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Abstract: This work analyzes NOy reduction in a marine diesel engine using ammonia injection
directly into the cylinder and compares this procedure with water injection. A numerical model
based on the so-called inert species method was applied. It was verified that ammonia injection
can provide almost 80% NOy reduction for the conditions analyzed. Furthermore, it was found
that the effectiveness of the chemical effect using ammonia is extremely dependent on the injection
timing. The optimum NOjy reduction was obtained when ammonia is injected during the expansion
stroke, while the optimum injection timing using water is near top dead center. Chemical, thermal,
and dilution effects of both ammonia and water injection were compared. The chemical effect was
dominant in the case of ammonia injection. On the other hand, water injection reduces NOy through
dilution and, more significantly, through a thermal effect.
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1. Introduction

Nowadays, diesel engines rule the transportation sector and power most of the ships in the
world. These engines are efficient compared with other thermal machines but emit harmful species
such as nitrogen oxides (NOy), soot, carbon dioxide (CO5,), sulfur oxides (SOx), carbon monoxide
(CO), and non-burnt hydrocarbons (HC). Between these, NOy is a harmful component that must
be reduced since it produces acidification of rain, photochemical smog, greenhouse effects, ozone
depletion, and respiratory diseases. Several international, national, and regional policies have been
developed to limit NOy and other pollutants. In the marine field, the European Commission and
the Environmental Protection Agency limit emissions in the European Union and the United States,
respectively. On an international level, the International Maritime Organization (IMO) maintains
a comprehensive regulatory framework for shipping. In 1973, the IMO adopted Marpol 73/78, the
International Convention for the Prevention of Pollution from Ships, designed to reduce marine
pollution. In particular, Marpol Annex VI limits NOy emissions for marine ships depending on the
manufacturing data, engine speed, and working geographical area.

Due to these increasingly restrictive regulations, several NOy reduction methods have been
developed in recent years. One of them is the utilization of alternative fuels. The main alternative
marine fuels may be found in two forms: liquid fuels including ethanol, methanol, bio-liquid fuel, and
biodiesel; and gaseous fuels, including propane, hydrogen, and natural gas [1-4].

Operating under diesel, there are two procedures to reduce NOx, which are primary and secondary
measures. The former reduces the amount of NOx during combustion, while the latter focuses on
removing NOy from the exhaust gases through downstream cleaning techniques. It is well known
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that the main factors that influence NOy formation are the temperatures reached in the combustion
process and the amount of time in which the combustion gases remain at high temperatures [5-7].
Based on this, primary measures focus on addressing these factors and reducing the concentrations
of oxygen and nitrogen [8,9]. Well-known primary measures are exhaust gas recirculation (EGR),
Miller timing, common rail, modification of injection and other parameters of the engine, and water
addition. Water can be introduced as a fuel-water emulsion injected via the fuel valve, through
separate nozzles or by humidifying the scavenge air. Despite the extensive research on primary
measures along the recent years, a procedure to reduce NOy without decreasing emission of other
pollutants and/or consumption has not effectively been developed. In this regard, secondary measures
reduce NOx from the flue gas through downstream cleaning techniques. Many applications have
been undertaken to reduce NOy by selective catalytic reduction (SCR) and selective non-catalytic
reduction (SNCR). The disadvantages of SCR are its price, poor durability of catalysts, and deposition
of particulate on the catalyst. These disadvantages are not present in SNCR, but this procedure is
limited to a narrow temperature range with optimal temperatures that are much higher than those
characteristic of flue gas from diesel engines [10]. This limitation constitutes a drawback for practical
applications in exhaust gases from diesel engines. As SCR reducing agents, ammonia (NH3), urea,
and cyanuric acid have been extensively employed. SNCR using ammonia, urea, and cyanuric acid
are known as DeNOjy [11,12], NOOUT [13,14], and RAPRENO [15-17], respectively. Between these,
this work focuses on NOy reduction using ammonia. The NOy reduction capabilities of ammonia
were discovered in the seventies by Lyon [18], who found that ammonia selectively reduces NOx
without a catalyst over the temperature range of 1100-1400 K. Typical exhaust gas temperatures from
marine engines, around 300—450 °C [19], remain considerably lower than this optimal temperature
range for NOy reduction. Comprehensive investigations have been reported about SNCR analyzing
parameters such as temperature, the molar ratio (NH3/NO) [20], residence time, oxygen level, initial
NOy, combustibles, and so on [21,22], verifying that the most important factor for NOy reduction
is the temperature. Based on this result, Miyamoto et al. [23] proposed to reduce NOy emissions
by injecting ammonia or urea directly into the cylinder. They found an optimum NOy reduction at
injection timing 90° CA ATDC (crankshaft angle after top dead center), i.e., during the expansion
stroke, under temperatures between 1100-1600 K. Nam and Gibbs [24] analyzed direct injection of
urea and ammonia using a flow reactor which simulates a single cylinder diesel engine, while Nam
and Gibbs [25] analyzed the influence of injection temperature, the molar ratio NH3/NO, residence
time, and combustion products, focusing on kinetic parameters. Larbi and Bessrour [26] developed an
analytical model to analyze ammonia injection and concluded that the temperature and thus injection
timing is critical. In fact, if ammonia is injected near TDC (top dead center), it performs as a fuel
instead of as a NOy reducing agent, since ammonia can also be employed as a fuel [27,28].

