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Abstract

Ammonia is a carbon-free alternative to fossil fuels. However, its unfavorable
combustion characteristics and propensity to form nitrogen oxides challenge
its use as a fuel for internal combustion engines. This work investigates the
pilot-ignited combustion of ammonia sprays under conditions relevant to en-
gines. Scrutinizing the impact of ammonia's physical properties and combus-
tion chemistry on combustion behavior and pollutant formation reveals the
main challenges for ammonia spray combustion. Experiments in a single-shot
engine prove the combustion process's feasibility and reveal a strong depen-
dence of ammonia combustion on the interaction with the pilot injection.
Investigations of the �ame's spectral footprint distinguish the contributions
of pilot fuel and ammonia to combustion. Further optical studies show that
the ammonia �ame cannot self-stabilize and drifts o� from the injector noz-
zle after ignition by the pilot injection. A validated spray model attributes
the lack of �ame stabilization to low temperatures and equivalence ratios
within the ammonia spray. The work discusses implications on engine opera-
tion, draws conclusions on the �ame stabilization mechanism, and relates the
non-stabilized �ame to ammonia combustion's strong dependence on pilot in-
teraction. The extensive lift-o� length, resulting from the drifting ammonia
�ame, motivates pilot fuel intermediate or post-injections (PIs), which signif-
icantly reduce unburned ammonia emissions.
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Kurzfassung

Ammoniak ist eine kohlensto�freie Alternative zu fossilen Kraftsto�en. Seine
ungünstigen Verbrennungseigenschaften und seine Neigung zur Bildung von
Stickoxiden stellen jedoch eine Herausforderung für seine Verwendung als
Kraftsto� für Verbrennungsmotoren dar. In dieser Arbeit wird die pilotgezün-
dete Verbrennung von Ammoniaksprays unter motorrelevanten Bedingungen
untersucht. Die Auswirkungen der physikalischen Eigenschaften von Ammo-
niak und der Verbrennungschemie auf das Verbrennungsverhalten sowie die
Schadsto�bildung zeigen die gröÿten Herausforderungen für die Verbrennung
von Ammoniaksprays auf. Experimente in einer Einhubmaschine beweisen
die Machbarkeit des Verbrennungsprozesses und o�enbaren eine starke Ab-
hängigkeit der Ammoniakverbrennung von der Interaktion mit der Pilotein-
spritzung. Untersuchungen des spektralen Fuÿabdrucks der Flamme unter-
scheiden die Beiträge von Pilotbrennsto� und Ammoniak zur Verbrennung.
Weitere optische Untersuchungen zeigen, dass die Ammoniak�amme sich nicht
selbst stabilisieren kann und nach der Zündung durch die Piloteinspritzung
von der Einspritzdüse abdriftet. Ein validiertes Spraymodell führt die fehlende
Flammenstabilisierung auf niedrige Temperaturen und Äquivalenzverhältnisse
innerhalb des Ammoniaksprays zurück. Die Arbeit erörtert die Auswirkungen
auf den Motorbetrieb, zieht Schlussfolgerungen zum Mechanismus der Flam-
menstabilisierung und verbindet die nicht stabilisierte Flamme mit der starken
Abhängigkeit der Ammoniakverbrennung von der Piloteinspritzung. Die aus
der driftenden Ammoniak�amme resultierende lange Abhebelänge motiviert
die Zwischen- oder Nacheinspritzung von Pilotkraftsto�, die die unverbran-
nten Ammoniakemissionen deutlich reduziert.
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1 Introduction

1.1 Background

Extensive greenhouse gas emissions a�ect the climate and threaten ecosys-
tems, public health, and the economy. The Paris Agreement, signed in 2015
by 195 nations, aims to reduce the risks caused by global climate change
by keeping the global average temperature rise well below 2 ◦C above pre-
industrial levels. Therefore, emissions of greenhouse gases have to be reduced
drastically. Global shipping contributes about 3 % to current global green-
house gas emissions [24, 25]. Following the ambitions of the Paris Agreement,
the International Maritime Organization (IMO) declared the goal to reach net
zero emissions from international shipping close to 2050. This goal requires de-
carbonizing fossil fuel-based ship propulsion systems. Given the 20− 30 years
lifetime of marine vessels, zero-emissions propulsion systems must be devel-
oped swiftly [24]. However, shipping propulsion is particularly challenging to
decarbonize, as high energy densities are required.

