that the engine is operated first
with only biodiesel at mp;, =0.107g/s in 10% load and
secondly at rip;, =0.082g/s in 3.5% load. Hereafter, the
ammonia mass flow is increased to obtain the same loads
as biodiesel. The maximum power (Py,,,. ) of the engine at
100% of the load is 3.190kW, of which 2.356 and
2.576kW of Py, are provided by ammonia for the tests
set 1 and set 2, respectively. The mass flow of ammonia
was increased to obtain the same power as only biodiesel
tests; however, the brake efficiency of the dual-fuel mode
is slightly lower compared with the baseline, as shown in
Figure 2. The BTE increases with increasing load and
reaches 32.27% at load 88% after that decreased to 31.89%
at full load for the biodiesel test. This decline in BTE at
full load is due to the high amount of unburned hydro-
carbons such as HC, CO, and soot together with high
exhaust gas temperature (Figure 3). However, ammonia
by decreasing the emission of unburned hydrocarbons

34 T

32 ¢

2 1 —O=—Biodiesel
] —o—NH3 with 0.107g/s Bio
30 i . i —ﬁ—N!—[S with O.QSZg/s Bio X
0 20 40 60 80 100
Load (%)
FIGURE 2 Brake thermal efficiency of the ammonia-/

biodiesel-fueled engine compared along with biodiesel

550 T
1 ==0=Biodiesel
500 J=—90—NH3 with 0.107g/s bio
—_  —=—NH3 with 0.082g/s Bio
< 450 1
@ ]
= ]
= 400 +
] ]
= ]
g 350 +
& ]
g 300 1
201
- ]
= ]
200 +
150 4
100 4 t ————t ———
0 20 40 60 80 100
Load (%)
FIGURE 3 Effects of ammonia on exhaust gas temperature

compared with biodiesel

obtains a BTE of 30.69% at full load in set 1 test. More-
over, the increase in BTE at higher loads is due to a
decrease in the ratio between friction losses and the
engine indicated work, resulting in a decrease in the fric-
tion power contribution to brake power. Figure 2 also
shows that by reducing the biodiesel mass flow rate from
Mpio =0.107g/s to mip;, =0.082g/s to obtain a higher
ALC, decreases the BTE due to unsuccessful combustion
of ammonia with biodiesel, causing a high amount of
unburned NH;.
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FIGURE 4 Brake-specific fuel consumption of the ammonia/
biodiesel with the biodiesel tests corresponds to the engine load

As can be observed in Figure 3, the exhaust gas tem-
perature of the biodiesel test is higher compared with the
dual ammonia/biodiesel tests. For example, EGT is
reduced by 100 from 485 K for biodiesel to 385K for
ammonia/biodiesel tests at full load due to the lower in-
cylinder temperature during the combustion stroke since
the in-cylinder temperature of ammonia-/biodiesel-fueled
engine is lower than the biodiesel.>> Moreover, the CD of
ammonia/biodiesel combustion is lower than that of bio-
diesel at higher loads, which will be discussed in the next
section. Therefore, less heat is released during the expan-
sion stroke, resulting in a temperature drop in the work-
ing medium and ultimately a lower exhaust temperature
in ammonia/biodiesel operation compared with pure bio-
diesel, as can be observed in Figure 3. The SCR is acti-
vated around 300°C, therefore it is only active in higher
loads.

Figure 4 illustrates the equivalent BSFC for ammo-
nia/biodiesel tests along with only biodiesel under
various loads. The BSFC of ammonia/ biodiesel is
higher relative to biodiesel operation due to the lower
LHV of the ammonia/biodiesel mixture, since LHV g,
is considerably lower compared with LHVj,
(Equation 4). However, the BSFC difference between
ammonia-/biodiesel-fueled engine with only biodiesel at
20% of the load is approximately 10.0% due to the ineffec-
tive burning of the lean ammonia/air mixture at low
loads.®” Nevertheless, this difference will decrease with
increasing load. Hence, the BSFC of set 1, set 2, and bio-
diesel tests are 300.2, 313.5, and 326.8 g/kW.h,
respectively.

ENERGY RESEARCH HAWA T B VA

3.2 | Effects of ammonia on in-cylinder
parameters

Figure 5 shows in-cylinder pressure profiles vs load for
each operating point. The pressure traces for the biodiesel
test on different loads along with the pressure profiles of
the full load of set 1 and set 2 are presented in Figure 5A.
The location of rapid rise in pressure is constant with
increasing load in the pure biodiesel operation, and the
pressure curves are also overlapped in the starting of the
high pressure. This is due to the fixed start of biodiesel
injection at —15.5CAD. It was observed that ammonia/
biodiesel combustion generally has higher in-cylinder
pressure than biodiesel. For example, the peak of the
pressure for biodiesel is 76.64 bar and increased to
82.89 bar (8.1% increase) and 87.79 bar (14.5% increase)
for set 1 and set 2 at full load, respectively. This is mainly
due to ignition delay and the higher premixed ratio com-
pared with biodiesel, as can be seen in the HRR profile in
Figure 7A. HRR diagram of the diesel engine normally
has four steps, which are ignition delay, premixed com-
bustion, diffusion combustion, and late combustion,
sequentially, according to Heywood.*® However, the
evaporation phase of the pilot biodiesel in the premixed
air-ammonia is very short compared with the only biodie-
sel operation in which a high amount of ammonia causes
one peak in the HRR diagram, and most of the heat is
released in premixed combustion. Hence, the location of
the peak of the pressure leads to the advance by increas-
ing the ALC, as can be seen in Figure 5B,C. Furthermore,
the pressure rise rate profiles are presented in Figure 6
for 20% and 100% loads. The peak of PRR is 5.4 bar/deg
at full loads for the biodiesel test. However, it increases to
6.9 bar/deg for the same operating point at maximum
AEC. The maximum PRR of ammonia/biodiesel is higher
than pure biodiesel operation due to ignition delay and
changing combustion mode from diffusion in pure bio-
diesel to the premixed combustion in dual-fuel mode,
resulting in higher engine noise. However, the peak of
PRR of ammonia biodiesel engine is lower than that of
pure biodiesel at 20% of load. The flame propagation of
ammonia/biodiesel in low loads is slower than the pure
biodiesel due to the lean mixture, since the laminar flame
speed of ammonia is slower in the lean mixture but faster
in the stoichiometric condition.

MFB and HRR at 20% and 100% of the loads for
ammonia/biodiesel along with biodiesel test are shown
in Figure 7. HRR curves revealed that when more ammo-
nia is injected into the intake manifold, the HRR peak
increases. There are mainly two reasons: first, the higher
amount of ammonia increases the peak of the in-cylinder
pressure. Second, propagation of the premixed ammonia-
air flame increases the HRR peak in the premixed
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FIGURE 5 In-cylinder pressure profiles for each set of data

combustion phase in the HRR curve. Therefore, a higher
ammonia ratio changed the combustion mode from diffu-
sion mode to premixed combustion. Although pure bio-
diesel ignition starts in advance, the combustion of
ammonia/biodiesel is finished earlier than only biodiesel
for high loads, as can be observed in Figures 7B and 8C.
The indicators of ammonia with pilot biodiesel com-
bustion are shown in Figure 8. SOC increases slightly
from —5.83CAD to —5.24CAD by increasing the load for
the pure biodiesel test. However, the minimum energy
required to ignite the ammonia-air mixture is higher.*’
Therefore, biodiesel is first injected and then evaporated,
providing energy to initiate the combustion of premixed
ammonia-air. Therefore, ammonia with biodiesel in

dual-mode combustion has a longer delay in SOC, as can
be observed in Figure 8A,B. SOC is delayed from
—5.24CAD in pure biodiesel operation at full load to
—1.43CAD and —2.55CAD for biodiesel/ammonia com-
bustion in i, =0.107g/s and g, =0.082g/s  tests,
respectively, in the same operating point. Figure 8D
shows the CA50-CA10 that is related to flame propaga-
tion. Thus, the flame propagation of ammonia/biodiesel
in low loads is slower than that in the pure diesel case
due to the lean mixture as well as the low flame speed of
ammonia in lean condition. However, the ammonia
flame propagates faster than pure biodiesel in higher
loads because combustion mode is changed from the dif-
fusion combustion in pure biodiesel to the premixed
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combustion in dual-fuel mode. Moreover, the laminar
flame speed of ammonia increases from the lean mixture
to the stoichiometric condition.>

CD is defined as the difference between CA90 and
CA10. The CD of ammonia/biodiesel combustion has
slightly increased for higher load, unlike biodiesel. How-
ever, the CD of biodiesel combustion increases as the
load increases due to the high biodiesel mass flow rate
and diffusion combustion. Therefore, premixed ammonia
air burns earlier than pure biodiesel at high load as a
result of the higher premixed ratio. Furthermore, the
CA90 curve is presented in Figure 8E for set 1 and set

20% load

10 ----r----r----gzc==r Biodiesel

El
L
Z 8 NH3 with 0.107g/s bio
5 ¢ NH3 with 0.082g/s bio
<
x 4
2 2
0

CAD

FIGURE 6
in set 1, set 2, and biodiesel

Pressure rise rate curves for loads of 20% and 100%

2 together with the biodiesel test. It can be observed that
increasing the mass flow rate of pure biodiesel enhanced
CA90, for example, 90% of pure biodiesel has been
burned at 40.6CAD. It can be concluded that ammonia/
biodiesel burns slower than only biodiesel at lower loads,
but the CD of pure biodiesel is higher at high loads.

3.3 | Effects of ammonia on emissions

In this section, the influence of various ammonia mass
flows with constant biodiesel flow (11, =0.107g/s and
i, =0.082g/s) will be discussed. The concentration of
each species has been calculated in 5% o0, to show the
exhaust gas composition with the same level of dilution by
air, and it should be noted that for each test the excess air
was different. As more biodiesel is replaced by ammonia, it
significantly reduces CO,, as shown in Figure 9. This can be
expected since NH; has a carbon-free nature. The concentra-
tion of CO, in the biodiesel test is approximately 10.6% for
different loads, however, it dramatically reduced to 2.48% for
set 2 at full load, as can be observed in Figure 9B. Although
CO, decreased significantly, it also produced N,O around
60 ppm which has a global warming potential (GWP) of
298 times that of CO, over a 100-year timescale. Thus,
60ppm of N,O is equivalent to 1.7% of CO, in terms of
GWP. Therefore, the CO, emission decreased from 10.6 to
4.26%, considering the equivalent GWP.

As discussed before, ammonia decreases the in-
cylinder temperature. Hence, unsuccessful combustion at
20% of load due to low in-cylinder temperature causes a
high amount of unreacted species such as NO, CO, and
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FIGURE 7 Mass fraction burned and heat release rate profiles for loads of 20% and 100% for each test (set 1, set 2, and biodiesel)
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FIGURE 9 Comparison of CO, emissions between NH; with 0.107 g/s of bio and NH; with 0.082 g/s of bio with only biodiesel operation

PM (Figure 10B, 11B and 13). Observations of the NO  with the only biodiesel test due to the presence of the
emission in Figure 10 reveal that as more biodiesel is N atom in NH;. Furthermore, NO concentration curves
replaced by ammonia increases NO emission compared for ammonia/biodiesel operation illustrate an interesting

85US0 |7 SUOWILLIOD 3AIE81D 3|edt|dde Uy A pauienob 82 s3olie VO 8sN JOSa|nJ 104 ARiq1T8UIUO AB]IAN UO (SUORIPUOD-PUR-SWLBYW0D" A3 | 1M ARe1q 1 pU1|UO//SA1Y) SUORIPUOD PUe SLLB | 33 89S *[£202/0T/E2] U0 AiqITaulluO AB]IM 'Jo AISBAIUN UeS3|IS/dOd AQ SEZ8'B/Z00T OT/I0p/W0d" A3 | 1M Aelq 1 BUIIUO//SCNY WO papeo|umoq ‘TT ‘2202 ‘XyTT660T



52 Appendix A.
NADIMI ET AL. INTERNATIONAL JOURNAL OF 15357
ENERGY RESEARCH BAWA D B g i
18 1 2200 T
16 + 2000
14 1 1800 +
2] 1600 ¥
§ 0] E 1400 3
T =
3 o 1200 +
5 8 + o
z ] £ 1000 F
1 el
°1 = 800 1
| :
4 - 1
] 600 T —o—Biodiesel
1 —O=— Biodiesel ) .
2T —o—NH3 with 0.107gs bio 400 3 O NH3 with0.107¢/s bio
0 —#—NH3 with 0.082g/s bio | . 500 —ﬁ—INH3 w1lh|0.082g/s bIlO ' .
0 20 40 60 80 100 0 20 40 60 80 100
Load (%) Load (%)
(A) BSNO (B) NO in 5% O,

FIGURE 10 NO emissions of NH; with 0.107 g/s of bio and NH; with 0.082 g/s of bio compared with only biodiesel

45
—O— Biodiesel

40 —<0—NH3 with 0.107g/s bio
—#—NH3 with 0.082¢g/s bio

CO (g/kW.h)

0 20 40 60 80 100
Load (%)
(A) BSCO

9000

8000

7000

6000

5000

4000

3000

CO in 5% O2 (ppm)

2000

1000

—O—Biodiesel
| ==0—NH3 with 0.107g/s bio
—&—NH3 with 0.082g/s bio

Load (%)
(B) CO in 5% O,

FIGURE 11 CO emissions of NH; with 0.107 g/s and with 0.082 g/s of biodiesel along with using only biodiesel

behavior, first decreasing until 50% of load, then increas-
ing. This decrease of NO in 20% to 50% of the load is
because of in-cylinder temperature, which results in
destructing NO through reactions of 7 to 10. These reac-
tions are started at temperature around 1100 K to
1400 K,*"** where in-cylinder temperature is in the range
of 20% to 50% of load for ammonia/biodiesel test.

NH; -+ OH — H,0 + NH, (7)

NH;+ 0 — OH +NH,

NO+NH, — H+OH

NO+NH2 HH20+N2

(8)
©)

(10)

Figure 11 shows the CO emission for two sets of
ammonia/biodiesel tests together with normal biodiesel
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operation. Although the concentration of CO increases
exponentially with increasing load due to the lack of O,
at higher loads, it has decreased for the operation of
ammonia/biodiesel. This decrease in CO is due to the low
amount of carbon and premixed ammonia-air combus-
tion. Therefore, the CO emission decreased significantly
from 8210 ppm for biodiesel to 1042 ppm for set 2 at full
load; in other words, the ammonia-/biodiesel-fueled
engine produces 35.18 g/kW.h less CO compared with
the normal biodiesel engine, as shown in Figure 11B.

Figure 12A,B show HC emissions for ammonia/biodiesel
engine including pure biodiesel at different loads. HC con-
centration slightly increases from 88 ppm to 199 ppm by
enhancing the load. However, biodiesel generally produces a
lower amount of HC emission in contrast to diesel fuel due
to the content of O, resulting in complete combustion.***°
Nevertheless, as more ammonia is introduced into the intake
manifold, the emission of HC decreases. For example, the
equivalent concentration of HC is reduced from 119 ppm for
pure biodiesel to 73 and 57 for ammonia with
Mpi, =0.107g/s and ammonia with i, =0.082g/s test,
respectively, in full load operation (Figure 12B). This
decline could be due to a couple of reasons. First, due to
homogeneous premixed ammonia-air combustion with a
low amount of carbon. Second, since the biodiesel dose
only contributes 10% and 3.5% of the load in the set 1 and
set 2 tests, it is attesting that spraying a small dose of bio-
diesel will not impinge on the cylinder wall, the small
size of the droplets and complete combustion in the thin
clearance between the cylinder and piston. All of this
results in a decrease in the HC emission.***’

Furthermore, PM emission for ammonia-/biodiesel-
fueled engine is presented in Figure 13. Typically, as the
load increases, the formation of PM increases as a result
of the high quantity of biodiesel fuel at high loads. There-
fore, the higher the in-cylinder temperature, the longer
the diffusion combustion phase, the constant SOI, and
the decrease in the oxidation of the soot at high loads
promote numerous PM formations. However, the
ammonia-/biodiesel-fueled engine has higher PM emis-
sion compared with the reference biodiesel in low loads.
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PM increases slightly as the AEC increases. This has also
been addressed by other researchers.’”*® As discussed in
the previous section, enhancing ALC decreases CD and
the in-cylinder temperature, which support the formation
of PM. However, PM was lower in dual-fuel mode at full
load compared with pure biodiesel operation. This is
mainly due to the perfect mixing of biodiesel with pre-
mixed ammonia-air since ammonia was injected to
obtain higher loads instead of biodiesel.