These aforementioned studies delivered interesting knowledge about ammonia injection, but
an experimental analysis cannot provide complete information about the governing effects. In this
regard, Computational Fluid Dynamics (CFD) offers an alternative method to analyze the performance
and emissions on engines. In the field of medium and large marine engines, CFD is especially useful
because an experimental setup is extremely expensive and a downscale model sometimes is not
accurate enough. In particular, the so-called artificial inert species method allows us to investigate
several chemical and physical effects separately. This method was initiated by Guo [29], who used
an artificial inert component with the same properties as hydrogen to analyze the chemical, dilution
and thermal effects of hydrogen addition on a HCCI engine. Voshtani et al. [30] and Neshat et al. [31]
analyzed these chemical, dilution, and thermal effects on a blended fuel of isooctane and n-heptane.
Subsequently, they studied these effects on reformer gas addition [32] and water addition [33].

This work presents a CFD analysis to study NOy reduction in a commercial marine engine, the
Wirtsila 6 L 46. The NOy reduction procedure is based on ammonia injection during the expansion
stroke. The artificial inert species method was applied to characterize thermal, dilution and chemical
effects of ammonia injection. In addition, ammonia injection was compared with water (H,O) injection.
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2. Materials and Methods

This section describes the engine analyzed and the numerical model employed to study the
performance and emissions.

2.1. Description of the Engine Analyzed

As mentioned above, the engine analyzed is the Wartsild 6 L 46 (Wartsild Corporation, Finland) [34,35],
diesel, six-cylinder, four-stroke, water-cooled, and turbocharged. Each cylinder of this engine has two
intake and two exhaust valves and a fuel injector with 20 holes is situated at the center of the cylinder
head. This is a direct injection engine, i.e., the fuel is injected directly into the cylinder. The injection
pump provides injection pressures up to 1500 bar. Optionally, this engine includes the possibility to
incorporate direct water injection (DWI) to incorporate water at 400 bar from an external pump unit to
each injection. The injector is thus equipped with a dual nozzle with separate needles for water and
fuel. This system was employed in the numerical model to simulate water or ammonia injection.

In the present work, a comprehensive analysis was performed in a Wirtsild 6 L 46 installed on a
tuna fishing vessel. Many parameters were characterized at different loads, such as in-cylinder pressure,
consumption, indicated and effective power, scavenging air pressure and temperature, exhaust gas
pressure and temperature, lubricating oil pressure and temperature, cooling water temperature,
emissions, etc. Although this engine is designed to operate under heavy fuel oil, marine diesel oil
operation is also possible. Since these data were taken on board and near the coast, marine diesel
oil was employed. The viscosity and density of this fuel are 12.5 mm?/s and 885 kg/m? at 15 °C and
its sulfur content 0.89%. For instance, Figure 1 indicates the results of the in-cylinder pressure along
the operating cycle, at 100% load. The engine performance analyzer MALIN 6000 was employed to
characterize the in-cylinder pressure. This pressure transducer is connected to the bleed valve, located
at the engine head, which acts as an indicator channel. It worth mentioning that the experimental
pressure trace can be distorted due to pressure waves in the channel [36], and that no algorithm was
applied to correct this drawback.
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Figure 1. In-cylinder pressure at 100% load, experimentally measured.