Synthetic fuels o�er the energy density and low-cost storage required by ship-
ping applications. Furthermore, using synthetic fuels in existing ship engines
after minor modi�cations loosens the time urge for renewing vessels. In addi-
tion, an operation on conventional fuels will be possible during low availabil-
ity of renewably produced synthetic fuels, e.g. during winter in the northern
hemisphere. Among the synthetic fuels available, only hydrogen and ammonia
are carbon-free. Lique�ed ammonia o�ers a higher volumetric energy density
and is safer to handle and store than hydrogen [26]. Although gaseous at
standard conditions, ammonia lique�es at temperatures of only −33 ◦C at at-
mospheric pressures, which is signi�cantly easier to obtain than the −253 ◦C
required for liquefying hydrogen at atmospheric pressures. Therefore, ammo-
nia is projected to fuel future vessels [27, 28]. While the case for ammonia
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is particularly strong in the shipping industry, further possible applications
include power generation [26, 29] and vehicular applications [21, 30].

Since the development of the Haber-Bosch process a century ago, ammo-
nia has become essential for modern society. Ammonia-based fertilizers boost
agricultural productivity and increase food security. Therefore, it is one of
the world's most produced chemicals, consuming 2% of worldwide primary
energy consumption [31]. The existing distribution networks, tankers, port in-
frastructure, and experience in handling ammonia may serve as the starting
point for its future use as a fuel. Currently, ammonia production relies heavily
on fossil fuels, mainly natural gas. Ammonia production has to include car-
bon capture and storage technologies or rely on renewably produced power
to achieve climate neutrality. Countries with high potential for producing re-
newable power, such as Morocco, may act as ammonia hubs in the future
for fueling vessels and exporting renewably produced ammonia at large scales
[27].

Ammonia can be used as fuel in engines, gas turbines, and fuel cells. Internal
combustion engines o�er a good trade-o� regarding fuel economy, robustness,
and cost-e�ectiveness for applications such as shipping. However, ammonia
o�ers several challenges for engine designers. Its high auto-ignition tempera-
ture, slow laminar burning velocities, high enthalpy of evaporation, and narrow
�ammability limits require measures to improve its combustion behavior [32].
These measures include hydrogen addition [32], ammonia dissociation prior
to combustion [33], employing additional pilot fuels [34], and boosted engine
conditions [32]. Another major concern for ammonia combustion in engines
is the extensive formation of air pollutants [32, 34]. In particular, the potent
greenhouse gas N2O and the toxic gases NO and NO2, as well as unburned
NH3, need to be controlled.

Ammonia was sporadically investigated as an alternative engine fuel during
phases of short supply, e.g. during World War II and the oil crisis (e.g. [32�34]).
However, intense research on ammonia combustion has just recently started
with the background of climate action. Therefore, the potential performance
of ammonia in modern heavy-duty engines still needs to be clari�ed. Recent
research focuses on reducing unburned ammonia and nitrogen-based emis-
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sions, particularly the greenhouse gas N2O. Most investigations use homo-
geneous, gaseous ammonia or ammonia/hydrogen mixtures [14, 35]. So far,
the diesel-like process, relying on the di�usive combustion of directly injected
ammonia, has received much less attention, and its performance still needs to
be explored. However, the high-pressure direct injection can reduce unburned
ammonia emissions by reducing near-wall quenching and fuel accumulation in
piston crevices. In addition, the absence of knocking allows higher compres-
sion ratios, leading to higher thermal e�ciencies compared to the combustion
of homogenous mixtures. An additional pilot fuel injection (e.g. diesel) is still
necessary to ignite the ammonia spray. This combustion process, in which
main fuel and pilot fuel are both injected close to the top dead center (TDC),
is known as high-pressure dual-fuel combustion (HPDF) and has been applied
mainly to methane (e.g. [36, 37]) and methanol (e.g. [38�40]), so far.

The physical properties of ammonia and pollutant formation mechanisms of
ammonia combustion are signi�cantly di�erent compared to conventional fu-
els. Therefore, basic research on the mechanisms governing diesel-piloted am-
monia spray combustion is required to develop suitable engines, injection sys-
tems, and operating strategies.