4 | CONCLUSION

This study demonstrates utilizing ammonia as a potential
carbon-free fuel with biodiesel in the CI engine in dual-
fuel mode. An experimental study along with a 1D model
has been conducted to investigate the impacts of different
ammonia and biodiesel load contributions on ammonia/
biodiesel combustion, engine performance, and emis-
sions. Therefore, the engine runs first with two different
pilot doses of biodiesel at low loads, then ammonia is
injected into the intake port to obtain higher loads. The
main conclusions drawn from this study are summarized
as follows:

« Ammonia-/biodiesel-fueled engine has a lower BTE
compared with pure biodiesel at the same operating
point. Additionally, as more biodiesel was replaced by
ammonia, BTE decreased as a result of unsuccessful
combustion of ammonia/biodiesel. Therefore, the BTE
decreased from 31.8 for pure biodiesel to 29.4 for the
highest ammonia input energy ratio at full load.

« Increasing ammonia input energy contribution (AEC)
decreases the exhaust gas temperature. Therefore, the
exhaust gas temperature was reduced by 100 K when
the AEC was 69.4%.

« Increasing ALC increases the peak of in-cylinder pres-
sure, for example, in-cylinder pressure of ammonia/
biodiesel combustion increased by 11.15 bar compared
with biodiesel at full load because the SOC and peak of
HRR diagram occur close to the TDC (0CAD). More-
over, ammonia also increases the peak of the pressure
rise rate diagram.

« The SOC is delayed with increasing AEC; additionally,
the propagation of the ammonia/biodiesel flame is
slower than the only biodiesel mode in low load due to
the low flame speed of ammonia in the lean mixture.
The SOC was delayed by 2.6 CAD and CD was reduced
by 19.7 CAD at maximum load compared with the
same operating point with pure biodiesel.

« Ammonia increases the peak of the HRR and
decreases the diffusion combustion phase in the HRR
diagram. Therefore, as more ammonia is introduced

ENERGY RESEARCH HAWA T B VAl

into the intake manifold, the combustion mode
changes from diffusion to premixed combustion.

« As more biodiesel was replaced by ammonia, CO,, CO,
and HC emissions decreased significantly. The mini-
mum CO,, CO, and HC emissions were achieved when
the AEC was the highest (AEC = 69.4%). Therefore,
CO, decreases by 510 g/kW.h and CO reduces by
30.1 g/kW.h at the maximum AEC. However, NO
emission increased with increasing ammonia flow
since NH; consists of one nitrogen atom.

NOMENCLATURE

ABDC after bottom dead center
AEC ammonia energy contribution
ALC ammonia load contributin
ATDC after top dead center

BBDC Dbefore bottom dead center
BDC bottom dead center

BLC biodiesel load contribution
BSFC  brake-specific fuel consumption
BTDC Dbefore top dead center

BTE brake thermal efficiency
CA10 CAD value for 10% MFB
CA50  CAD value for 50% MFB
CA90 CAD value for 90% MFB
CAD  cranck angle degree

CD combustion duration
CI compression ignition
CR compression ratio

EVC inlet valve closing

EVO exhaust valve opening
GDI gasoline direct injection
GWP  global warming potential
HRR  heat release rate

ICE internal combustion engine
ve inlet valve closing
Vo inlet valve opening

LHV  lower heating value
MFB mass fraction burned

Py, brake power

rpm rotation per minute

SCR selective catalytic reduction
SI spark ignition

SOC start of combustion

SOI start of injection

TDC top dead center
WNH, NH,; ratio in fuel
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ARTICLE INFO ABSTRACT
Handling Editor: Dr. Paul Williams Ammonia is currently receiving more interest as a carbon-free alternative fuel for internal combustion engines
(ICE). A promising energy carrier, easy to store and transport, being liquid, and non-carbon-based emissions
Keywords: which make ammonia a green fuel to decarbonize ICE and to reduce greenhouse gas (GHG) emissions. This paper
Ammonia aims to illustrate the impacts of replacing diesel fuel with ammonia in an ammonia/diesel dual fuel engine.
Dflal fuel X Hence, the effects of various ammonia diesel ratios on emissions and engine performance were experimentally
Diesel engine . . s . . s A
Emissions investigated. In addition, a developed 1D model is used to analyze the combustion characteristics of ammonia

and diesel. Results show 84.2% of input energy can be provided by ammonia meanwhile indicated thermal ef-
ficiency (ITE) is increased by increasing the diesel substitution. Moreover, increasing the ammonia energy share
(AES) changed the combustion mode from diffusion combustion in pure diesel operation to premixed combustion
in dual fuel mode. Therefore, combustion duration and combustion phasing decreased by 6.8CAD and 32CAD,
respectively. Although ammonia significantly reduced COy, CO, and particulate matter (PM) emissions, it also
increased NOx emissions and unburned ammonia (14800 ppm). Furthermore, diesel must be replaced with more
than 35.9% ammonia to decrease GHG emissions, since ammonia combustion produces N»O (90 ppm) that offsets
the reduction of COs.

GHG emissions

temperature and under a pressure of 8 bar. It has 30% more volumetric
1. Introduction energy compared to hydrogen [8,9]. However, hydrogen still is used in
power generation in other applications [10,11]. As the second most
produced chemical in the world, there are well-established in-
frastructures to produce and transport ammonia, making it a promising
sustainable green fuel [12,13]. However, the challenges in using

Nowadays, internal combustion engines are used mainly for power
generation and transportation. Compression ignition (CI) diesel engines,
with high load operation and high efficiency, are commonly used in
agriculture, heavy-duty, and marine vehicles [1]. However, conven- ~ ammonia as fuel in ICE are the high ignition energy and temperature,
tional diesel engines lead to emissions of GHG such as CO,. The ongoing low flame speed, and low adiabatic flame temperature compared to
developments in diesel engines or after-treatment systems are continu-  diesel fuel. Furthermore, the Lower Heat Value (LHV) of ammonia is
around 60% lower than diesel fuel. Nevertheless, the sociometric
mixture of ammonia/air has almost the same amount of energy
compared to the sociometric mixture of diesel/air [14].

Ammonia is used mainly in spark ignition engines (SI) in dual fuel
mode by blending with other promoter fuels such as hydrogen, gasoline,
etc., or in pure ammonia mode, according to a recent review [15].
However, using pure ammonia in heavy-duty diesel engines requires a
high compression ratio (CR) of around 27 and an auto-ignition tem-
perature of 924 K [16]. Rousselle et al. [17] investigated the limitation
of applying pure ammonia to the SI engine. Their results show that it is
difficult to operate the engine in low load due to the low CR and high

ously reducing these emissions [2-4]. Yet, using fossil fuels implies
inherent emissions of greenhouse gases, in particular, CO,. The Euro-
pean Union (EU) has introduced strict limitations in the emissions of
heavy vehicles [5]. The EU has also committed to reducing GHG emis-
sions to at least 55% by 2030, according to the Paris climate agreement
[6], but the long-term objective is to move towards a carbon-free soci-
ety. Therefore, alternative green fuels, such as ammonia, could be one of
the solutions to achieve this goal. Currently, ammonia is receiving more
interest among other green fuels such as hydrogen, ethanol, etc. as a
renewable carbon-free hydrogen carrier [7].

Ammonia can be easily stored in the liquid phase at ambient
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Nomenclature c cylinder
BB blow by
m mass, kg ex exhaust
1% Volume, m® u Internal energy, J
Qw Wall heat transfer, W Qr Fuel chemical energy, J
h Enthalpy, J a Crank angle degree, CAD
Y polytropic coefficient P Pressure, Pa
Ay Heat transfer coefficient, W/(m?K) A, Surface area, m>
D Bore, m T Temperature, K
L CI Compression Ignition
Abbreviations CR Compensation Ratio
ICE Internal CEombustion Engine BDC Bottom Dead Center
SI Spark Ignition ATDC After Top Dead Center
TDC Top Dead Center ABDC After Bottom Dead Center

BTDC Before Top Dead Center
BBDC Before Bottom Dead Center
ITE Indicated Thermal Efficiency
o Inlet Valve Opening

EVO Exhaust Valve Opening
AES Ammonia Energy Share
ISFC Indicated Specific Fuel Consumption

C Constant

Ccov Coefficient of Variation
SOI Start of Injection
Subscripts

b burned

GHG Greenhouse gas

vC Inlet Valve Closing

EVC Inlet Valve Closing

MFB Mass Fraction of Burned
rpm Revolutions Per Minute
PM Particulate Matter

AFR Air Fuel Ratio

SOC Start of Combustion

u unburned

w wall

f fuel

sto Stoichiometry

speed around 2000 rpm due to the low flame speed of ammonia. How-
ever, they also mention that the engine can operate under all conditions
by adding 10% hydrogen. In a similar work carried out by Lhuilliera
et al. [18], they showed that blending ammonia with 20% hydrogen
increases the efficiency and power of the SI engine. However, increasing
the hydrogen fraction by more than 20% decreased the indicated effi-
ciency due to the high wall heat loss. Ryu et al. [19] studied direct in-
jection of ammonia with port injection of gasoline for the first time. They
suggested a new ammonia injection strategy, and their results revealed
that a good ammonia injection timing range is between 320 and 370
before TDC. Grannell et al. [20,21] proved that 70% of the gasoline
energy can be replaced by ammonia, resulting in knock-free operation
under high load. Although they observed a significant increase in NoO
and NO emissions either in lean or rich operations. Generally, N2O and
NOy emissions increase due to the presence of N in ammonia (NHs) [22].
Hence, Westlye et al. [23] measured nitrogen-based emissions in the
ammonia/hydrogen-fueled SI engine. They also reported that the NOy
emission of the ammonia-fueled SI engine was 4% higher than the
conventional SI engine at all the same operating points. Furthermore,
the concentration of N>O was below 60 ppm for different air-fuel ratios.

Cl engines are a promising way to utilize ammonia, especially marine
engines due to their high CR, which allows using pure ammonia [24,25].
Recently, Imhoff et al. [26] have analyzed the performance of ammonia
powertrains on oceangoing vessels to assess the use of ammonia in the
marine sector, concluding that ammonia-fueled CI engines are more
efficient and easier to implement than others, such as gas turbines.
However, ammonia can be used in dual fuel mode in light CI engines for
the transportation sector. In dual-fuel diesel engines, ammonia is used
with other fuels, e.g., diesel, to overcome the challenges of burning
ammonia. In this approach, ammonia is introduced into the intake
manifold, and then the pilot dose of diesel or biodiesel is sprayed to
supply the minimum energy required to ignite the ammonia-air mixture
[27]. The use of ammonia in dual fuel mode in CI engines is presented in
Table 1. This table summarizes the main findings of using ammonia with
different fuels and the key studied parameters.

According to the above literature review, there is revived interest in
the research and development of using ammonia in ICE to reduce
greenhouse gas emissions. For that purpose, it is also important to show
that ammonia can be produced in a green and carbon-free way. The
suitability of ammonia for SI engines has been successfully proven by
using Hs as a combustion promoter [18]. The utilization of ammonia in
CI engines still presents notable research gaps. As can be seen from
Table 1, researchers only investigated limited ratios of ammonia with
other fuels. Ammonia is known for its carbon-free emissions, yet nitro-
gen oxides are an issue besides nitric oxides (NO) and nitrogen dioxide
(NOy), cumulatively known as NO,, nitrous oxide N0 is of particular
concern as it can be emitted from ammonia-diesel combustion and has
nearly 300 times larger greenhouse effects than CO; on the 100-year
time scale. Considering the emissions by the greenhouse effect, it can
offset the reduction of CO,. Furthermore, unburned ammonia on itself
can be another challenge for dual fuel diesel ammonia engines. In this
work, we investigate the impacts of replacing diesel fuel with ammonia
to the maximum possible substitution in the CI engine under full loads
conditions. Engine performance and emission characteristics are
experimentally studied for various ammonia-diesel ratios. Moreover, 1D
model is used to calculate the combustion characteristics indicators.
Therefore, ignition delay, combustion phasing and duration are deter-
mined for different ammonia diesel ratios. Furthermore, unburned
ammonia and N»O emissions are discussed. Finally, CO equivalent GHG
emissions are presented to show the effectiveness of ammonia in
reducing GHG emissions even with N»O emission.

2. Experimental methodology
2.1. Experimental setup

All experiments were carried out on a single-cylinder diesel engine.
The engine has been retrofitted for ammonia port injection. Table 2 lists

the main specifications of the engine. Fig. 1 demonstrates the schematic
of the test rig and experimental apparatus. Ammonia was stored at 10
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Table 1
Summary of ammonia in dual-fuel CI engines and its effects on performance and
emissions from the literature.

Researchers Year Fuel Main studied Effects of

parameters ammonia

M.I. Lamas et al. 2017  NHs, H,, - NH3 - Ammonia

[28] diesel direction decrease more
injection than 70% of
NO,

Lasocki et al. [29] 2019 NH3, diesel - Port - The high
injection of amount of NO
ammonia to - Significant
obtain higher reduction of
loads CO, and CO

Ryu et al. [30] 2014  Direct — 40% -Suggested

injection dimethyl injection timing
NH3, ether and between 90 and
dimethyl 60% NH3. 340 BTDC.
ether — 60% - Soot and CO
dimethyl decreased.
ether and - NO, and HRR
40% NH3 increased
Grosset al. [31] 2013 Direct — 80% - Longer ignition
injection dimethyl delays.
NH3, ether and - Combustion
dimethyl 20% NH3 temperature
ether - 60% decreased.
dimethyl -Increasing
ether and injection
40% NH3 pressure
improved
combustion and
emissions

Sivasubramaniana 2019  NHj, - Various - NO, reduction

et al. [32] mustard loads of 3.9%.
methyl — 10% and - Combustion
ester 20% of temperature

ammonia decreased.

— 10.4%

reduction of
HC and 3.8%
of CO

Wang et al. [33] 2013  H,, NH3, — 10% of Hy - Increase in

diesel NH3 slip,
ignition delay,
and NO,.

- Efficiency was
similar to only
diesel
operation

Yousefi et al. [34] 2022 NH3, diesel - Ammonia —40% of
energy ammonia
fraction reduced the NO,

- Diesel by around
injection 58.8%.
timing

- Ammonia
emission 4445
ppm

Frost et al. [35] 2021  Aqueous - Ammonia - Ignition delay

ammonia diesel load increased.
diesel contribution - In-cylinder
- Different pressure peak
engine loads increased.

- Significant
unburnt
ammonia

Yousefi et al. [36] 2022  Ammonia, -Split diesel - unburned NH3

diesel injection decreased
85.5%.