Other experimental data at different loads are indicated in Table 1. In particular, the speed, power,
mean indicated pressure (MIP), maximum pressure, specific fuel consumption (SFC), and emissions.
NOy, CO, HC, and CO; emissions were analyzed using the Gasboard-3000 series (Wuhan Cubic) gas
analyzers, particularly Gasboard-3030 for HC and Gasboard-3000 for NO, CO, and CO,. The load,
speed, and SFOC were taken from the engine monitoring system.
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Table 1. Experimental data.

Load (%) 25 35 50 75 100
Speed (rpm) 500 500 500 500 500
Power (kW) 2047.6 2367.8 2923.6 4051.1 5430.1

MIP (bar) 8.1 139 17.6 20.0 225

Prmax (bar) 102.7 138.0 160.4 175.8 182.3

SFC (g/kWh) 1732 171.9 169.8 169.5 172.1

NOy (ppm) 1048 1092 1149 1167 1128

Emissions  HC (PPm) 510 485 448 466 515
CO (ppm) 261 255 247 268 292
CO; (%) 35 46 6.9 7.9 8.3

2.2. Numerical Model

The open software OpenFOAM was employed in the present work. The mesh is indicated in
Figure 2. In order to implement the movement of the piston and valves, a deforming mesh was used.
In particular, Figure 2a represents the tridimensional mesh, Figure 2b a cross-section at BDC (bottom
dead center), i.e., 180° or 540° CA ATDC, and Figure 2c a cross-section at TDC, i.e., 0° or 360° CA ATDC.
Several meshes with different elements were tested in order to verify that the results are independent
of the mesh size. Table 2 indicates the error obtained between experimental and numerical results of
pressure and fractions using a mesh with 501,769 elements at BDC (mesh 1), as well as 802,527 elements
(mesh 2) and 1,264,873 (mesh 3). As can be seen, there is no difference between the meshes 2 and 3. For
this reason, the mesh 2 was chosen for the present work.

EXHAUST VALVES EXHAUST VALVE
EXHAUST DUCTS

INTAKE VALVE EXHAUST DUCT
INTAKE DUCTS

INTAKE DUCT

~ INTAKE VALVES

=

I—v
(a (b) ()

Figure 2. (a) Tridimensional mesh at BDC; (b) Cross-section mesh at BDC; (c) Cross-section mesh
at TDC.

Table 2. Error (%) at 100% load obtained using different mesh sizes.

P NOx coO HC CO,

Mesh 1 4.2 51 8.1 6.5 47
Mesh 2 4.1 49 7.9 6.4 4.6
Mesh 3 41 49 79 6.4 4.6

A new in-house solver was programmed using C++. Briefly, this solver is based on the RANS

(Reynolds-averaged Navier Stokes) equations of conservation of mass, momentum, and energy. The k-¢
turbulence model was chosen.
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The standard Kelvin-Helmholtz and Rayleigh-Taylor breakup (KH-RT) model [37] was employed for
fuel droplet breakup, and the Dukowicz model [38] for the heat-up and evaporation. A comprehensible
analysis about the adequacy of breakup models can be found in the literature. Compared to other breakup
models such as WAVE, TAB (Taylor Analogy Breakup), etc., the KH-RT model is more suitable for the
high injection pressures that take place in diesel engines [39]. As indicated previously, ammonia and
water injection were modeled through an injector equipped with a dual nozzle with separate needles for
water/ammonia and fuel.

In order to solve the chemical kinetics, a reaction mechanism was programmed by adding the
three kinetic schemes described in Sections 2.1-2.3 for combustion (131 reactions and 41 species), NOx
formation (43 reactions and 20 species) and NOy reduction (131 reactions and 41 species), respectively.
Several additional equations must be added to model chemical kinetics. Given a set of N species and m
reactions, Equation (1), the local mass fraction of each species, f;, can be expressed by using Equation (2).