1.2 Research Objectives and Thesis Outline

While ammonia spray combustion has received little attention, a vast body
of knowledge exists for diesel spray combustion. This thesis aims to establish
a fundamental understanding of the piloted combustion of ammonia sprays
by conducting basic experiments and transferring concepts and methods es-
tablished for diesel combustion to ammonia. Furthermore, the thesis eluci-
dates the particular challenges for the HPDF combustion of ammonia by
comparing ammonia's combustion behavior to other HPDF fuels (methane
and methanol). The improved understanding will help develop suitable oper-
ating strategies for ammonia engines. In addition, the experimental database
obtained can validate CFD simulations.

The experiments are conducted at well-de�ned, engine-relevant boundary con-

3



Introduction

ditions in a rapid compression expansion machine (RCEM) acting as a single-
shot engine using diesel as pilot fuel. The machine allows the variation of oper-
ating conditions, injection parameters, and geometrical arrangements. These
variations enable broad parameter studies that reveal their in�uence on com-
bustion. Combustion and mixture formation are analyzed via heat release rates
(HRR), exhaust gas compositions, as well as optical data, including Shadowg-
raphy (SG), OH* chemiluminescence (CL), Mie-scattering (MS), natural �ame
luminosity (NL), and spectroscopic imaging. Mixing-limited 1-D spray models
and Φ− T maps assist in interpreting the experimental results.

The investigations aim at the following objectives:

� Theoretically characterize ammonia as a fuel for high-pressure direct in-
jection combustion and derive suitable combustion strategies.

� Elucidate the challenges for ammonia's spray combustion and reveal re-
search needs.

� Show the feasibility of diesel-piloted ammonia spray combustion by deter-
mining charge conditions, spray interaction patterns, and pilot amounts
required for ignition and combustion.

� Identify suitable wavelengths for optically investigating the combustion
process using natural �ame emissions.

� Characterize the combustion and mixture formation process in detail
using optical imaging techniques.

� Obtain validation data for spray models and CFD simulations under inert
and reacting conditions.

� Explain the observed combustion behavior using 1-D spray model simu-
lations.

� Derive operating strategies from the observed behavior and test them
experimentally.

The thesis is structured as follows: First, Chapter 2 presents important fun-
damentals, including fuel injection, mixture formation, �ame stabilization, a
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phenomenological description of diesel combustion, and pollutant formation
behavior of diesel combustion. In addition, the fundamentals of chemilumines-
cence are outlined, including a short review of optical studies using ammonia's
natural �ame emissions.

Based on the fundamentals presented, Chapter 3 theoretically characterizes
ammonia as fuel. Therefore, the e�ects of ammonia's physical properties on
mixture formation and �ame stabilization are discussed. In addition, the chap-
ter elucidates ammonia oxidation pathways and explores engine-relevant pol-
lutant formation behavior using Φ−T maps. Based on this characterization,
challenges for ammonia spray combustion are introduced.

Chapter 4 presents the experimental setup. The chapter includes a description
of the RCEM, the fuel injection system, as well as the optical measurement
systems, including the optical setups for SG, MS, NL, and spectroscopic imag-
ing. Furthermore, it describes the exhaust gas analysis setup and the controls
and data acquisition system. In addition, estimates for the experimental un-
certainties are provided.

Chapter 5 describes the methods used in this thesis. The chapter includes
descriptions of the thermodynamic model used to infer HRRs from the mea-
sured quantities, procedures for post-processing imaging results, and the 1-D
spray model.

The subsequent chapters present experimental and modeling results. Chap-
ter 6 identi�es the conditions under which HPDF combustion of ammonia is
feasible by examining the ignition and combustion characteristics of ammonia
sprays ignited by diesel pilot injections. A systematic variation of ammonia
and diesel's temporal and spatial interaction identi�es suitable injector con�g-
urations and injection strategies. Charge conditions and pilot characteristics
are varied based on a suitable con�guration.

Chapter 7 characterizes the diesel-piloted ammonia spray combustion opti-
cally. First, temporally and spatially integrated �ame spectra reveal, which
species contribute signi�cantly to the natural �ame emissions observed. Sub-
sequently, SG, OH* CL, NL images, and time-resolved �ame spectra are dis-
cussed in context to the HRR to characterize the combustion process. Finally,
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the chapter discusses the individual contribution of excited species to am-
monia's �ame emissions by analyzing background-corrected species intensity
evolutions.