- Greenhouse
gas emissions
decreased
23.7%

- ITE increased
2% by split
injection.
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Table 1 (continued)

Researchers Year Fuel Main studied Effects of
parameters ammonia
lee et al. [37] 2018 Ammonia, -Injection - NOisa
diesel strategy function of SOI
instead of

engine load.
-NO decreased
from 8500 ppm
to 3040 ppm by
adjusting the
SOL

Nadimi et al. [38] 2022 Ammonia, -Different loads - Longer ignition
biodiesel delay.
- NO emission
increased
Table 2
Specifications of diesel engine.
Engine info. Valves Units
Engine model 4 stroke, Lifan
Bore and stroke 86 x 70 mm
Geometric CR 16.5:1
Maximum power (3500 rpm) 6.4 kw
Conn. rod length 117.5 mm
o 14° BTDC
e 45° ABDC
EVO 50° BBDC
EVC 16° ATDC
SOI —-15.5 BTDC
Injection pressure 200 bar

bar in the cylinder and continuously injected into the intake port at 2
bar. The ammonia mass flow rate was measured with a Coriolis flow
meter. A surge tank was installed before the intake manifold to prevent
ammonia backflow and to decrease pressure oscillations. The air mass
flow rate has been measured using a turbine-type flow meter. The
temperatures of the inlet air, the exhaust gas (Ty), diesel fuel, ammonia
before injection, and the intake port (Tpor) were measured. Cylinder
pressure traces have been measured using a piezoelectric pressure
transducer with a resolution of 1024 measuring points per shaft rotation
and for 100 consecutive cycles. An electric motor dynamometer was
coupled to the engine to control the engine load and rotational speed. All
measured parameters have been monitored with LabVIEW software and
National Instruments hardware.

A Fourier Transform Infrared Spectroscopy (FTIR) from Gasmet
company (Gasmet DX4000) was used to analyze the exhaust gases.
Calcmet software runs FTIR that can analyze 50 gas components in
corrosive and wet gas streams at the same time. Various spectrum li-
braries are embedded in the software that can determine the concen-
tration of each species with an accuracy of 2%. Besides FTIR, an
additional gas analyzer is used to verify the measured emissions. Par-
ticulate Matter (PM) was measured using SMG200 M with a precision of
3% and particle sizes in the range of 0.04 pm-10 pm under normal
conditions (1 atm and 0°C). The exhaust gas sample has been taken
directly from the exhaust port through a heated pipe of FTIR at 180 °C.

2.2. Experimental methods

The test was carried out to determine the maximum diesel that can be
replaced with ammonia. In addition, the impact of the Ammonia Energy
Share (AES, calculated by Eq. (9)) on engine performance, combustion,
and emissions characteristics was examined. Since ammonia has a low
flame speed and a high minimum required ignition energy [39,40], low
engine speed fixed at 1200 rpm and full load were chosen for all oper-
ating conditions. The first operating point regarded as the reference was
taken at those conditions fueled with pure diesel. Subsequently, the
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Fig. 1. The schematic of the test rig configuration.

mass flow of diesel is reduced and gaseous ammonia is aspirated to the
intake port close to the inlet valve according to the AES values in
Table 3, to achieve the same power as in the case of pure diesel.
Introducing more ammonia into the intake manifold to obtain a
higher AES, decreases the air mass flow rate. Furthermore, the LHV of
ammonia is lower compared to that of diesel, which requires a higher
mass flow rate to achieve the same power as pure diesel. The stoichio-
metric air fuel ratio (AFRy,) of the mixture decreases with increasing
ammonia ratio, as ammonia has a stoichiometric AFR of 6.0 [41]. Thus,
A varies between 1.34 and 1.52 for all operating points, as reported in
Table 3. The Coefficient Of Variation (COV) for maximum cylinder

pressure (COVp,,.), the location of the peak of the in-cylinder pressure
and IMEP (COVygp) have been calculated for each test and are pre-
sented in Fig. 2. COV is less than 2%, as can be seen in Fig. 2. However, it
increases dramatically to 6.0% for maximum AES, which means unsta-
ble operation. Therefore, the maximum diesel fuel that could be
replaced with ammonia was AES = 84.2% and for a higher value of AES,
the engine could not run.

Table 3

Overview of the operating points conditions.
NO. T giesel T, Tigir Ynm, Tport Tex P; AFRg, A

8/s g/s g/s - °C °C kw kg/kg -

OrP1 0.220 0 4.27 0 33.6 460 3 14.59 1.35
0oP2 0.186 0.074 4.25 0.286 14.90 31.3 450.6 3.05 12.15 1.36
oP3 0.152 0.135 4.25 0.470 27.94 28.1 399.2 3 10.58 1.41
OP4 0.127 0.162 4.25 0.561 35.85 26.6 387.7 2.95 9.80 1.51
OPS5 0.103 0.212 4.21 0.674 47.44 26.0 373.5 3 8.84 1.52
OP6 0.09 0.249 4.15 0.735 X 24.9 370.6 3.06 8.32 1.48
op7 0.076 0.279 4.03 0.786 61.62 24.8 357.7 3.06 7.89 1.45
oP8 0.040 0.338 3.97 0.894 78.73 23.6 335.4 2.98 6.96 1.51
0OP9 0.030 0.364 3.88 0.924 84.16 225 328 3.03 6.71 1.47
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Fig. 2. COV of IMEP, the location of the maximum pressure, and peak of the in-
cylinder pressure against AES.

3. Numerical methods
3.1. One dimensional model setup

A 1D model was used to analyze the ammonia-fueled engine by using
AVL BOOST software and the BURN utility. A method called the “target
pressure curve 2 zone” is used to model combustion in the cylinder. In
this model, the measured in-cylinder pressure curves are used to
calculate the Mass Fraction of Burned (MFB) fuel and the Heat Release
Rate (HRR) profiles [42]. Hence, the combustion zone in the cylinder is
divided between the unburned and burned gas regions [43]. The first
law of thermodynamics is applied to the burned and unburned regions to
calculate the gas temperature for each region [44,45]. First law for the
burned zone:

dmyu, dv,  dQr d0. dm, dmpgg
da ~ “da * da da +h da b da M
And for the unburned zone:
dmy it av, A0y dmg dmpg.,
=-P—"— — hy—— — hgg, 2
da da da da B g 2

The terms 2%, P &% and “% denote the change in internal energy in

the cylinder, the work of the piston, and the chemical energy input of the

fuel, respectively. Also, ngg", hud%, and hBB.bd";’ffh are heat losses from
the combustion chamber, enthalpy transfer from the unburned zone to
the burned zone, and enthalpy blow-by loss in the cylinder which is
taken into account and calculated by the BOOST model [42]. In the
above equations Eq. (1), and Eq. (2), the volume of the burned and

unburned zone is equal to the cylinder volume:

Vi+ V.=V, 3
and the changes of the volume of each zone are equal to the cylinder
volume change:

av, 4, _dv.

da ' da  da )

The volume work is calculated by Refs. [46,47]:

Journal of the Energy Institute 107 (2023) 101158

dw dv
The mass of the burned fuel in each CAD is calculated as follows [48,
49]:
dmy,

MFB(a) = / o da 6)

heat transfer Q,; to the combustion chamber walls, namely, the cylinder
head, piston, and liner, is determined by using the following equation:

Oui = Ayi X hy X (T, = T,i) @)
where A, is the surface area, T, is the cylinder temperature, and Ty; is

the temperature of the respective chamber wall. The heat transfer co-
efficient (hy,) is calculated using the following Woschni model [50]:

h, =130 x D702.PP8.T70%5.1C,.C,, + Cy-

VT, 0.8
el (p.—P,,) ®)
Por

el
3.2. Performance parameters

Performance parameters monitored in the present study are now
described and depend on the fuels’ properties and their proportions. The
LHV of diesel was measured and equals 42.4 MJ/kg, and the LHV value
for ammonia was taken from the literature as 18.6 MJ/kg [51]. Other
characteristic properties of the two fuels are shown in Table 4.

In this work, AES is defined as the ratio of the ammonia input energy
to the total input energy in the dual fuel model in Eq. (9).

iy, X LHVyy,

ES = - N 2 NI
5 iy LHV; + ritgg, LHV g, ©)
The Indicated Thermal Efficiency (ITE) is defined as follows:
ITE P (10)

= Jity x LHV; + titg, X LHVg,

where P; is the indicated power.

The mole fractions of each species were measured every 5 s in 10 min
of a steady-state running engine using FTIR. Hence, the standard devi-
ation of 120 measurements of exhaust gas samples was calculated and
added to the figures [38]. Because the composition of the mixture varies
for different operating points, the concentration of each species was
recalculated according to Eq. (11) in 5% of Oy [52].

20.9% — 5% ]

(Xi)szao, = (Xi),, [m w

Where (X;),, and (O.),, are measured mole fraction of each species
and the mole fraction of Oy, respectively.

The indicated equivalent specific fuel consumption is defined in Eq.
(12) in the dual fuel engine [53].

. . LHV,
my + Mg, v,
P;

ISFC,y = 12)

4. Results
4.1. Engine performance

The engine was operated to obtain the same power at full load using

Table 4

Fuels elementary analysis and LHV.
Fuel C(kg/kg) H(kg/kg) Ni(kg/kg) LHV (MJ/kg)
Diesel 0.8078 0.1556 0.0003 42.4
Ammonia 0 0.176 0.824 18.6 [51]
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different ammonia-diesel input energy ratios. However, the indicated
thermal efficiency varies for various ammonia energy shares. Hence,
Fig. 3 shows the increase in ITE with increasing AES. For example, ITE
increases from 32.0% for pure diesel operation (OP1) to 37.6% for the
maximum ammonia energy share (OP9). This 5.6% point rise in ITE is
due to two main reasons. First, during ammonia/diesel combustion the
in-cylinder temperature is lower than during pure diesel combustion
[31], hence heat losses through the cylinder walls are lower (see eq. (8)).
As can be seen in Fig. 4, a higher fraction of ammonia energy reduces the
total heat loss through the piston, liner, cylinder, and head walls from
320 J/cycle for the pure diesel operation to 240 J/cycle for the highest
AES, while volume work is the same. Secondly, as presented in Fig. 5
exhaust gas temperature decreases with higher AES, thus less energy is
brought away. The lowest exhaust gas temperature was obtained at AES
= 84.2% which is 132 °C lower than for pure diesel operation. This
decrease in exhaust gas temperature is related to the lower in-cylinder
temperature of ammonia/diesel combustion in the expansion stroke.

The effects of ammonia (AES) on the equivalent ISFC,, are presented
in Fig. 6. ISFC,q decreases as more diesel fuel is replaced by ammonia; for
example, ISFC.q decreased from 264g/kWh for the pure diesel mode to
224.9g/kWh for the highest AES. This 14.7% decrease in ISFC,q is
related to the higher ITE of the ammonia/diesel operation. A similar
trend was reported by Reiter et al. [54].

It is also interesting to assess the financial cost of indicated power P;
by comparing pure diesel operation (OP1) with the ammonia dual fuel
mode (OP9). During the pure diesel operation (OP1) the fuel con-
sumption is 264 g/kWh, whereas during the dual fuel operation, the
engine consumes 35.6g/kWh diesel and 432.6g/kWh ammonia.
Although ammonia consumption is higher, the P; cost is significantly
lower compared to the pure diesel mode. As can be seen in Table 5, the
cost of P; in the ammonia/diesel engine is approximately 0.24€/kWh,
which is 44% less than the conventional diesel engine.

4.2. In-cylinder pressure

Fig. 7 shows the effects of ammonia on in-cylinder pressure traces.
Increasing the ammonia energy share up to 61.6% increases the peak of

40 T

Indicated thermal efficiency (%)

28
24 1
20 -ttt
0 20 40 60 80 100
AES (%)

Fig. 3. Indicated efficiency of the ammonia/diesel fueled engine for different
ammonia energy share.
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Fig. 4. Volume work and heat transfer of the ammonia/diesel-fueled engine
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Fig. 5. Effects of ammonia energy share on exhaust gas temperature.

in-cylinder pressure. However for higher AES of 78.7% and 84.2% the
peak pressure decreases. Hence, the peak of in-cylinder pressure in-
creases from 76.3 bar for pure diesel to 86.2 bar when the AES is 61.6%.
It is related to the fact that combustion occurs a few CAD before the TDC,
as can be seen in the Fig. 8 where the maximum Pressure Rise Rate (PRR)
is located close to 0 CAD. However, if diesel fuel is replaced with more
than 61.6% ammonia, the in-cylinder pressure decreases dramatically
since ammonia/diesel combustion occurs after TDC. For example, the
pressure drops to 72.7 bar for the highest possible ammonia energy
fraction. Furthermore, ammonia has a lower polytropic coefficient (y)
than air [55]. Hence, as more ammonia is introduced into the intake
port, the y of the mixture reduces, and therefore the motored pressure
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Fig. 6. Equivalent indicated specific fuel consumption of the ammonia/diesel
fueled engine.

Table 5
Comparison of P; cost in the ammonia diesel dual fuel mode with only diesel
operation.

AES 0% 84.16% (dual fuel)
Fuel Diesel Ammonia Diesel
Fuel price (€/kg) 1.65 0.43 1.65
ISFC (g/kWh) 264 432.67 35.64
P; cost (€/kWh) 0.43 0.24
90
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Fig. 7. In-cylinder pressure traces for different ammonia/diesel ratios.
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Fig. 8. Effects of different ammonia diesel energy shares on pressure rise
rate traces.

decreases accordingly, as can be seen in Fig. 7. Although the pressure
during compression and expansion is low for the highest ammonia en-
ergy share, the volume work for pure diesel operation and the AES of
84.2% are the same (Fig. 4).

The first derivative of the in-cylinder pressure known as the pressure
rise rate is shown in Fig. 8. The results reveal the delay in the PRR
profiles as more diesel is substituted by ammonia, which is caused by the
high minimum ignition energy of ammonia compared to diesel. The
maximum PRR rises to 9.5 bar/deg for the AES of 61.6%, which is 76.5%
higher than for pure diesel. Moreover, PRR decreases parabolically for
ammonia diesel combustion, whereas it is a linear decline for pure diesel
mode. This is due to the combustion of the homogeneous mixture of
ammonia air, the short combustion duration, and combustion phasing
period. The peak of PRR diagram decreases for the highest AES because
combustion starts after TDC (SOC = 0.38CAD).

4.3. Effects of ammonia on combustion characteristics

HRR curve of the regular diesel engine typically consists of four
phases: ignition delay, premixed combustion, diffusion combustion, and
late combustion [56]. However, the HRR diagram for the ammonia/-
diesel dual fuel mode differs because of the high premixed ammonia-air
ratio. Therefore, increasing the ammonia ratio reduces diffusion and the
late combustion stage but increases ignition delay and premixed com-
bustion phases, as shown in Fig. 9(a). The HRR curves’ peak reveals that
high heat was released during the premixed combustion stage. MFB
diagram describes the process of chemical energy release and energy
conversion as a function of the crank angle. In addition, the character-
istics of the combustion phases are determined by the MFB curves, such
as the duration of combustion and the ignition delay (Fig. 13) [57,58].
The impacts of AES on the mass fraction of the burned ammonia/diesel
mixture are presented in Fig. 9(b). The exponential growth of the MFB
curves with increasing AES indicates premixed combustion as a result of
the perfect mixing of ammonia and air. Hence, a shorter MFB can
enhance output work during the combustion process [59].