N L N
Z M <_’>Zv;ijj: 1,2, ..., m 1)
k=1 k=1
d d 0 [ Ify
@(Pfk) + a—xi(P”sz) = a—xl(s—ct a—xl) + Sk 2)

In the equations above, p is the density, u the velocity, v,’(}. the stoichiometric coefficients of the
reactant species M in the reaction j, v} . the stoichiometric coefficients of the product species M in
the reaction j, S the turbulent Smidth number, and Sy the net rate of production of the species M
by chemical reaction, given by the molecular weight multiplied by the production rate of the species,
Equation (3).
d[My] 3)

dt
where MW is the molecular weight of the species My and [M] its concentration. The net progress
rate is given by the production of the species My minus the destruction of the species M along the m

reactions: N N
dM i vl v,
M Z{(v,;j —v,;j>[kf]-kf[ st [ T } @

j=1 =1 =1
where kj; and kg, are the forward and backward reaction rate constants for each reaction j.

The simulation started at 360° CA ATDC and the whole cycle was analyzed. The initial pressure
was 1.31 bar, obtained from experimental measurements. Concerning boundary conditions, the intake
valve pressure and temperature after the turbocharger were 2.72 bar and 514 K, respectively. The heat
transfer from the cylinder to the cooling water was modeled as a combined convection-radiation
type, Equation (5). Previous investigations [40] demonstrated the accuracy of this type of boundary
condition in comparison with adiabatic or constant temperature:

Sy = MW,

q= h(Tgus - Twuter) (5)

where g is the heat transferred, Tgss the in-cylinder temperature, Tyater the cooling water temperature
(78 °C), and h the heat transfer coefficient, given by the following expression [41]:

h =104 kb™"* (upiston/v)* (6)

where b is the cylinder bore, k the thermal conductivity of the gas, 11, the mean piston speed, and v
the kinematic viscosity of the gas. Substituting values into the above equation yields & = 4151 W/m?K.
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2.2.1. Combustion Kinetic Scheme

The fuel was treated as n-heptane. The kinetic scheme of Ra and Reitz [42], based on 131 reactions
and 41 species, was employed for combustion. Another common approach to treat combustion in CFD
is to assume that the kinetics is so fast that chemical species remain at equilibrium due to the high
temperatures. Nevertheless, previous works [43,44] indicated that a kinetic scheme is more accurate
than the equilibrium hypothesis, since the cooling during the expansion process and dilution with
the excess air elongates the time needed to achieve equilibrium. Indeed, several studies about diesel
engines verified that the measured CO emissions are higher than those provided by the equilibrium
concentrations. The reason is that one of the sources of CO in diesel engines are lean regions which are
not able to burn properly [45,46]. This happens when the local turbulent and diffusion time scales are
much smaller than the time required to achieve equilibrium. In these cases, the chemical equilibrium
hypothesis leads us to overestimate the levels of the minor species. For these reasons, another procedure
developed in the present work was the implementation of a chemical kinetic model. Figure 3 represents
the CO and HC emissions experimentally and numerically obtained using chemical equilibrium and the
kinetic model. As can be seen, the kinetic model improves the results. Regarding CO2 emissions, these
remain practically inalterable so are not included in the figure. According to the improvement obtained
using the kinetic model compared to the equilibrium assumption, the kinetic model developed by Ra
and Reitz [42] was employed in the remainder of the present work.

750 I I 4 HC, experimental
4 HC, numerical using equilibrium
© HC, numerical using kinetics. Ra and Reitz [42]
600 4 MW CO, experimental
& & & ¥ CO, numerical using equilibrium
z A, & A 0 CO, numerical using kinetics. Ra and Reitz [42]
g 450+ A A s
S
M
g 300fE x o R
s LY M M
150 + .
0 | | | |
20 40 60 80 100
Load (%)

Figure 3. HC and CO emissions experimentally and numerically obtained.

2.2.2. NOy Formation Kinetic Scheme

The numerical model employs the kinetic scheme of Yang et al. [47], based on 43 reactions and
20 species. In CFD, it is common to employ the so called extended Zeldovich mechanism [48,49],
based on 3 reactions and 7 species. Nevertheless, previous works [44,50] compared several kinetic
schemes using experimental results and concluded that the model of Yang et al. provides satisfactorily
accurate results.