Chapter 8 discusses mixture formation and �ame stabilization characteristics
of ammonia sprays. First, SG and MS measurement results under non-reacting
conditions validate the 1-D spray model. Then, lift-o� length evolutions de-
ducted from OH* CL illustrate the lift-o� length evolution and the lack of
�ame stabilization. Subsequently, the validated spray model reveals equiva-
lence ratio and temperature distributions within ammonia sprays. A combina-
tion of low spray temperatures, high auto-ignition temperature, and fast lean-
out of ammonia sprays inhibits �ame stabilization. Finally, the implications
of increasing lift-o� length on engine performance and emission formation are
discussed, and countermeasures are suggested.

Chapter 9 investigates the e�ect of diesel fuel post-injections (PIs) and
intermediate-injections into the wake region of ammonia sprays with lifted
reaction zones. First, unburned ammonia emissions are investigated for di�er-
ent PI timings and amounts. In addition, the chapter discusses the in�uence
of PIs on pollutant formation characteristics.

Finally, Chapter 10 provides a summary and the main conclusions.
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Spray characteristics determine the diesel combustion process and resulting
engine performance. In addition to pure fuel delivery into the combustion
chamber, the highly turbulent spray rapidly mixes fuel and air. This mixing
interacts with various combustion-relevant processes such as fuel evaporation
and heat-up, ignition, �ame stabilization, and emission formation. While the
high-pressure direct injection of ammonia has not yet received much attention,
extensive knowledge exists on conventional diesel fuel spray formation. This
chapter presents the fundamentals of fuel injection, mixture formation, �ame
stabilization, diesel spray combustion, and pollutant formation in diesel en-
gines. Even though the models and concepts were developed for conventional
diesel fuel, they are a starting point for carving out ammonia's particular-
ities in Chapter 3. In addition, the fundamentals of chemiluminescence are
presented, including a more detailed discussion of ammonia's �ame emissions.

2.1 Fuel Injection and Mixture Formation

While diesel injection systems have various types and implementations (e.g.
needle form, nozzle type), the underlying physical processes are similar. The
following section �rst summarizes the general processes during fuel injection
as found in various standard textbooks, e.g. [41�43]. Subsequently, models for
macroscopic spray characteristics are presented in more detail.

The spray breakup is illustrated in Figure 2.1. Lifting the injector needle ini-
tiates spray injection by enabling highly pressurized fuel to �ow into the sack
hole connected to the nozzle. The resulting nozzle �ow is highly turbulent and
subject to cavitation, which governs the subsequent phases of spray formation.
At the nozzle exit, the liquid spray body disintegrates into single droplets, a
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process called the primary breakup. During the following secondary breakup,
the formed droplets reduce further in size due to aerodynamic forces. The
impulse of the fuel spray leads to air entrainment into the spray region and
mixing between fuel and air. In engine applications, the ambient air entrained
into the fuel spray causes vaporization of the fuel droplets. The vaporization
can coincide with breakup and combustion processes, making the diesel com-
bustion process highly complex. While the gas phase penetration S into the
combustion chamber grows until intercepted, all liquid droplets will eventually
evaporate at a certain distance from the injector. This maximum penetration
is the liquid length Lliq. Due to mass �ux transients during the needle lift
at the start of injection, a fuel-rich head vortex forms [44], in which less air
entrains. On the contrary, the transient mass �ux at the injection's end causes
increased air entrainment. This entrainment wave starts at the rear part of
the jet and spreads towards its tip [16].

Figure 2.1: Scheme of nozzle �ow, spray breakup, and spray penetration of
a diesel spray. Adapted from [7].

High ambient densities and high injection pressures are particular for diesel
injection. The resulting large aerodynamic forces disintegrate the liquid bulk
into small droplets immediately after leaving the nozzle. Therefore, the droplet
velocity quickly aligns with the velocity of entrained ambient gas, and the as-
sumption of a two-phase �ow with zero relative velocity becomes valid [45].
Under the additional assumption of non-vaporizing sprays, basic spray prop-
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erties can be derived based on the conservation of mass and momentum. The
conservation of mass for a control volume in a spray with a constant velocity
pro�le, as depicted in Figure 2.2, can be formulated as follows:

Af(0) ρf Uf(0) = A(x) ρm U(x)− (1−m)A(x) ρa U(x). (2.1)