Ammonia is known for its low flame speed and high ignition delay
time. A pilot fuel is needed to provide the ignition energy to initiate
combustion of the premixed ammonia-air mixture. The start of com-
bustion and flame initiation are shown in Fig. 10(a). As more diesel is
replaced with ammonia, SOC, CA05, and CA10 are delayed. However,
for AES between 0 and 35.85%, the SOC and the ignition delay do not
change. The ignition delay is almost 8 CAD when the AES is less than
35.9% due to the higher portion of diesel fuel. Fig. 10(b) shows that the
effective in-cylinder ignition delay time increases from 8.7 CAD in case
of pure diesel to 15.9 CAD for the highest AES. This is mainly due to the
decrease in air mass flow as gaseous ammonia is introduced into the
intake manifold, which decreases the oxygen concentration in the cyl-
inder. In addition, ammonia reduces the compression pressure and
consequently in-cylinder temperature; therefore, some of the preignition
energy will be used to increase in-cylinder pressure and temperature.
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Fig. 9. MFB and HRR profiles for different ammonia diesel energy shares.
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Fig. 10. Ammonia/diesel combustion characteristics indicators for different ammonia energy shares.

Also, ammonia’s high required minimum ignition energy and temper-
ature cause this longer ignition delay. For the highest AES, combustion
starts in the TDC, where the pressure and temperature are higher as well
as there are more desirable thermodynamic conditions for ignition.
However, for AES greater than 84.2% combustion does not occur.
Furthermore, the effects of AES on combustion phasing period SOC-
CA50 and combustion duration SOC-CA90 are shown in Figs. 10(b) and
11, respectively. As more diesel is replaced by ammonia, the CA50 and
the combustion duration are reduced accordingly. Therefore, the CD was
reduced from 56 CAD for only diesel operation to 24 CAD for the highest
AES. This reduction in CA50 and CD is mainly due to the rapid com-
bustion of premixed ammonia air and the greater heat released during
the premixed combustion phase in the HRR diagram compared to pure
diesel combustion, as discussed above. Moreover, a higher AES

decreases diffusion and the late combustion phases, resulting in a
shorter SOC-CA50 and CD. Tay et al. [60,61] also reported similar re-
sults that ammonia decreases the CA50 and combustion duration.

4.4. Emissions analysis

Fig. 12 shows the effects of replacing diesel fuel with ammonia on
CO; emission and H»O in the same operation and the indicated power.
This figure well demonstrates that ammonia significantly reduces COy
emission and instead produces only H20. Therefore, increasing the AES
from O for only diesel mode to 84.2% for the highest diesel substitution,
decreased CO, emission from 7.0% to 0.9% (7.3 time reduction). Simi-
larly, H,0 increased significantly from 7.4% to 14.9%. Fig. 13(a) illus-
trates that CO emissions decreased markedly as more diesel fuel is
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Fig. 12. CO, and H,0 emissions of ammonia fueled diesel engine for various
ammonia energy shares.

replaced by ammonia. Hence, CO emission decreased drastically from
7592 ppm to 140 ppm. This is due to the fact that replacing diesel with
ammonia diminished the carbon atom in the mixture, which results in a
reduction in carbon-based emissions. However, the high amount of CO
in the pure diesel mode is due to the low engine speed and the full load
condition.

Fig. 13(b) illustrates an interesting trend in which NO emission first

Journal of the Energy Institute 107 (2023) 101158

decreases and then increases as more ammonia is introduced into the
intake port. In other words, some amount of ammonia reduces NO
emission, which can be seen in other articles [34,54,60]. Hence, NO
emission decreased from 831 ppm for the only diesel case to 491 ppm
when AES is 14.9%. Moreover, NO emission is lower than that in the
case of pure diesel, while AES is below 35.85%. This is mainly due to
firstly, ammonia changes combustion to low-temperature combustion as
a result of the low flame temperature of ammonia [62]. Thermal NO
formation is less when the combustion temperature is lower. Secondly,
Mathieu and Petersen [63] by modeling the ammonia reactions mech-
anism have revealed that reactions 13, 14, and 15 are the three most
dominant reactions with a high sensitivity coefficient in premixed
ammonia-air combustion. Therefore, when the amount of NH3 is low,
NO reacts with NH; radicals, resulting in a reduction in NO levels.

NH; +M—NH, + H+ M (13)
NO + NH,—~NNH + OH 14)
NO + NH,—H,0 + N, (15)

However, as more ammonia was introduced into the intake manifold,
NO increased considerably to 2359 ppm at the highest diesel replace-
ment. Because NO formation depends both on the presence of N in NH3
and on the cylinder temperature. Moreover, since the ignition of the
premixed ammonia air starts near TDC for higher AES, this promotes the
formation of NO.

Fig. 14 shows NoO and NO; against the input energy share of
ammonia/diesel. In general, conventional diesel engines fueled by fossil
fuels generally produce a negligible amount of NoO emission [64]. Thus,
N>0 emission is about 3 ppm for the only diesel case. However, as soon
as ammonia is injected into the intake manifold, the N2O emission
increased dramatically to 90 ppm and then decreased slightly to 42 ppm
for high AES. Although the ammonia diesel dual fuel engine produces a
low amount of N2O emission, but it has 298 times GWP effects compared
to CO, over 100 years. N2O is formed during the ammonia ignition
process and is nearly absent after complete combustion. It is suggested
that N2O emission can be formed during interruption of ignition and
combustion e.g. by quenching on the wall. Therefore, proper design of
injection strategy using direct injection of both fuels has a huge chance
to improve the reduction of N5O emission.

Fig. 15 shows the concentration of unburned ammonia in the wet
exhaust gas for various ammonia energy shares. Ammonia emission
increases significantly as more diesel fuel is replaced by ammonia. Un-
burned ammonia increased from 7 ppm for only the diesel case to the
critical concentration of 14800 ppm for maximum AES. This is likely due
to the high amount of excess ammonia in the cylinder, which causes
significant amount of unburned ammonia since ammonia is injected
continuously into the intake port. Also, owing to the low flame speed of
ammonia, which causes unsuccessful flame propagation in the crevices
volume, which often causes unburned fuel. More research is needed to
reduce this level of unburned ammonia, such as direct injection of liquid
ammonia, varying its injection timing and exhaust aftertreatment sys-
tem. Since an ammonia concentration of more than 50 ppm is hazardous
to health.

The effects of different ammonia diesel ratios on particulate matter
emission are presented in Fig. 16. It can be observed that increasing the
ammonia level significantly reduced the PM emission. In general, soot
emissions are promoted by fuel-rich zones and are formed in crevices
volume. When the premixed ignition fails in fuel-rich areas, the oxida-
tion can not be complete because of insufficient oxygen. This causes a
high PM emission for only diesel operation around 22 mg/m°. However,
injecting gaseous ammonia by premixed combustion and reducing the
amount of carbon in the mixture decreases PM formation. Therefore, the
lowest PM of 4.7 mg/m® was observed at the maximum AES.
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Fig. 14. NO, and N»O emissions in the ammonia dual fuel diesel engine.
4.5. Greenhouse gas emissions and CO2 equivalents

Ammonia is considered a potential carbon-free fuel for ICE that can
reduce CO, emissions. Hence, Ammonia diesel dual-fuel engine
decreased CO, emission by 600g/kWh compared to the conventional
diesel engine at the same power and at the highest diesel substitution.
However, ammonia combustion in dual fuel mode also produces N>O
emission, which is one of the challenges of ammonia-fueled engines.
N>0 is recognized to have a high global warming potential (GWP) of 298
on a 100-year scale relative to CO; itself. Therefore, even a small amount
of N,O emission can offset the benefits of reduced CO5 in the ammonia
duel fuel engine. Thus, Fig. 17 shows the GHG emissions for different
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Fig. 15. Unburnt ammonia for various ammonia/diesel ratios in the ammonia
fueled diesel engine.

AES. Introducing a small amount of ammonia around 14.9% by input
energy significantly increased N,O emission by 0.84g/kWh (251.9g/
kWh of equivalent CO5) for OP2. This offset the 124.3g/kWh of reduc-
tion in CO; in OP2. In addition, CH,4 emission is also higher in low AES,
which has 28 times GWP relative to CO,. However, by replacing more
diesel with ammonia, CO; and therefore total GHG emission decreased
significantly. As a result, GHG emissions decreased notably from 727g/
kWh for only diesel combustion mode to 243g/kWh for the highest AES.
Furthermore, the lower amount of ammonia around 27.9% by AES has
higher GHG emissions than the conventional diesel engine.
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5. Summary and conclusions

Ammonia is potential non-carbon fuel to replace current fossil fuels
and decarbonize internal combustion engines. An extensive experiment
was carried out to study various diesel substitutions with ammonia in
the single-cylinder diesel engine. Thus, this work investigates the
different ammonia energy shares on ignition, emission characteristics,
and engine performance of the ammonia diesel dual fuel CI engine.
Moreover, the ammonia/diesel combustion was studied by developed

11
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1D model. The main results of this research are summarized as follows.

@ The maximum 84.2% of input energy was provided by ammonia. As
more ammonia was introduced into the intake port increased ITE by
around 5.6% point at the highest AES. It also reduced the EGT by
132°C in this point. The P; cost of the ammonia/diesel engine is
approximately 0.247€/kW.h, which 43.3% less than the conven-
tional diesel engine.

@ Since ammonia has a lower y than air, the compression pressure
decreases by increasing the ammonia mass flow. However, ammonia
increases the peak of in-cylinder pressure. Furthermore, it also in-
creases dramatically the peak of PRR to 9.5 bar/deg for AES of 61.6%,
which is 76.5% higher than only the diesel case due to premixed
combustion.

@® Ammonia delayed the SOC by around 7.2CAD at the highest diesel
substitution due to the low compression pressure and consequently
in-cylinder temperature. Higher ammonia ratio also reduced diffu-
sion combustion phase and increased premixed combustion mode at
the highest AES. Thus, the combustion phase and the combustion
duration decreased by 6.8CAD and 32CAD, respectively compared to
the pure diesel.

@ By substituting diesel fuel, carbon-based emissions were markedly
reduced, but NO, NO, and N5O emissions increased. However, a
significant amount of unburned ammonia was measured that further
investigation is need to reduced ammonia emission.

@ Ammonia significantly reduced the CO; emission from 705g/kWh to
103g/kWh, but it also produced N»O emission, which has 298 times
GHG effects. The GHG emissions decreased when more than 35.9%
of diesel was replaced. Hence, the equivalent CO, emission of the
ammonia dual fuel engine is higher than the case of only diesel when
diesel substitution is low. However, GHG emissions decreased
significantly from 727g/kWh for only diesel operation to 243g/kWh
for the highest AES.
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ARTICLE INFO ABSTRACT
Keywords: Ammonia is an alternative carbon-free fuel that can be easily stored in a liquid phase, unlike hydrogen, and
Ammonia then directly utilized in diesel engines. Hence, a single-cylinder diesel engine was retrofitted for direct injection

Direct injection

of liquid ammonia with pilot ignition of biodiesel in dual fuel combustion mode. The effects of the liquid
Internal combustion engine

phase of ammonia and ammonia energy share (AES) on combustion, emissions, and engine performance were

EE:;;:SS investigated and compared with pure biodiesel operation. Moreover, various ammonia injection timings were
studied to improve ammonia/biodiesel combustion and reduce emissions. A CFD model was developed and
validated with experimental data to study ammonia/biodiesel sprays, combustion characteristics, and emissions
formation. The results showed higher AES significantly reduced the local cylinder temperature due to the strong
cooling effects of ammonia, therefore, a maximum AES of 50% was achieved. Increasing AES to 50% decreased
combustion duration and combustion phasing by 26.2 and 4.4 CAD, respectively. However, it deteriorated the
indicated thermal efficiency (ITE) by 1.3 percent point compared to pure biodiesel. Furthermore, retarding
ammonia injection from —25 to —10 CAD significantly reduced NO,, CO, and ammonia emissions by 31.4%,
39.6%, and 31.3%, respectively. Ultimately, the optimal operating condition was suggested when ammonia
was injected at —10 CAD and biodiesel at —16 CAD with AES of 50%.

1. Introduction sustainable development and a net zero emissions scenario. In 2020,

185 million tons of ammonia were produced but demand for ammonia
Greenhouse gas (GHG) emissions and their effects on climate change will grow to 355 million tons [3].

are the primary reasons to prevent internal combustion engines (ICE) However, hydrogen has the potential to be a useful energy source

from utilizing fossil fuels. ICEs also produce harmful emissions, such as  for transportation, but there are currently obstacles to its widespread

nitrogen oxides (NO,) and carbon monoxide (CO), and exceeding the use, including challenges related to storage, distribution, and infras-
threshold limit for these hazardous gases has harmful health effects. tructure deployment. Whereas, ammonia has several advantages as

Nevertheless, ICEs are widely used in the transportation sector, such as
heavy-duty vehicles, producing a significant amount of carbon dioxide
CO, emission. European Union committed to reduce CO, emissions by
55% until 2030 according to the Paris agreement [1]. Therefore, ICEs
must be decarbonized by replacing them either with electric motors or
using alternative green fuels. Electrical vehicles are more feasible for
light-duty vehicles, however, the majority heavy-duty engine manufac-
turers will still use diesel engines because of the challenges of batteries
such as energy density and charging duration [2]. Moreover, the use
of alternative carbon-free fuels such as hydrogen (H,) and ammonia
(NH;) is a promising way to stop the production of GHG emissions
from heavy-duty engines. The international energy agency predicts 125 practical method for burning ammonia in light-duty diesel engines [7].
million tons of ammonia will be used as an energy carrier by 2050 for In addition, in spark-ignited engines (SI), a combustion promoter such

a potential energy carrier compared to hydrogen. One of the main
advantages is that it can be easily stored in the liquid phase at ambient
temperature and under relatively low pressure, making it more conve-
nient to transport and handle than hydrogen [4,5]. Nevertheless, low
flame speed, high ignition temperature and energy, and being toxic are
some of the challenges of ammonia that need to be addressed in order
to make it a viable carbon-free fuel for ICEs [6].

Using pure ammonia in CI engines requires a high auto-ignition
temperature of 924 K and a compression ratio of around 27. Thus, am-
monia can be assisted by secondary fuel in dual fuel mode, which is a
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Nomenclature

ICE Internal combustion engine

SI Spark ignition

AES Ammonia energy share

ISFC Indicated specific fuel consumption
SOl Start of injection

AMR Adaptive mesh refinement

DI Direct injection

GDI Gasoline direct injection

HRR Heat release rate

IMEP Indicated Mean Effective Pressure
LHV Lower heating value

Cov Coefficient of variation

CI Compression ignition

CR Common rail

ITE Indicated thermal efficiency

ID Injection duration

CD Combustion duration

GHG Green house gases

Bio Biodiesel

CAD Crank angle degree

ABDI Ammonia biodiesel direct injection
CFD Computational fluid dynamics
FTIR Fourier-transform infrared spectroscopy

as hydrogen or natural gas is used to overcome the low flame speed
of ammonia and widen the flammability range [8]. Biodiesel can
be used as a green pilot fuel instead of diesel oil, which can offset
GHG emissions because biodiesel is produced from plants that are
considered carbon neutral [9,10]. El-Seesy et al. [11-13] demonstrated
that biodiesel can blend with diesel fuel, resulting in improved engine
performance and reduced emissions. Nadimi et al. [14] experimentally
used ammonia as the main fuel and biodiesel as a pilot fuel in the CI
engine. Their results show a significant reduction in CO,, CO, and HC
emissions, while 69.4% of input energy was provided with ammonia
and the rest with biodiesel.