2.2.3. NOy Reduction Kinetic Scheme

The kinetic scheme chosen for NOy reduction is the one proposed by Miller and Glarborg [51], based
on 134 reactions and 24 species. The accuracy of this and other kinetic schemes was also compared with
experimental measurements elsewhere [43,52], concluding that the model of Miller and Glarborg [51]
provides satisfactorily accurate results.
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2.3. Validation of the Overall Numerical Model

The overall numerical model, summarized in Table 3, was validated using experimental measurements.
The emissions and consumption obtained experimentally and numerically at several loads are shown in
Figure 4. This figure includes CO, CO,, NOx, HC, and SFC. As can be seen, a reasonable correspondence
between numerical and experimental results was obtained. The in-cylinder pressure obtained experimentally
and numerically at 100% load is shown in Figure 5. This figure also indicates a satisfactory correspondence
between experimental and numerical results. Other loads also provided satisfactory concordance between
experimental and numerical results, and thus are not represented again.

Table 3. Numerical models.

Turbulence Model k-¢
Evaporation model Dukowicz
Breakup model KH-RT
Combustion model Ra and Reitz
NOy formation model Yang et al.
NOy reduction model Miller and Glarborg
200 1250 13 » SFC, experimental
v L4 ¥ NO,., experimental
' 7 " & HC, experimental
190 + 1000 11 w CO, experimental
v = m CO,, experimental
= 5 o SFC. numerical
Z 1801 4750 S 9 S % NO,. numerical
& . a ;. 4 & HC, numerica
] b = 5 w CO, mumerical
= 1704 f 500 & et o CO,, mumerical
Fpd p!ii & : =
160 HHM H H — 250 EE
]
150 m 1 L 1 ug -3
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Load (%)

Figure 4. NOy, HC, CO and CO; emissions as well as BSFC experimentally and numerically obtained.
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Figure 5. In-cylinder pressure experimentally and numerically obtained at 100% load.
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3. Results and Discussion

Once the numerical model was validated, it was employed to analyze NOy reduction through
ammonia and water injection directly into the cylinder. This section presents the results obtained.
First of all, results about NOx reduction are exposed and then results obtained from the artificial inert
species method.

3.1. NOy Reduction

First of all, it is necessary to determine the appropriate quantity of ammonia and water. Regarding
ammonia, its main disadvantage is the non-reacted ammonia slip in the exhaust gas. Ammonia is
highly toxic, and thus it is important to maintain an un-reacted ammonia slip to the exhaust that is as
low as possible. Figure 6 represents the NOx reduction as well as the ammonia slip in the exhaust gas
against the ammonia to fuel ratio, Equation (7), at 100% load. In this figure, the ammonia injection
took place 58.4° CA ATDC. This value was chosen because it provides the maximum NOy reduction,
as will be shown below. The effect on CO, HC, and SFC remained practically negligible, so these
are not represented in this figure. As can be seen, NOy reduction improves with the ammonia to
fuel ratio, with a tendency to level off around 4%. Ammonia to fuel ratios higher than 3% provide a
few additional NOy reductions with a considerable increment of un-reacted ammonia emitted to the
atmosphere, and NOy reduction drops again for higher ratios since ammonia itself oxidizes to NO. For
this reason, an ammonia to fuel ratio of 4% was employed in the remainder of the present work.

¢ .
Ammonia to fuel ratio (%) = marsjaZS irfnfrlrllglma 100 (7)

100F" NO, reduction (%) 170
o Ammonia slip (ppm) .
< S0f LT T T v, J07F
H v 5
& 60 v 130 &
o - w
— =
B 400 v D 120 g
= O =
3 _ z
Z 20f v oo {10 <

O
O
olg o0 ° ° {0
0 2 4 6 8

Ammonia to fuel ratio (%)

Figure 6. NOy reduction and ammonia slip against the ammonia to fuel ratio. Ammonia injection
timing: 58.4° CA ATDC.