The conservation of momentum yields:

ρf Af(0)Uf
2 = ρmA(x)U(x) 2. (2.2)

The quantities ρf , ρa and ρm represent the fuel, air and mixture density, Uf(0)
is the initial fuel velocity, Af(0) the nozzle area, A(x) the spray area at the
axial location x, and U(x) the spray velocity at x. The fraction of the spray
area occupied by fuel is represented by m. The initial fuel velocity Uf(0) can
be obtained via the Bernoulli equation:

Uf(0) =

√
2
pf − pa

ρf
, (2.3)

with the fuel pressure before the nozzle pf and the ambient pressure in the
combustion chamber pa.

Under consideration of geometrical relationships and some additional simpli-
fying assumptions, correlations for spray penetration over time can be derived
from the equations above. Exemplary derivations can be found in [8, 45, 46].
Following the work by Naber [8], which assumes the fuel �ow area in the spray
to be zero (m = 0) and �xes constants by comparison with experimental data,
the fuel spray penetration can be written as follows:
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Figure 2.2: Schematic of a control volume used to derive basic spray prop-
erties. Adapted from [8].

S(t) =

√
Cv

√
2Ca

a tan(Θ/2)

√√√√√
(pf − pa)

ρa
d0 t, (2.4)

where the factor Cv accounts for head losses in the nozzle �ow, Ca accounts
for fuel �ow area loss in the nozzle (e.g. due to cavitation), and a is a constant
factor relating the measured spray angle Θ to the angle αN used for developing
the model (see Figure 2.2). The constant a accounts for e�ects due to radial
gradients within the spray which are not explicitly considered in the model.

The vaporization of fuel sprays generally leads to slightly lower dispersion
angles and slower penetration up until the liquid length compared to non-
evaporating sprays. This e�ect is caused by a volume contraction due to evap-
orative cooling and can be considered an e�ect of the fuel used [8]. In addition
to vaporization, ori�ce parameters (e.g. conicity, edge form) and the density
ratio of fuel to ambient air in�uence the spray spreading angle Θ [47]. The
other terms in Equation 2.4 can be separated into ambient e�ects (pa, ρa) and
injection/nozzle e�ects (Cv, Ca, pf , d0). Spray penetration correlations are
used for injector and combustion chamber design. In addition, they are used
to estimate the in�uence of di�erent fuel properties on spray penetration.

The equations for conservation of mass and momentum for the control volume
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of the conceptual schematic shown in Figure 2.2 (Equations 2.1 and 2.2) also
yield relationships for fuel and air mass �ow rates ṁa and ṁf at a distance x
from the injector [48]:

ṁa ∝ n
√
ρa ρf d0 Uf tan(Θ/2)x, (2.5)

ṁf ∝ n ρf d0
2 Uf , (2.6)

where n has been added to represent the number of nozzles of a fuel injector.
The ratio of the two mass �uxes follows as:

ṁa

ṁf
∝

√
ρa

ρf

tan(Θ/2)

d0
x. (2.7)

As shown by [48], the behavior of the liquid length can be well predicted by
assuming that only the supplied enthalpy of entrained ambient air limits the
vaporization of fuel droplets. This assumption implies that interfacial mass
and heat transport phenomena do not limit the vaporization of fuel droplets.
Therefore, only the air-to-fuel ratio necessary for vaporization and the actual
air-to-fuel ratio in the spray (Equation 2.7) determine the maximum liquid
length. Other injection parameters, such as the injection pressure, do not alter
the liquid length by increasing the driving force for atomization processes.

Fuel e�ects on liquid length are incorporated via the fuel density in Equation
2.7 and the air-to-fuel ratio required for complete vaporization. The air-to-fuel
ratio required for complete vaporization is reached when the fuel is saturated
in thermodynamic equilibrium with the ambient gas at a common temperature
Ts. This air-to-fuel ratio is a function of Ts, the partial pressure of fuel Pf , and
the partial pressure of air Pa [48]:
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ṁa

ṁf
=

hf(Tf)− hf(Tf , Pa)

ha(Ta, Pa)− ha(Ts, Pa − Ps)
. (2.8)

Ts results from iteratively solving mass- and energy balances and the real gas
equation of state [48]. The procedure is similar to determining surface temper-
atures of droplets in vaporizing environments [43]. For droplet evaporation,
the equilibrium surface temperature Ts can be substituted by the boiling tem-
perature Tb at the corresponding pressure if gas temperatures are high [49].
Higgins et al. [23] use a similar approach for predicting liquid lengths of dif-
ferent multi-component fuels due to simplicity and the lack of exact �uid
properties.