Regarding SI engines, Oh et al. used natural gas with ammonia and
experimentally investigated the effects of the ammonia energy fraction
and the air-fuel ratio on combustion and emissions in dual fuel SI
engine. Their results show that by adding ammonia and decreasing the
air-fuel ratio NO, emission increases. Additionally, advancing ignition
timing prevents incomplete combustion [15]. Lhuillier et al. [16] mixed
ammonia with different fractions of hydrogen and various equivalence
ratios. They reported that the highest indicated efficiency was obtained
in low hydrogen fractions around 20%. Furthermore, increasing the
hydrogen fraction decreased ammonia emission, but it also increased
NO, emissions. Christine et al. [17] proved that the addition of 10%
hydrogen decreased NO, by 40% and ensured stable operation.

With respect to CI engines, all researchers focus on one strategy
of utilizing ammonia with pilot fuel such as diesel so far. In this
strategy, gaseous ammonia is injected into the port, mixed with air,
and then diesel fuel is injected to start the combustion [18,19]. Reiter
and Kong explained the strategy of introducing gaseous ammonia to
the intake port and the modification of the engine [20,21]. Nadimi
et al. [22] experimentally investigated the effects of substituting diesel
fuel with gaseous ammonia. Their experimental results reveal that
84.2% of diesel can be replaced by ammonia with the indicated ef-
ficiency of 37.6%. Moreover, as more diesel is replaced by ammonia
combustion duration and phasing are reduced noticeably. They also
revealed that GHG emissions were reduced from 727 g/kWh for pure
diesel to 243 g/kWh for ammonia/diesel operation considering the N,O
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emission. However, ammonia slip reached 14 800 ppm for 84.2% diesel
substitution.

Currently, high NH; and nitrous oxide (N,0) emissions are the
main challenges of ammonia fuel engines, as NH; emissions even at
a low level are dangerous and N,O emission has a 298 times GHG
effect over 100 years compared to CO, [23]. Yousefi et al. [24] by
studying the diesel injection strategy and the gaseous ammonia energy
fraction, it is shown that increasing the ammonia ratio reduced NO,
emissions by around 58.8% but increased ammonia emission by up to
4445 ppm. Generally, advancing the timing of diesel injection increased
performance and emissions. They also mention that ammonia decreased
CO, equivalent emissions by 12% compared to pure diesel operation.
In their other similar work [25], they found that split injection of
diesel reduced ammonia emissions by around 83.5% while increasing
indicated efficiency by 2% relative to single injection. Furthermore, the
preinjection of diesel in —57 CAD significantly reduced N,O emission
from 0.61 g/kWh to 0.18 g/kWh.

According above literature review, ammonia was applied in both
SI and CI engines in the gaseous phase through introducing into the
intake manifold. However, this can lead to high ammonia emissions
in dual fuel CI engines due to unsuccessful flame propagation and
uncontrolled combustion. Hence, combustion, emissions, and engine
performance can be improved by injecting liquid ammonia directly into
the cylinder. Therefore, in this work, the effects of liquid ammonia
direct injection as well as ammonia energy share with using biodiesel
are studied and compared with pure biodiesel operation. In addition,
various ammonia injection timings are investigated in order to improve
ammonia combustion and then reduce emissions. A CFD model is
developed and validated with experimental data to study ammonia
spray and combustion, as well as to predict local temperature and
emissions.

2. Experimental methodology

All the test has been carried out on a retrofitted single-cylinder
diesel engine. The test rig, engine specifications, and equipment are
similar to those in our previous work on port injection of gaseous
ammonia [14,22,26,27]. However, the ammonia fueling system and
injectors were changed for the direct injection of liquid ammonia and
biodiesel. Since biodiesel is used as a pilot fuel, three of the six holes
in the CR injector were welded to inject a low amount of biodiesel
under high pressure and with a long injection duration. The gasoline
direct injection (GDI) injector was used without any modifications for
the injection of ammonia. The location and angle of the injectors and
the number of CR injector holes were adjusted in order to improve
the ammonia/biodiesel combustion. Hence, the final configuration of
the test rig is presented in Fig. 1. Two separate injection systems
were used to adjust the injections of ammonia and biodiesel under
different injection timings, pressures, or split injections. In-cylinder
pressure was measured using a piezoelectric pressure transducer and an
additional piezoresistive absolute pressure sensor was installed in the
intake manifold. An optical encoder with a resolution of 0.35 CAD was
used to measure crank angle displacement and indicate piston position
at TDC. The indicated parameters are calculated for one hundred engine
cycles. The total uncertainty of the in cylinder measurement system is
1% of the measured value. However, the coefficient of variation (COV)
for the maximum cylinder pressure and location of maximum pressure
were less than 1%. Furthermore, the COV of IMEP for pure biodiesel
was 1.9%, but by increasing the ammonia ratio it reached a maximum
of 3.7%. The concentration of each species was measured by Fourier
Transform Infrared Spectroscopy (FTIR) every five seconds for three
minutes on a steady-rung engine. The accuracy of FTIR is 2% of the
measured value for each component.

In order to study ammonia biodiesel dual direct injections CI engine,
two cases were designed. Since liquid ammonia has a higher heat
of evaporation and high mass flow due to low LHV compared to
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Table 1
The test procedures for the ammonia biodiesel dual direct injection engine (the injection
pressure for biodiesel and ammonia is 300 bar and 100 bar, respectively)

AES My, iy gy, SOIyy, IDyy, S01,, 1Dy,
% 8/s 8/s CAD CAD CAD CAD
0 0.206 0 * -16 21
20 0.137 0.073 -15 10.0 -16 135
Case 1
40 0.113 0.157 -15 15.6 -16 9.5
50 0.087 0.18 -15 185 -16 8.5
50 0.087 0.180 -25 185 -16 8.5
50 0.087 0.180 -20 18.5 -16 8.5
Case 2
50 0.087 0.180 -15 18.5 -16 8.5
50 0.087 0.180 -10 18.5 -16 8.5

fossil fuels, it can reduce the in-cylinder temperature resulting in the
unsuccessful operation of the engine. Therefore, Case 1 investigates the
effects of biodiesel substitution with liquid ammonia. The engine first
runs with pure biodiesel at partial load that IMEP is 5.7 bar at a speed of
1500 rpm as a baseline for comparison. As ammonia emission increases
with higher loads, therefore, the engine is operated under partial load
condition. Thereupon, biodiesel is replaced by ammonia to achieve
different AESs. For test case 1, the SOIs of ammonia and biodiesel are
kept at —15 and —16 CAD, respectively, as shown in Table 1. However,
a higher AES above 50% caused a striking amount of unburned am-
monia and hydrocarbons and a drop in power. Therefore, a maximum
AES of 50% was achieved during the test for direct injection of liquid
ammonia. Furthermore, case 2 investigates the impacts of the ammonia
injection timing, while the biodiesel injection timing, the biodiesel and
the ammonia injection durations, and both fuel mass flow rates are kept
constant. Therefore, the SOI of ammonia in —25, —20, —15, and —10
CAD are tested in case 2.

3. Numerical methods

3.1. Computational domain and grid generation

The simulations in this study were performed using the CON-
VERGE CFD software [28]. This software uses the finite-volume method
with the Rhie-Choe interpolation scheme to solve the transport equa-
tions [29]. One of the main advantages is its ability to generate simple
autonomous orthogonal grids and utilize the adaptive mesh refinement
(AMR) algorithm, which allows it to simulate complex geometries. It
can handle engine geometry motion by creating a new mesh at each
time step instead of using the moving mesh approach [30]. Fig. 2
illustrates the geometry of the engine, including the intake and exhaust
manifolds, valves, and piston with crevice which was designed in
SpaceClaim software. The locations of CR and GDI injectors as well as
the direction of the nozzles for ammonia and biodiesel spray are shown
in this figure.

The maximum cell size of 2.8 mm was set for the entire domain
at each time step. However, several fixed embeddings were defined to
refine the mesh in certain regions such as exhaust and intake valves
with scale 4, cylinder engine with scale 1, and biodiesel and ammonia
sprays with fixed embedding scale 4. These fixed embeddings allow
for the refinement of grids in defined regions around 0.175 mm (1
base cell was divided into 64 cells) to improve the accuracy of the
model in flow through valves and biodiesel and ammonia sprays, as
can be seen in Fig. 2. In addition, AMR was employed to divide cells for
temperature greater than 2.5 K and velocity greater than 1 m/s during
the simulation. The total number of cells varies for each crank angle
degree but it reached 1.7 million cells at maximum during spray and
combustion due to these fixed embeddings and AMR.
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3.2. Spray, turbulence and combustion model

Ammonia and biodiesel sprays were stimulated by the Lagrangian
solver to model discrete parcels and track individual droplets. The
Kelvin-Helmholtz (KH) and Rayleigh-Taylor (RT) instability mecha-
nisms are used to model the spray breakup process [31]. The KH
mechanism is responsible for the primary breakup, while the RT mech-
anism is used mainly for the secondary breakup [32]. The O’Rourke
model and the No Time Counter (NTC) method are selected to model
turbulent dispersion and droplet collisions, respectively [33]. The ther-
mal properties of Methyl Decanoate (C;,H,,0,) from the CONVERGE
library were used for the liquid properties of biodiesel. The droplets’
evaporation and radius change rates are modeled by the Frossling
model [34]. Finally, the Rebound/slide model was used to model the
spray and wall interaction [35]. The Re-normalization Group (RNG)
k-epsilon model was used to simulate turbulence flow in the cylinder.
Further input data for ammonia spray simulation can be found in recent
research conducted by Lewandowski et al. [36].

The combustion process was simulated using the SAGE solver,
which calculates the concentrations of each species at each time step
and the grid. The transport equations were then solved using the PISO
method [29]. The ammonia/biodiesel chemical kinetics mechanism
was generated by CONVERGE Chemistry Tools using the biodiesel
reactions mechanism proposed by Brakora et al. [37,38] and ammonia
reactions mechanism by Stagni et al. [39]. The reduced chemical
kinetics mechanism for biodiesel contains 69 species and 192 reactions,
while the ammonia reaction mechanism has 31 species and 203 reac-
tions. The final ammonia/biodiesel chemical kinetics mechanism used
in this study consisted of 89 species and 368 reactions.

3.3. Boundary conditions and validations

The experimental data were used to define the boundary conditions
and validate the model. Average values were calculated for each operat-
ing point over three minutes of the steady-running engine. Also, intake
temperature and pressure were measured and set for the inlet boundary
conditions. In addition, the engine head temperature was measured to
set the walls’ temperature. Injection parameters such as SOI, I D, and
mass flow rates for both biodiesel and ammonia, which are presented
in Table 1, are used to set up the CR and GDI injectors and spray
model in the simulation. For model validation, the numerical results
are compared with the experimental data for all cases. Therefore,
Fig. 3 compares the measured in-cylinder pressure and heat release
rate (HRR) with the CFD results for pure biodiesel operation and the
ammonia/biodiesel mode. It can be seen from Figs. 3(a) and 3(b) that
the experimental and numerical in-cylinder pressures are very close and
the maximum error is 4.3% at the peak of the in-cylinder pressure.
Furthermore, the calculated mole fraction of each species e.g., CO,, CO,
NO,, NH;, and O, are also used as validation criteria and compared to
the measured mole fraction of these species with FTIR and presented
in Table 2. As can be seen in this table, the predicted species are close
to the experimentally measured values. However, for some species,
the error is less than 11% at the maximum difference. The sum of
NO,, N,0, and NO was defined as NO, [40]. Overall, this comparison
indicates that this CFD simulation is capable of accurately predicting
the emissions and combustion characteristics of the pure biodiesel and
ammonia/biodiesel direct injection engine.

4. Results and discussion
4.1. Ammonia spray
Ammonia has a lower LHV in comparison to biodiesel. Hence, more

ammonia has to be injected to replace the same amount of biodiesel
input energy with ammonia. Moreover, ammonia has a higher heat
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Fig. 3. Comparison of the experimentally measured pressure and HRR with the CFD results for (a) pure biodiesel and (b) ammonia/biodiesel mode when AES is 20%.

Table 2
Comparison of measured species with FTIR and corresponding values predicted by
numerical simulation for AES = 0% and AES = 20%.

AES = 0% AES = 20%

Exp. Num Exp. Num.
Cco, 6.34 6.31 3.80 3.48
H,0 6.91 7.31 7.40 8.12
0, 10.43 10.0 12.35 11.72
co 2714 2515 1534 1409
NO, 408.8 453.6 736.4 790.3
NH, 4.3 0 480.0 428.8

of evaporation around 1372 kJ/kg [41]. Direct injection of liquid am-
monia during compression stroke significantly reduces the in-cylinder
temperature.

Therefore, ammonia spray and the local cylinder temperatures are
shown in Fig. 4 during the injection and just before the start of
combustion. This figure illustrates that injecting ammonia at SOIyy, =
—25 CAD reduces the local temperature in the bowel to 273 K in
the ammonia spray regions due to droplets evaporation. Nevertheless,
combustion occurs even with low local temperature because biodiesel
is injected at —16 CAD, and combustion start before all droplets of
ammonia were evaporated. However, advancing ammonia injection
to —35 CAD, unsuccessful combustion with a significant amount of
unburned ammonia was observed due to low in-cylinder temperature
because of the cooling effects of ammonia. Hence, the mean cylinder
temperatures for different SOI are presented in Fig. 5. This figure
reveals that by advancing ammonia injection to —25 CAD cylinder
temperature reduces from 831 K for pure biodiesel to 777 K, 54 °C
drop in the mean temperature at —7 CAD. This reduction delayed
the start of combustion. However, the earliest temperature raise point
which corresponds to SOIyy, = —10 CAD has the lower maximum in-
cylinder temperature because ammonia is injected between —10 and
8 CAD, causing a low in-cylinder temperature peak during the main
combustion phase. Also, an enormous amount of unburned ammonia
was observed when ammonia was injected after —5 CAD due to the
reduction of maximum in-cylinder temperature.

When ammonia is injected at —25 CAD, due to the ammonia spray’s
strong cooling effect and dropping cylinder temperature, the vaporiza-
tion rate of the droplets decreases considerably. This accelerates the
flow of tiny droplets inside the cylinder, which increases the number of

droplets that are not participating in combustion resulting in high am-
monia emissions [42]. Hence, Fig. 6 compares ammonia with biodiesel
droplets morphologies and their temperatures for SOIny, = —25 CAD
and SOIyy, = —10 CAD. By comparing the number of droplets in 10 CA
after TDC, the number of droplets at the earliest injection is higher than
when it was injected at —10 CAD even though ammonia was injected
15 CAD later. Therefore, the ammonia droplets mass at 10 CAD is 1.9
mg and 0.5 mg for SOIyy, = —25 CAD and SOIyy, = —10 CAD,
respectively. As a result, ammonia should be injected after or at the
same time with biodiesel for better evaporation.

4.2. Effects of AES on engine performance

Fig. 7 shows the effects of ammonia energy share on ITE, ISFC,
and exhaust gas temperature when liquid ammonia and biodiesel are
injected at —16 and —15 CAD, respectively. ITE increases slightly from
37.8% for pure biodiesel to 38.5% when AES is 40%, a 0.7 percent
point increase. Then, it decreases to 36.5% for 50% of AES, a 1.3
percent point reduction compared to pure biodiesel. Consequently,
the equivalent fuel consumption was first reduced and then increased
by replacing biodiesel with ammonia, as seen in Fig. 7(b). Thus, the
ABDI engine at the highest biodiesel replacement of 50% consumes
8.7 g/kWh more fuels in comparison to the pure biodiesel mode. This
increase in ITC and decrease in ISFC by increasing AES to 40% are
mainly caused by the shift of combustion phasing towards TDC, re-
sulting in higher in-cylinder pressure and temperature, which improves
combustion efficiency. However, ITE was reduced when AES is 50%
due to a considerable amount of unburned ammonia and lower in
cylinder pressure.