As indicated previously, the present work focuses on water injection through a dual nozzle with
separated needles for water and fuel. Using this DWI system, typical water to fuel ratios, Equation (8),
in practical applications are within the range 40%-70% [20]. Figure 7 shows the NOy reduction, as well
as the effect on SFC, CO, and HC for water to fuel ratios from 0 to 100% at 100% load. As can be seen in
this figure, the water to fuel ratio improves NOx reduction, but increments both consumption and
emissions of CO and HC. For this reason and taking into account usual practical applications, a water
to fuel ratio of 70% was employed in the remainder of the present work.

Water to fuel ratio (%) = %100 8)
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Figure 7. NOx reduction against the water to fuel ratio. Water injection timing: —2.1° CA ATDC.

Figure 8 shows the effect of the injection timing on NOy reduction. Ammonia and water were
compared using 4% ammonia to fuel ratio and 70% water to fuel ratio. As can be seen in this figure,
using water injection a maximum 57.1% NOy reduction was obtained at —2.1° CA ATDC. On the
other hand, if ammonia is injected around TDC, then the NOy reduction is considerably smaller than
when using a water injection. Nevertheless, at 58.4° CA ATDC, NOy reduction reaches 78.1% using
ammonia. As mentioned in the introduction, NOx reduction using ammonia is very sensitive to the
temperature. Injected near TDC, ammonia is not efficient due to the excessive in-cylinder temperatures.
Nevertheless, at 58.4° CA ATDC, the in-cylinder temperatures reduce to the optimal values required
for NOy reduction using ammonia. Instead of 100% loads, at lower loads the in-cylinder temperatures
are lower too and thus the optimum injection time takes place before 58.4° CA ATDC.

100 ~ T T T T T
& Water
80F = Ammonia = .
5
g oot z 1
g o ¢ ° 2
: o
.40t .
o] =
z o B
20+ B B
= &
o
g = & % © e
0 1 1 1 1 1 1
=20 0 20 40 60 80

Injection timing (° CA ATDC)

Figure 8. NOy reduction against the injection timing using ammonia and water. Ammonia to fuel ratio:
4%, water to fuel ratio: 70%.

Figure 9 shows the maximum temperature for the base case without a water or ammonia injection,
with a 4% ammonia to fuel ratio and with a 70% water to fuel ratio at 100% load. In these simulations,
both ammonia and water were injected at —2.1° CA ATDC. As can be seen, water promotes a reduction
in the combustion temperatures. The maximum temperature is lowered 93.2 °C if 70% water is injected
at —2.1° CA ATDC. On the other hand, ammonia increases the maximum temperature 8.4 °C if this is
injected at —2.1° CA ATDC. This explains the effect on CO, HC, and SFC. As indicated above, ammonia
has a negligible effect on these parameters and water increases them. Water reduces the combustion
temperature due to the increment in the specific heat capacity of the cylinder gases (water has higher
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specific heat capacity than air) and lowers the concentration of oxygen, which reduces the availability
of oxygen for the NOy forming reactions. The main effect is a reduction in NOx emissions due to the
lower temperatures, but water injection also promotes incomplete combustion and thus increases both
CO and HC emissions as well as SFC. SFC is increased due to the lower pressures, which promotes
lower power. On the other hand, when injected near TDC, ammonia acts as a fuel and slightly increases
the combustion temperature with a negligible effect on CO, HC and SFC. In the next section, the
chemical effect of water and ammonia will be analyzed too using the artificial inert species method.

2500 T T T T T T T T
20001
o 1500F
Kl
8
5
=
£ 1000}
S00F . s
— Without water nor amm onia inj ection
— With ammoniainjection
— With water injection
D L L L L
-30 0 (TDC) 30 60 90 120

Crankshaft angle (* CA ATDC)

Figure 9. Maximum temperature without water nor ammonia injection; with a 4% ammonia to fuel

ratio and an injection timing of —2.1° CA ATDC; water to fuel ratio: 70% and injection timing: —2.1°
CA ATDC.

3.2. Artificial Inert Species Method

In this section the so-called artificial inert species method [29-33] is applied to analyze the chemical,
thermal, and dilution effects of both ammonia and water injection. The chemical effect is promoted by
the chemical reactions. The thermal effect is promoted by the properties, specially the high specific heat
capacity of ammonia and water which increases the heat absorption. The dilution effect is promoted
by the presence of the additive, which reduces the possibility of reaction between fuel and air.