Furthermore, direct injection of liquid ammonia significantly re-
duced EGT compared to pure biodiesel, as can be seen in Fig. 7(c).
Therefore, by substituting biodiesel with liquid ammonia up to 50%,
the EGT was reduced by 203 °C. This reduction firstly is due to the
cooling effects of liquid ammonia and secondly due to the shorter com-
bustion duration of ammonia/biodiesel combustion compared to pure
biodiesel causing lower cylinder temperature during expansion stork as
can be noticed from cylinder temperature in Fig. 5. Nevertheless, the
EGT is high enough to activate SCR.

4.3. Effects of AES and ammonia injection timing on combustion charac-
teristics

The effects of direct injection of liquid ammonia and its energy
share on in-cylinder pressure traces and HRR are shown in Fig. 8(a)
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Fig. 4. Effects of liquid ammonia spray on the cylinder temperature field before the start of combustion for SOIyy, = —25 CAD (top) and SOIyy, = —10 CAD (bottom) when
AES = 50%.
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Fig. 5. Effects of various injection timing of liquid ammonia on mean in-cylinder
temperature when AES is 50%.

and compared with pure biodiesel mode when the start of injections
are same for this test. Substituting diesel with liquid ammonia shortens
the ignition delay with main combustion phasing which results in an
early start of combustion. Consequently, most of the heat is released
a few degrees before TDC, causing an increase in the peak of in-
cylinder pressure. Therefore, when AES = 40% the peak of in-cylinder
pressure is 7.3 bar higher than pure biodiesel. However, the peak of
in-cylinder pressure considerably decreased for AES = 50% due to,
firstly, higher ammonia mass and its cooling effects, and secondly,
due to longer injection duration of ammonia for AES = 50% which
injection ends at 2.5 CA after TDC, but for the rest of the AES, the
ammonia injection ends before TCD. In Fig. 8(b), advancing SOI of
ammonia from —10 to —25 CAD delayed the ignition due to ammonia
droplet evaporation which reduced in-cylinder temperature at the start
of biodiesel injection, as can be seen from Fig. 8(b) and in-cylinder
temperature in Fig. 5. As a result, the lowest in-cylinder pressure was
observed when ammonia was injected at —25 due to a longer ignition
delay which results in most of the heat released after TDC, as can be
seen from the corresponding HRR profile. Additionally, the HRR profile
has one peak for SOIyy, = —25 CAD which is similar to when gaseous
ammonia is injected into the intake port owing to the formation of
premixed ammonia-air [14]. However, when ammonia is injected after

liquid ammonia also reduced combustion phasing (CA50) compared to
biodiesel mode; similar trends for CA50 and CD were reported when
gaseous ammonia was injected into the intake manifold [43,44]. The
longer CD of biodiesel is related to the high viscosity of biodiesel
compared to ammonia, which requires more time for evaporation and
mixing subsequently combustion. However, the slight increase in CA50
with increasing AES is owing to a longer ammonia injection duration,
resulting in a longer mixing control combustion phase. Furthermore,
Fig. 9(a) shows that with increasing AES, CA10 decreases slightly from
—1.4 CAD for pure biodiesel to —3.2 CAD for AES = 50%, meaning a
shorter ignition delay for higher liquid ammonia ratios. Also, advanced
ammonia injection due to the strong cooling effects of ammonia, which
results in a low cylinder temperature (Fig. 5) during biodiesel spray,
causes a longer ignition delay. The other reason can be the formation of
premixed ammonia air when ammonia is injected earlier delayed igni-
tion because premixed ammonia air suppresses pilot biodiesel ignition,
resulting in a longer ignition delay [22,45,46]. Therefore, once ammo-
nia is injected at —25 CAD, combustion starts near TDC (CA10 = —-0.3
CAD) when the in-cylinder temperature increases to the auto-ignition
temperature of ammonia.

4.4. Effects of ammonia injection timing and AES on emissions

Fig. 10 shows the effects of AES on CO,, H,0, CO, NO,, and ammo-
nia emissions. By substituting biodiesel with ammonia, carbon-based
emissions were significantly reduced. Thus, CO, and CO emissions
decreased from 647.6 and 18.3 g/kWh for pure biodiesel operation to
340.2 and 12.3 g/kWh for ammonia/biodiesel mode when AES is 50%,
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respectively. However, CO emission is constant when AES is around
40% and 50%, although more diesel was replaced with liquid ammonia.
This is mainly due to the locally low in-cylinder temperature and a
high amount of liquid ammonia when the AES is 50%, resulting in
incomplete combustion of biodiesel/ammonia. Furthermore, this can
also be seen in a notable amount of unburned ammonia at AES = 50%
in Fig. 10(d). Nevertheless, 5216 ppm of ammonia emission is sig-
nificantly lower than when gaseous ammonia was injected into the
intake manifold, which was measured at 16165 ppm. Thus, direct

injection of ammonia strikingly reduced ammonia emission by almost
3 times. The reason is that when ammonia is injected into the intake
manifold, and then the pilot fuel initiates the combustion. Unsuccessful
flame propagation around the cylinder walls and crevices causes a
significant amount of ammonia emissions, as shown in Fig. 11. This
figure illustrates unburned ammonia concentrations near cylinder walls
and crevices cause a significant amount of ammonia emission compared
to direct injection, this is also highlighted in other studies [21,44].
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Table 3

Impacts of ammonia injection timing on the peak of HRR and its location along with
the location of in-cylinder temperature which reaches the auto-ignition temperature of
ammonia (7 =924 K [23]).

SOIyy, HRR peak HRR peak T=924K
CAD J/CAD CAD CAD

-25 31.4 1.3 0.8

-20 46.3 -1.8 -1.2

-15 61.0 -3.0 -3.0

-10 70.1 -3.8 -3.9

However, injecting ammonia into the bowel during biodiesel combus-
tion avoids moving ammonia near the cylinder wall, where the local
temperature is low (Fig. 12). Therefore, direct injection of ammonia
considerably reduced unburned ammonia emission.

Fig. 10(c) shows that NO, emission first increased and then slightly
decline when AES is higher than 20%. This higher NO, emission in
ammonia biodiesel combustion can be explained by Fig. 12. This figure
compares NO, formation of pure biodiesel and ammonia/biodiesel
direct injection mode in different CAD and alongside local in-cylinder
temperature. Three high-temperature flame fronts, which are the result
of biodiesel spray combustion, lead to thermal NO, for both pure
biodiesel and ammonia/biodiesel combustion modes. However, it can

be observed that ammonia combustion directly contributes to the for-
mation of NO, in addition to thermal NO, due to the reaction kinetics
and fuel type NO, [47,48]. Hence, the fuel type NO, dominates the NO,
formation in the ABDI engine. However, ammonia itself can reduce NO,,
emission due to the HN, + NO = N, + H, 0 reaction [24,49]. Therefore,
increasing the ammonia ratio up to 50% slightly reduced NO, emissions
relative to AES of 20%.

The emissions of the ABDI engine can be further reduced by optimiz-
ing the ammonia injection timing. Therefore, the effects of ammonia
injection timing on CO, NO,, and ammonia emissions are presented
in Fig. 13. Retarding ammonia injection slightly increases H,O due to
improved ammonia combustion. However, the level CO, is constant.
Fig. 13 (b) shows that early ammonia injection significantly increased
CO emissions from 946 ppm to 1567 ppm. Several studies showed that
delayed injection timing results in incomplete and late combustion and
increased CO emission [50,51]. Similarly, early injection of ammonia at
—25 CAD by reducing the in-cylinder temperature and longer ignition
delay lead to late combustion of biodiesel which worsens CO emissions.
As can be seen from the numerical results in Fig. 14, the mole fraction
of CO reaches the maximum level at 4 CAD after TDC, which means
late combustion of biodiesel. However, when ammonia is injected at
—10 CAD, CO formation reaches its peak before TDC and then reacts
with oxygen due to ongoing combustion of ammonia around 10 CAD
(the second peak of the HRR curve).



A.3. Paper III

79

E. Nadimi et al.

ACO; @H0

400 T e ‘1\

300 ¢

CO:and H:0 (g/kWh)
\
®
\
[
’

200 T

100 T

0 ; 4 + ' |
0 10 20 30 40 50

AES (%)

<)

79 £ 636 (ppm)

NOX (g/kWh)
<

408 (ppm)

0 10 20 30 40 50
AES (%)

Energy 284 (2023) 129301

20 T
b)
2714
|, & (ppm)
18
N
N
N
.
16 + A
N
Ay
= N
z Mo
g 14+ \’ 1329 (ppm)
o i
© e S
12+ -~
10 +
s H H H H H
0 10 20 30 40 50
AES (%)
35 1
d) fihe
5216 (ppm
30 \A’
]
]
25 7
I
]
g 207 /I
] I
s 15 !
g1 [
S 1
é ]
10 A
- . ‘
-
_-
ST o(ppm) o -
_-0
0 @—"t ' ; ' y
0 10 20 30 40 50
AES (%)

Fig. 10. Effects of different AES on (a) CO, and H,0, (b) CO, (c) NO,, and (d) ammonia slip.

Crank: 60

Port injection of ammonia

Crank: 60
™~

Direct injection of ammonia

Fig. 11. Ammonia mole fraction isosurface at 0.01, 0.02, and 0.04 for direct injection of liquid ammonia (case 2) versus port injection of gaseous ammonia when AES = 50%.

Generally, NO, and ammonia emission are the main challenges of
ammonia-fueled engines. Thus, direct injection of ammonia remark-
ably reduced these emissions. In addition to this, retarded ammonia
injection decreased NO, and ammonia emissions by 31.4% at the same
time, as can be seen in Fig. 13. The retreading of ammonia injection
increases NO, emission due to the formation of premixed ammonia
air and therefore premixed combustion near to TDC [52]. Similarly,
late injection of ammonia at —10 CAD significantly reduced ammonia

emission from 7797 ppm to 5352 ppm compared to when it was
injected at 25 CAD (16165 ppm for port injection). This exceptional
reduction in ammonia emission can be explained from CFD results in
Fig. 15. This figure depicts the ammonia mole fraction in the cross-
section of the cylinder with the corresponding temperature contours in
different CADs for SOIyy, of —25 and 10 when AES is 50%. When
ammonia is injected at —25 CAD, the in-cylinder temperature decreases
and combustion starts at TDC due to the favorable thermodynamic
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condition. During this 25 CAD period, premixed ammonia air is formed
and ignited with biodiesel in three sprays in three zones. Therefore,
ammonia is combusted only in hot temperature flames and ammonia
will not be burned in low temperature zones causing high ammonia
emission. However, as ammonia is injected after the start of combustion
or at the same time with biodiesel, it results in a sharp reduction in
unburned ammonia, as can be observed in the ammonia mole fraction
contour for SOIyy, = —10 in Fig. 15.

5. Summary and conclusions

In this study, a single-cylinder CI engine was retrofitted for direct
injection of the liquid phase of ammonia with biodiesel as pilot fuel in
dual fuel mode. The effects of ammonia/biodiesel ratios on combustion,
engine performance, and emissions were studied. Furthermore, the
impacts of ammonia injection timing were also investigated. The CFD
model was used to explain the ammonia spray and its combustion

with biodiesel, flame propagation, and emissions formation, as well as
to address unburned ammonia. The main conclusions are summarized
below:

+ The injection of liquid ammonia significantly reduced the local
and average in-cylinder temperature during injection due to the
strong cooling effects of ammonia compared to pure biodiesel
operation. When AES is 50%, combustion only occurs when am-
monia is injected between —25 to —10 CAD and out of this range
significant amount of unburned ammonia and CO emission was
observed due to the cooling effects of ammonia.

Increasing liquid ammonia energy share slightly increased the ITE
by 0.7 percent point and reached 38.5% for AES of 40% compared
to only biodiesel operation. However, it then decreased to 36.5%
when AES is 50% due to incomplete combustion. Moreover,
ammonia notably decreased EGT by 203 K.

Increasing ammonia energy share up to 40% raised the peak of
cylinder pressure by 7.3 bar then it significantly decreased for

.
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AES of 50% due to a shorter ignition delay and combustion phase
compared to pure biodiesel. Moreover, late injection of ammonia
not only increased the peak of the HRR curve but also caused the
second peak.

+ Ammonia notably reduced combustion duration by 26.2 CAD
compared to pure biodiesel at the highest AES. Furthermore,
the early injection of ammonia at —25 CAD delayed the start of
combustion by 3.6 CAD relative to when it was injected at —10
CAD. Because, as ammonia is injected before biodiesel, it reduces
in-cylinder temperature during biodiesel injection, resulting in a
longer ignition delay and combustion starts near the TDC.

+ Liquid ammonia energy share diminished CO, and CO emissions
by 47.4% and 51.2% when AES is 50% and SOIyy, is =15 CAD
compared to pure biodiesel. Additionally, direct injection of am-
monia significantly reduced ammonia emissions by approximately
three times compared to the port injection strategy. Nevertheless,
unburned ammonia still is considerable for direct injection.

+ Retarding the ammonia injection from —25 to —10 CAD markedly
reduced all emissions when AES is 50%. Hence, NO,, CO, and
ammonia emissions decreased by 31.4%, 39.6%, and 31.3%, re-
spectively, due to the improvement in ammonia combustion.

In future research, to further improve the performance of the

ammonia-biodiesel engine and reduce emissions, particularly ammonia
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slip, it is suggested to study various configurations of CR and GDI
injectors. Hence, the impacts of spray interactions, the number of
CR injector nozzles, and combustion will be evaluated. Additionally,
it is recommended to investigate the effects of the split injection of
ammonia or biodiesel and the different injection pressures of ammonia
on combustion, emissions, and engine performance.
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ABSTRACT

Ammonia is a promising carbon-neutral fuel that can be stored and transported in liquid form, offering a viable
alternative to diesel fuel. In addition, it can be used directly in diesel engine in its liquid form in dual fuel mode.
Hence, a single-cylinder diesel engine was modified to implement two common rail (CR) injection systems,
allowing the direct injection of liquid ammonia with biodiesel. As biodiesel was used for a pilot fuel with lower
injected mass, this study aims to investigate the influence of the number of nozzles in the biodiesel injector on the
performance, combustion, and emissions characteristics of the liquid ammonia-biodiesel dual direct injection
engine. Therefore, the number of holes in the CR injector was closed in various configurations to improve in-
jection parameters. Furthermore, various biodiesel start of injection (SOI) timings were tested, ranging from —24
to —14 CAD, while the SOI of ammonia was kept at —10 CAD with an ammonia mass ratio of 67.2%. The results
showed that welding three nozzles from the original six-nozzle injector resulted in a remarkable 29.2% reduction
in NHs and CO emissions. Furthermore, the highest indicated thermal efficiency of 39.7% was obtained for the
injector with 3b nozzles. Additionally, late injection of both fuels led to an increase in particulate matter
emissions, from 10.5 to 15.2 mg/m>, due to the formation of fuel-rich zones at high temperatures. However, it
reduced NOx and CO emissions by 1.4 and 4.4 g/kWh, respectively, compared to the early SOI of biodiesel.
Moreover, the lowest N»O emission was measured at 115.0 ppm in the earliest SOI of biodiesel at —24 CAD.