In the case of water injection, two artificial species were added: inertH,O and inertAIR. The species
inertH,O has the same properties as water but does not participate in the chemical reactions. On the
other hand, the species inertAIR has the same properties as air but does not participate in the chemical
reactions. According to this, the difference between the results using water and inertH,O represents
the chemical effect. The dilution effect of water injection is represented by the difference between the
results using inertAIR and the base case without water. Finally, the difference between the results
using inertH,O and inertAIR leads to the thermal effect of water injection. Figure 10 illustrates the
contribution of thermal, dilution, and chemical effects of water injection for a water injection timing
of —2.1° CA ATDC at a 100% load. As can be seen, the chemical effect is negligible. Water injection
reduces NOy by the dilution and, more significantly, thermal effects. The thermal effect is important
since water absorbs heat due to its high specific heat capacity. Since water has a higher specific heat
capacity than air, the specific heat capacity of the cylinder gases is increased, leading to a reduction in
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the in-cylinder temperature and thus to the NOy emissions. Figure 10 also illustrates the importance
of the dilution effect. The presence of water reduces the interaction between fuel and air and thus
deteriorate the combustion process.

100 T T .
— SD_
E
Z 60}
= a0l Thermal effect
% ok Dilntion effect
0 = : S
0 23 50 15 100

Water to fuel ratio (%)

Figure 10. Chemical, thermal, and dilution effects of water injection on NOy emissions. Water injection
timing: —2.1° CA ATDC.

In the case of ammonia injection, two artificial species were added: inertNH; and inertAIR.
The species inertNH; has the same properties as ammonia but does not participate in the chemical
reactions. On the other hand, the species inertAIR has the same properties as air but does not
participate in the chemical reactions. According to this, the difference of the results using ammonia
and inertNHj represents the chemical effect of ammonia injection. The dilution effect of ammonia
injection is represented by the difference between the results using inertAIR and the base case without
ammonia. Finally, the difference between the results using inertNHj3 and inertAIR leads to the thermal
effect of ammonia. Figure 11 illustrates the contribution of thermal, dilution, and chemical effects of
ammonia injection for an ammonia injection timing of 58.4° CA ATDC at 100% load. As can be seen,
the chemical effect is the only one responsible for NO reduction, while the thermal and dilution effects
are negligible.

100 T T T

30+

60+

40+

NO, reduction (%)

Thermal sffzct, dilution effect
0 2 4 ] 3
Ammonia to fuel ratio (%)

Figure 11. Chemical, thermal, and dilution effects of ammonia injection on NOy emissions. Ammonia
injection timing: 58.4° CA ATDC.

If ammonia is injected near TDC, particularly at —2.1° CA ATDC, the NOy reduction is noticeably
lower, Figure 12. The thermal and dilution effects become more important and the chemical effect
is reduced.
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Thermal effect

Dilution effect

NO, reduction (%)

Ammonia to fuel ratio (%)

Figure 12. Chemical, thermal, and dilution effects of ammonia injection on NOx emissions. Ammonia
injection timing: —2.1° CA ATDC.

4. Conclusions

This work presents a CFD analysis to study NOy reduction in a commercial marine engine, the
Wartsila 6 L 46. The NOy reduction is based on ammonia injection directly into the cylinder, and
this measure was compared with water injection. The so-called artificial inert species method was
employed. Inert species with the same properties of water, ammonia, and air were used to characterize
the chemical, thermal, and dilution effects of water and ammonia injection.

It was found that the chemical effect using ammonia injection is extremely dependent on the
injection timing. The optimum NOjy reduction using ammonia is obtained when this is injected during
the expansion stroke, leading to a significant chemical effect, and negligible thermal and dilution
effects. The optimum NOy reduction using water is obtained when this is injected near TDC. Injected
near TDC, water promotes NOy reduction by the dilution and, more significantly, the thermal effect.
If ammonia is injected near TDC, the thermal and dilution effects become more significant but the
global NO reduction is noticeably lower than the values obtained when using water.
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