1. Introduction

temperature and relatively low pressure of 8 bar, ammonia can be used
as energy storage and easily transported to Europe [10]. The trans-

The evolution of internal combustion engine (ICE) technology has
been greatly influenced by the effect of greenhouse gas (GHG) emissions
on global warming. Concerns about global warming have been raised
due to carbon dioxide (CO») emissions and the growing demand for
fossil fuels [1]. Global CO, emission regulations are becoming increas-
ingly stringent in order to meet the goals of the Paris Agreement to
reduce CO, emissions [2,3]. The decarbonization of ICE must be ach-
ieved to prevent GHG emissions and stop climate change. Also, the
widespread use of electric vehicles is hindered by limitations such as
Lithium ion batteries [4-6]. Therefore, exploring alternative and sus-
tainable carbon-free fuels emerges as a promising way to mitigate CO2
emissions [7,8]. Ammonia has currently received interest as a potential
green fuel mainly due to its carbon-free nature and its combustion only
produces water similar to hydrogen [9]. Being liquid in ambient
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portation cost of ammonia is lower compared to liquid hydrogen. Thus,
direct utilization of liquid ammonia presents an attractive option in
terms of cost-effectiveness [11]. While ammonia exhibits various ad-
vantages as a green fuel such as easy storage in the liquid phase, high
energy density, and existing infrastructure for production and trans-
portation, its use in ICE faces challenges due to its high autoignition
temperature and low flame speed [12].

The use of pure ammonia in diesel engines remains a challenge due
to the high autoignition temperature of 924 K [13]. However, pure
ammonia can be utilized in spark ignition (SI) engines, although it
produces a high amount of NOx emission and unburned ammonia
[14-16]. Additionally, the limitation of using pure ammonia is reported
by Rousselle et al. [17]. They suggested mixing ammonia with 10%
hydrogen for reasonable engine operation. The effective use of ammonia
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in SI engines is by adding promoter fuels such as hydrogen [18],
methane [19,20], or other fuels [21].

In the case of diesel engine, the main strategy for applying ammonia
in the diesel engine which most researchers focus on, is to introduce
gaseous ammonia into the intake port and then ignite the premixed
ammonia air with pilot diesel in dual-fuel mode. Hence, Nadimi et al.
[22] experimentally studied various ammonia diesel ratios from 0 to
84.2% of ammonia. They showed that increasing the ammonia ratio
prolonged the ignition delay and shortened the combustion duration,
while the indicated thermal efficiency (ITE) increased. Their results
revealed that although carbon-based emissions were markedly reduced,
the NOx emission increased from 831 ppm for pure diesel to 2359 ppm
in the highest ammonia ratio. They also point out that since ammonia
combustion produces N>O emission which has a 298 greenhouse effect
than CO,, diesel must be substituted by more than 35.9% of ammonia to
benefit from the reduction of CO,. This means that when the ammonia
ratio is below 35.9%, the ammonia-diesel engine produces more CO;
equivalent than only diesel engine operation. Similarly, Bjgrgen et al.
[23] also found that N,O emission can increase CO, equivalent GHG
emissions compared to diesel engine. Yousefi et al. [24] achieved a
maximum ammonia energy fraction up to 40%. They observed that with
the increase in the ammonia energy ratio from 0 to 40%, the ITE was
reduced from 38.1 to 27.2%. However, their subsequent work [25]
shows that the split injection of diesel fuel improved ITE to 39.7%,
which is higher than pure diesel operation. Shin and Park [26] con-
ducted numerical optimization on the combustion strategy of the
dual-fuel ammonia engine, achieving an ammonia energy ratio of up to
90%. This resulted in 11% increase in ITE and 80.6% reduction of GHG
emissions relative to the pure diesel mode.

Therefore, diesel was employed as a pilot fuel in ammonia diesel dual
fuel mode. However, an alternative option is to use biodiesel as a pilot
igniter, which can reduce more CO emissions and achieve a net zero
CO, emission target. Since biodiesel derived from vegetable oil, offers a
promising and sustainable alternative to diesel. Its appeal lies in the fact
that plants absorb CO, during their growth, making biodiesel a viable
candidate as a green fuel [27-29]. Hence, Nadimi et al. [30] demon-
strated the utilization of ammonia as the main fuel along with biodiesel
as a secondary fuel. They found that the engine can run in 3.5% of load
with pure biodiesel and then ammonia can be added to obtain higher
load and power. Sivasubramanian et al. [31] compared emissions of
pure biodiesel with adding 10 and 20% of ammonia in dual fuel engine.
Their findings revealed that NOx and smoke decreased by nearly 3.5%
by adding 20% ammonia compared to pure biodiesel; however, CO was
reduced by 10.4%. Reiter and Kong et al. [32] noted that the engine
could run on 95% ammonia and 5% biodiesel. However, they observed
that when the ammonia energy share remained below 60%, NOx emis-
sion was lower than that of pure biodiesel. As a result, biodiesel can be
employed as a pilot fuel and also to enhance combustion by providing an
additional oxygen source [33].

The process of biodiesel injection and its related parameters signif-
icantly influence biodiesel atomization, air/fuel mixing, and conse-
quently its combustion with ammonia. Since biodiesel is employed as
pilot fuel with low injected mass, conducting a study on the number of
nozzles and their orientation contributes to gaining a deeper insight into
the combustion process. In this context, the number of holes in the
common rail biodiesel injector is blocked by welding in various con-
figurations to ensure effective injection and combustion of biodiesel
with liquid ammonia in the engine. The present study aims to explore
the influence of the number of nozzles on the performance, combustion,
and emissions characteristics of liquid ammonia biodiesel dual direct
injection engine. Additionally, the interactions of ammonia spray with
biodiesel spray, along with the cooling effect of ammonia spray, can
significantly impact engine performance and emissions. In our previous
study, we suggested the optimal injection timing for liquid ammonia,
which was found at SOI -10 CAD [34]. Therefore, in this study, we also
conducted tests to determine the optimal injection timing for biodiesel
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while keeping SOI ammonia at —10 CAD.

2. Experimental setup and CFD simulation
2.1. Engine setup and injection systems

A single-cylinder Lifan engine was used for this work and the spec-
ifications of the diesel engine are presented in Table 1. The description
of the test rig and equipment are already described in our previous
works [22,30,34-36]. In the present work, the engine head was modi-
fied to install two common rail injection systems for injecting ammonia
and biodiesel into the cylinder. Therefore, the gasoline direct injection
(GDI) injector is used for liquid ammonia injection and the CR injector
for pilot injection of biodiesel, as can be seen in Fig. 1. The GDI injector
is located near the center of the piston bowl at an angle of 15° while the
CR injector enters the cylinder at an angle of 33°. The distance between
the two injectors in the engine head is 11 mm.

The ammonia fuel system was specifically designed and constructed
for high-pressure injection. Therefore, nitrogen gas is used to pressurize
the ammonia tank up to 100 bar. The liquid ammonia is then transferred
to the GDI injector at a pressure of 100 bar. Two distinct injection sys-
tems with their own Electronic Control Unit (ECU) are employed for
injection of ammonia and biodiesel. This allows control of the injecting
timing parameters such as SOI, main dose, injection pressure, and split
injection for both fuels. As biodiesel is used as a pilot fuel along with
ammonia, the injected dose of biodiesel is lower compared to using
biodiesel alone for the same operating point. Consequently, various
configurations of CR injector nozzles are closed by welding using laser
welding techniques to achieve longer injection duration. Therefore,
Fig. 2 shows the welded nozzles of the CR injector. The original CR
injector has six nozzles with a nozzle diameter of 140 pm. The biodiesel
spray angle with respect to the injector axes (injector drill angle) was
measured at 70°. Additionally, the spray plume cone angle for biodiesel
was 9°.

The approach used for closing the hole of the injector is in this way
that firstly three of them are blocked by welding in two different con-
figurations and spray orientations. Then, 4 and 5 nozzles are welded.
Therefore, five different injectors with 6, 3a, 3b, 2, and 1 nozzle are
studied, as can be seen in Fig. 3. The blocked and open nozzles in the CR
biodiesel injector are shown in this figure along with biodiesel and
ammonia sprays. However, the GDI injector nozzles and the locations of
both GDI and CR injectors on the engine head are fixed for all five
configurations.

2.2. Biodiesel characteristics

Biodiesel, also known as bioester B100, is a type of fatty acid methyl
ester (FAME) derived from the transesterification process of plant oils
with methanol. In this study, the specific type of FAME which is pro-
duced from rapeseed oil, known as rapeseed methyl ester (RME), is used
with ammonia in dual fuel combustion [37]. Table 2 presents the main
properties of biodiesel. The lower heating value of biodiesel was
determined at 37.4 MJ/kg.

Table 1

Specifications of Lifan single cylinder engine.
Parameter Valves Units
Bore x stroke 86 x 70 mm
Compression ratio 16.45
Rated power at 3500 rpm 6.4 kw
Connecting rod length 117.5 mm
Exhaust valve opening 50 °CAD bBDC
Exhaust valve closing 16 °CAD aTDC
Inlet valve opening 14 °CAD bTDC
Inlet valve closing 45 °CAD aBDC
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Exhaust port
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Fig. 2. A microscopic photo of injectors: a) open nozzles and b) welded nozzles using laser technology.

2.3. Operating conditions

In order to investigate the impact of the CR injector on the ammonia
biodiesel engine, two specific cases have been designed and are shown in
Table 3. This table shows the main parameters of engine operation as
well as studied variables for the number of nozzles and SOI of biodiesel.
Thus, the first case examines the various CR injector configurations and
nozzle numbers while keeping other operating parameters constant.
Once the optimal CR injector configuration with its nozzle number was
identified, the second case investigates the effects of the SOI of biodiesel
for the corresponding injector. Hence, the second case aims to determine
the best injection timing of biodiesel in terms of ammonia biodiesel
combustion and emissions, particularly unburned ammonia. Further-
more, for all operating points, the engine runs at a speed of 1500 rpm
and a partial load with ammonia energy share (AES) of 50%, which
corresponds to 67.2% of ammonia and 32.8% biodiesel by mass.

A piezoelectric pressure transducer was used to measure the in-
cylinder pressure trace, while a piezoresistive pressure sensor was
located in the intake port to measure the absolute pressure. The position
of the piston in the TDC was indicated using an optical encoder to
measure crank angle displacement with a resolution of 0.35 CAD. The
indicated parameters are obtained in 100 consecutive cycles. The entire
in-cylinder measurement system has an overall uncertainty of 1% with
respect to the measured values. The coefficient of variation (COV) of
IMEP was less than 3.4% but it raised to a maximum of 4.5% for SOI
biodiesel at —14 CAD.

The LabVIEW software and National Instruments hardware were
used to monitor all the measured parameters such as mass flow rates
(air, ammonia, and biodiesel), and temperatures (intake, exhaust,

engine head, and both fuels) over 5 min of engine operation. Further-
more, Fourier transform infrared spectroscopy (FTIR) was employed to
measure the concentration of each species every 5 s in wet exhaust for 5
min at the corresponding operating point. The precision of FTIR for each
component is within 2% of the measured value. Regarding particulate
matter (PM) measurements, the SMG200 M instrument can measure
particle sizes in the range of 0.04-10 pm, with a maximum PM mea-
surement of up to 250 mg/m3.

2.4. CFD simulation

Numerical simulation was performed using a commercial
CONVERGE CFD software [38]. As illustrated in Fig. 4, the computa-
tional domain consisted of the entire engine geometry, including the
intake port, cylinder, piston, both valves, and exhaust port. The mesh
was generated during each time step with a maximum cell size of 2.8
mm. Adaptive mesh refinement (AMR) was performed in the cylinder
and intake port with a scale of 1 based on cell velocity differences that
exceeded 1.0 m/s and temperature differences reaching 2.5 K.
Furthermore, several fixed embeddings were used for valves, cylinder,
and ammonia and biodiesel sprays during injections with scales of 4, 1,
and 4, respectively. Therefore, with a scale of 4, one cell can divide into
64 cells, refining the cell size to 0.175 mm. Fig. 4 presents the total
number of cells in each CAD. The number of cells varied depending on
the conditions in each CAD due to defined fixed embeddings and AMR.
Hence, the minimum cells of 124K were generated near the TDC before
injection and then raised to 2.02 million during ammonia-biodiesel
sprays and their combustion. Ammonia-biodiesel combustion was
modeled using a transient chemical kinetics solver known as SAGE [38].
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Fig. 3. Various configurations of biodiesel spray and welded nozzles along with GDI injector and ammonia spray on engine head.

Table 2

RME biodiesel physiochemical properties.
Property, unit Value
RME, % by mass 96.5
Carbon, kg/kg 75.33
Hydrogen, kg/kg 13.97
Oxygen, kg/kg 10.7
Polyene acid methyl ester, % 1
Cetane number 51.0
Density, kg/m® 860-900
Water content, mg/kg 500
Flash point, °C 101
LHV, MJ/kg 37.4
Stoichiometric AFR 12.96

Brakora et al. [39,40] proposed a reduced reaction mechanism for a
biodiesel-fueled engine. This reaction mechanism consists of 69 species
and 192 reactions. The reaction mechanism used in this study for
ammonia was selected from recent work by Stagni et al. [41], which
consists of 31 distinct species with a total of 203 reactions. These two
reactions were then merged by the CONVERGE Chemistry Tool.
Therefore, the final ammonia-biodiesel reaction mechanism was created
with 89 species and 368 reactions.

The Lagrangian particle model was employed for the injection, dis-
tribution, and tracking of individual droplets of both liquid ammonia
and biodiesel [42]. Droplet breakup was simulated by the Kelvin
Helmholtz and Rayleigh Taylor (KH-RT) model [43] with a KH model

Table 3
Engine operation conditions in two cases to study effects of nozzle numbers and
SOI of biodiesel.

Parameters Case 1 (Nozzle Case 2 (SOI biodiesel) Units
number)

Engine speed 1500 1500 rpm

IMEP 2.65-5.09 4.82-5.09 bar

Ammonia mass ratio 67.2 67.2 %

AES 50 50 %

Ammonia injection 100 100 bar
pressure

Biodiesel injection 300 300 bar
pressure

SOI liquid NH; -10 -10 °CAD

Injection duration NHs 18.5 18.5 °CAD

CR injector nozzles 6, 3a, 3b, 2,1 3b °CAD

SOI biodiesel ~16 —24, 22, -20, 18, °CAD

—16, 14
Injection duration of 4.5, 8.5, 8.5,13, 25 8.5 °CAD

biodiesel

breakup time constant of 7.0 and a KH model size constant of 0.6. The
drag of the droplet was calculated using the dynamic drop drag model,
and droplet collisions were handled with the No Time Counter (NTC)
model [44]. The O’Rourke and Frossling models [45] were used for
turbulent dispersion and droplet evaporation, respectively. Additional
parameters required for ammonia spray simulation can be referenced to
study carried out by Lewandowski et al. [46]. Moreover, the
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Fig. 4. Full geometry of engine and number of cells at each CAD, including fixed embeddings and adaptive mesh refinements.

Re-Normalization Group (RNG) k-epsilon model was employed to pre-
dict turbulent flow characteristics.

2.5. Validation

The predicted CFD pressure and the heat release rate (HRR) are
compared with the experimentally measured values in Fig. 5 for the
injector with 3b nozzles. It can be seen from Fig. 5 that the simulation
results are closely aligned with the experimental data. The peak of in-
cylinder pressure was measured at 65 bar, but the CFD model pre-
dicted 3.1 bar higher, which has a maximum error of 4.7%. Subse-
quently, ITE and ISFC are calculated for both the CFD simulations and
the experimental data for various SOI of biodiesel, as illustrated in Fig. 9.
Furthermore, the comparison of the emissions of CO2, H20, CO, NO +
NO, (NOx), and NHj for different SOI biodiesel is shown in Fig. 14. The
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Fig. 5. Validating CFD model by comparing predicted in-cylinder pressure and
HRR with experimental data for CR injector with 3b nozzles.

CFD model can capture the overall trends of the emissions and most of
them are closely aligned with the experimental values. Nevertheless,
some disparities are noticeable at specific operating points. The CFD
model utilized a reduced reaction mechanism; therefore, soot formation
was not considered in the simulation. Instead, the experimentally
measured PM will be discussed in Fig. 13.

3. Results and discussion
3.1. Engine performance

In this section, the effects of the biodiesel injector configuration and
its SOI on engine performance are discussed. Fig. 6 displays in-cylinder
pressure traces and HRR diagrams for different number of nozzles and
various SOI of biodiesel. Unsuccessful combustion and operation were
observed for the biodiesel injector with one nozzle. Low ITE and sig-
nificant amounts of CO and NH3 emissions were observed for one nozzle
injector, as can be seen in Table 4. This can also be noticed from HRR
and pressure traces where the peak of pressure reached 48.6 bar at 3.6
CAD, which is only 5 bar higher than the motoring pressure. This is
probably due to poor combustion as a result of the longer injection
duration. When considering the different configurations of the nozzles,
the injector with 3b has the highest pressure peak at 66.4 bar and HRR
which indicates effective mixture formation and combustion of biodiesel
with liquid ammonia. In contrast, injector 6 and 3a nozzles both have a
spray that injects fuel out of the bowl, resulting in air-fuel mixture for-
mation out of the bowl in the squish area and crevice, causing high CO
and NH3 emissions.

Furthermore, the pressure traces for the biodiesel injector with 3b
nozzles at different injection timings are illustrated in Fig. 6 as this
particular injector has shown better engine performance. Early SOIs
result in earlier combustion and a slight increase in cylinder peak
pressure, as depicted in Fig. 6. Note that the SOI of ammonia is kept at
—10 CAD for all cases.

Fig. 7 depicts the influence of SOI biodiesel on CA10, CA50, ignition
delay (ID), and combustion duration (CD). Retarding biodiesel injection
leads to a slight increase in both CA10 and CA50 while shortening the
ignition delay and combustion duration. Consequently, increasing SOIp;,
from —24 to —14 CAD increased CA10 and CA50 by 6 and 3.2 CAD,
respectively. Simultaneously, it reduced the ignition delay by 4 CAD and
shortened the combustion duration by 10.3 CAD. This trend can also be
seen in Fig. 8. This figure illustrates the local temperature and flame
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Table 4
Engine performance and emission of the ammonia biodiesel engine using a single nozzle CR injector.
Parameters IMEP ITE ISFC H>0 CO, co NOx NH;
Unit bar % /kWh o/kWh /kWh /kWh /kWh &/kWh
1 nozzle 2.65 20.0 478.9 564.9 580.9 46.5 1.6 329
distribution demonstrates an opposite relation to the ammonia spray,
35 1 leading to the accumulation of ammonia in areas with lower
] —0—CA10 —A—CA50 ——CD —#—ID temperatures.
30 E- The common rail injector configuration and the number of nozzles
1 can have a substantial effect on engine performance, especially in the
25 1 dual-injection mode of ammonia with biodiesel. These alter injection
a ] duration, spray characteristics, droplet evaporation, mixture uniformity,
< ] and ultimately influence combustion and engine performance. Fig. 9
Q20 1 illustrates the ITE and ISFC for Case 1, where various nozzle numbers are
8 I\.\.\.\.\. considered, as well as for Case 2, which shows different biodiesel SOIs.
= 15 + As depicted in Fig. 9, the highest ITE of 38.5% (experimental value
g 39.7%) was achieved with injector 3b nozzles. This is primarily due to
é 01 the effective combustion and mixture formation of biodiesel. On the
- 1 contrary, lower ITEs were observed for the 6 and 3a nozzles, which
2 i inject biodiesel out of the piston bowl and into the quench region,
({ ST resulting in incomplete combustion. Hence, through the blocking of the
= ] three nozzles from the original injector, the ISFC was markedly reduced
S o] by 5.9%.
Therefore, since the CR injector with 3b nozzles achieved the highest
51 ITE, it was selected to investigate the influence of SOI;, when the AES is
] 50% and the SOI ammonia is —10 CAD. Therefore, the impact of SOI of
0 ] biodiesel on ITE and ISFC is depicted in Fig. 9. It is evident that retarding

SOI bio (CAD)

Fig. 7. Effects of SOI of biodiesel on CA10, CA50 and ignition delay (SOI-CA10)
combustion duration (CA90-CA10) for injector 3b nozzles at AES = 50%.

propagation for the latest and earliest injection of biodiesel. As ignition
is initiated by biodiesel, it provides the energy for ammonia combustion.
Therefore, when biodiesel is injected at —24, ignition starts earlier on
the side of three spray zones and then ammonia burns. Conversely, with
late biodiesel injection, combustion nearly starts at the TDC under
favorable thermodynamic conditions, ultimately reaching the auto-
ignition temperature of ammonia. Therefore, the majority of heat is
released near the TDC when biodiesel is injected at —14 CAD. Thus, a
low cylinder volume and high temperature lead to shorter combustion
and ignition delay times in the case of late biodiesel injection [26,47].
Moreover, it can also be noticed from Fig. 8 that the local temperature

the SOI timing for biodiesel from —24 to —20 CAD initially reduces ITE
and then subsequently increases to a peak of 39.7% at SOI of —16 CAD.
This is probably due to improved combustion, indicated by lower CO
and NH3 emissions, along with a favorable combustion phasing (CA50).
However, further retarding SOI to —14 CAD leads to a decrease in ITE to
38.5% because of late combustion phasing [47]. As a result, when bio-
diesel and ammonia are injected at —16 and —10 CAD, respectively, at
AES of 50%, the equivalent ISFC reaches its lowest point at 241.4
g/kWh, indicating minimal consumption of ammonia-biodiesel fuels.

3.2. Emissions analysis

Since biodiesel serves as a pilot fuel to ignite ammonia in dual fuel
mode, its flow rate is relatively lower compared to pure biodiesel
combustion. Thus, reducing the number of CR injector nozzles extends
the injection duration, promoting the formation of a lean mixture during
combustion. Given that combustion of the lean mixture and the low
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equivalence ratio reduce CO emission. Fig. 10 presents the effects of
decreasing the number of nozzles on CO, NOx, and NH3 emissions when
biodiesel is injected at —16 CAD with AES of 50%. CO emission
decreased markedly from 26.9 to 8.9 g/kWh by welding three nozzles of
the original six nozzles CR injector. This substantial decrease in CO
emissions can be further explained in Fig. 11. This figure shows the
biodiesel droplet morphology, iso-contour of the mole fraction of CO,
and local temperature for the original and 3b injectors. The original
injector has three sprays that inject biodiesel out of the piston bowl and
into the quench and crevice areas. This worsens the air-fuel mixture and
combustion accordingly, resulting in high CO emissions. Furthermore,
the CR injector with 3b nozzles demonstrated the lowest NH3 emission at

11.1 g/kWh, representing a notable reduction of 29.2% in NH3 emission
compared to the original injector with 6 nozzles, which has an ammonia
emission of 15.7 g/kWh.

Additionally, Fig. 10c also shows that the decrease in the number of
nozzles reduced NOx emissions. The NOx emissions decreased signifi-
cantly from 4.1 g/kWh (305.3 ppm) for the original injector to 2.0 g/
kWh (175.0 ppm) for the injector with two nozzles. With increasing
number of nozzles, more local stoichiometric mixtures and high local
temperature regions are generated (as depicted in Fig. 11), resulting in
increased NOx formation.

Furthermore, Akihama et al. [48] by plotting the equivalence ratio
against temperature showed zones leading to NOx and soot formation.
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Therefore, the equivalence ratio and the temperature of each cell are
plotted in Fig. 12a for different CADs and compared with the zone of
NOx and soot formation. The high temperature and low equivalence
ratio are prone to NOx formation, the injection of liquid ammonia from
—10 to 8.5 CAD reduces the maximum temperature and also avoids lean
conditions in the hot region of the bowl in TDC, which all cause a sig-
nificant decrease in NOx formation, as can be notice form Fig. 12. The
peak of the ® — T diagram reaches NOx formation reigns during —4 to
20 CAD. A slight reduction in the maximum local temperature can result
in a significant decrease in NOx formation. Hence, the formation of NO
reaches its maximum of 370 ppm at 14 CAD and then decreases signif-
icantly by reacting with NH; due to the presence of NH3 through the
following reactions [49,50]:

NH; + OH=H,0 + NH, (€))
NH; + O=0H + NH, (2
NO + NHy=H + OH + N, 3)
NO + NH,=H,0 + N, @

These reactions take place when the local temperature is around
1100-1400 K [52,53], reducing the formation of NO. Yousefi et al. [24]
also demonstrated that NO level in the cylinder decreased after reaching
its peak in the presence of NH3, while for pure diesel combustion, NO
emission did not decrease after reaching the maximum level.

Moreover, Fig. 12a also shows that fuel-rich zones at relatively high

temperatures are prone to soot formation. Replacing biodiesel with
ammonia can significantly reduce the formation of PM emission [22].
Additionally, avoiding biodiesel combustion under the mentioned ® — T
condition, by optimizing the injection timing of biodiesel, can reduce
PM formation. Therefore, Fig. 13 depicts PM emission for different SOIs
of biodiesel. Retarding biodiesel SOI from —24 CAD to —16 CAD in-
creases PM by 44.8% from 10.5 to 15.2 mg/m®. Late injection of bio-
diesel causes fuel-rich zones at high temperature, since the main
combustion occurs near the TDC. The same trend was observed in
similar studies [54,55] that their findings indicated a noticeable increase
in PM emissions when SOI was near the TDC. Moreover, this increase in
PM may also be due to the wall impingement of the biodiesel spray.
The impacts of biodiesel SOIs on H>0, CO2, CO, NOx, and NH3
emissions are illustrated in Fig. 14 by considering the CR injector with
3b nozzles in AES of 50% and ammonia SOI at —10 CAD. Additionally,
Fig. 14 provides a comparison between CFD-predicted emissions and
experimental emissions. Shifting SOI of biodiesel from —24 to —14 CAD
initially led to a slight increase in H»0, CO2, and CO emissions, reaching
their peak at —20 CAD and then declining toward —14 CAD. Therefore,
the highest CO,, CO, and NH3 emissions of 372, 13.8, and 24.1 g/kWh
were measured at biodiesel SOI of —20 CAD. This can be attributed to
the deterioration in efficiency, as observed in Fig. 9, which resulted in a
slight increase in emissions at —20 CAD. Furthermore, the lowest CO
emission was recorded at 9.4 when biodiesel was injected late at —14
CAD. Late injection of both fuels was found to reduce NH3 and CO
emissions. Combustion of ammonia aids in CO oxidation [34]. Hence,
direct injection of liquid ammonia at —10 CAD enhances swirl and
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Fig. 11. Biodiesel droplet morphology, iso-contours for CO mole fraction, temperature, and ammonia mole fraction for CR injector with 6 and 3b nozzles when

SOIy, = —16 CAD.

turbulence, further promoting the formation of the fuel-air mixture
within the biodiesel spray. The interaction of the biodiesel mixture with
the ammonia spray contributes to cleaner combustion, as also
mentioned by Zhang et al. [56].

Furthermore, retarding SOl slightly reduced NOx emissions,
decreasing from 3.1 to 1.7 g/kWh for SOI of biodiesel at —14 CAD. This
reduction can be primarily attributed to the decrease in peak of com-
bustion temperature resulting from ammonia injection at —10 CAD. It is
also associated with the DeNOx process that occurs during the expansion
stroke in the ammonia-biodiesel dual combustion operation, as previ-
ously discussed in Fig. 12. Besides, when biodiesel is injected at —24
CAD, the main combustion occurs in TDC under high temperature
conditions, which promotes the formation of NOx [57,58].

One of the challenges that appears in ammonia combustion is the
formation of N»O, a compound that significantly contributes to global

warming potentials (GWP). In fact, it has 298 times COy equivalent
emissions over a 100-year scale. The N0 is produced by the following
reactions (5) and (6) together with when the temperature is below 1400
K [49,59].

NH + NO=N,0 + H 5)

NH, + NO,=N,0 + H,0 6)

The reaction of NH3 with the radical OH according to the reaction (1)
produces NH,. Subsequently, NHz reacts with NO and NO3 and results in
the formation of N2O. This can also be seen in Fig. 12 that NO and NO,
decreased during combustion in the expansion stork. Therefore,
increasing the combustion temperature with advanced SOI biodiesel can
reduce the formation of N»O. Fig. 15 presents that early injection of
biodiesel can reduce N,O emissions. The lowest level of N>O emission
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Fig. 13. Experimentally measured particulate matter emission for different
biodiesel injection timings.

was measured at 115.0 ppm in SOI of —24 CAD. Subsequently, by
retarding of biodiesel injection to —20 CAD, there was a slight increase
to 139.6 ppm, which then remained constant for SOI of —14 CAD.
Yousefi et al. [24] previously observed a similar trend for SOI of diesel
and port injection of gaseous ammonia.

4. Conclusions

In this work, the single-cylinder diesel engine has been modified for
direct injection of liquid ammonia with biodiesel. Biodiesel was used as
a pilot fuel, which require a lower injected mass. However, the original
biodiesel CR injector has six nozzles, leading to a relatively short in-
jection timing. This could result in unstable injections and engine per-
formance with high emissions. To address this, the number of holes in

10

the biodiesel injector was blocked in various configurations to improve
the combustion of biodiesel with liquid ammonia, resulting in enhanced
engine performance and reduced emissions. Furthermore, various bio-
diesel injection timings were tested, ranging from —24 to —14 CAD
when AES is 50%. The research findings and conclusions can be sum-
marized as follows.

@ The number of biodiesel injector nozzles significantly impacts engine
performance. By welding three nozzles from the original six-nozzle
CR injector (3b nozzle), the highest pressure peak at 66.4 bar and
the highest ITE of 39.7% were achieved, indicating the most effective
combustion of liquid ammonia with biodiesel. Moreover, this also
showed 5.9% reduction in ISFC compared to the original CR injector.

@ Shifting SOI;, from —24 to —14 CAD leads to 6 CAD increase in CA10
and 3.2 CAD increase in CA50. Hence, ignition delay and combustion
duration times were reduced by 4 and 10.3 CAD, respectively.

@® When ammonia energy share is 50%, blocking three nozzles of the
original six-nozzle injector results in a remarkable 29.2% reduction
in ammonia emissions compared to the original injector. It also re-
duces CO emission from 26.9 to 8.9 g/kWh.
Decreasing CR injector nozzles reduced NOx emissions from 4.1 g/
kWh for the original injector to 2.0 g/kWh for the injector with two
nozzles. The high number of nozzles leads to the formation of more
local stoichiometric mixtures with high-temperature regions due to
the combustion of biodiesel sprays. Additionally, the presence of NH3
causes the thermal DeNOx process.

Retarding SOIy;, from —24 CAD to —16 CAD increased PM emissions,

from 10.51 to 15.22 mg/m?, due to the formation of fuel-rich zones

at high temperatures since the main combustion occurs near the TDC
as a result of the late injection of both fuels. Also, the lowest CO was
achieved at the latest SOI of biodiesel.

@ Retarding SOl also leads to a slight reduction in the NOx emissions,
decreasing from 3.1 at —24 CAD to 1.7 g/kWh at —14 CAD. This
reduction is due to the injection of liquid ammonia at —10 CAD
through cooling effects and the increase in equivalence ratio.

@ The lowest N2O emission of 115.0 ppm was measured at the earliest
SOl at —24 CAD. It then slightly increased to 139.6 ppm for SOlIp;,
of —20 CAD and then remained constant for late SOIs.
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