While the discussed macroscopic spray models assume uniform radial mixture
fractions and velocity pro�les, actual sprays show higher velocities and richer
mixtures in the core region. The resulting pro�les are similar to a Gaussian
error function [50]. 1-D models that incorporate more realistic pro�les are
presented by [16] and [51]. In addition, transient e�ects (e.g. entrainment
waves) can be considered by numerically solving the equations obtained from
the conservation of mass, momentum, and energy based on control volumes.
The accuracy of these mixture fraction predictions is su�cient for primary
estimates [52].

2.2 Phenomenological Description of Diesel Combus-

tion

The understanding of the processes and mechanisms governing diesel com-
bustion has evolved over the last decades. Increasingly sophisticated optical
imaging techniques provided more profound insight into mixture formation,
ignition, combustion, and pollutant formation. Laser-sheet imaging studies,
such as laser-induced �uorescence of key species, have provided the data on
which the current state of understanding builds (e.g. [9, 53�55]). The follow-
ing section presents a phenomenological description of diesel combustion based
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on Dec [9] and modi�cations by [53�56]. This model applies to conventional
diesel combustion as encountered in heavy-duty engines. The model assumes
a quasi-steady period, in which the fuel burns mixing-controlled. At low loads,
modern diesel engines often feature partially premixed low-temperature com-
bustion, which reduces soot and NOx formation by increasing the degree of
mixing of fuel and oxidizer before combustion. Extensions of the presented
model for partially premixed combustion can be found in the literature (e.g.
[56]).

Liquid fuel is injected into the combustion chamber close to TDC, leading
to mixing with air, heat-up, and fuel evaporation. Average equivalence ratios
decrease with increasing distance from the nozzle as more air entrains while
the spray penetrates into the combustion chamber. At the liquid length, suf-
�cient air is entrained into the spray to fully vaporize the fuel (see Section
2.1). The gas phase continues to penetrate and forms the typical head vortex.
Then, �rst-stage ignition reactions commence, indicated by the occurrence of
intermediate species, such as formaldehyde (HCOH). While the heat release
is low during the �rst-stage ignition, it rises sharply as the highly exothermic
second-stage ignition initiates the combustion of combustible fuel/air mixtures
formed during the earlier stages of fuel injection. This phase is referred to as
the premixed combustion phase.

As temperatures rise in the fuel-rich combustion products, fuel molecules
break down to form polycyclic aromatic hydrocarbons, a soot precursor. Dur-
ing the premixed combustion phase, a thin di�usion �ame forms on the jet
periphery, which consumes the intermediate products of the fuel-rich com-
bustion. The di�usion �ame encircles the downstream portion of the jet and
extends up to the lift-o� length in the upstream direction. The combustion
of near-stoichiometric mixtures in the di�usion �ame leads to high tempera-
tures. Therefore, nitrogen oxides form via the Zeldovich mechanism near the
di�usion �ame. This mechanism represents the primary NOx formation mech-
anism for engine combustion of fuels that do not contain signi�cant amounts
of nitrogen [57]. As fuel mixes with air upstream of the lift-o� length, a stand-
ing reaction zone forms near the lift-o� length. The fuel-air mixture entering
the standing reaction zone �rst undergoes �rst-stage ignition, forming inter-
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mediate products (e.g. HCOH, H2O2). Subsequently, second-stage ignition
reactions cause a rapid rise in temperatures. As hot combustion products
of the standing reaction zone and the di�usion �ame mix, the resulting hot
and fuel-rich mixtures cause ongoing soot formation in the core of the jet.
The equivalence ratios in the standing reaction zone change with the lift-o�
length. Longer lift-o� lengths generally lead to lower equivalence ratios and
less soot formation [58]. Figure 2.3 shows the resulting jet appearance, which
is typical for the quasi-steady period. The HRR during this period is constant
and similar to the heating value �ux of the fuel injection.

Figure 2.3: Schematic of a conceptual model for conventional diesel combus-
tion. Adapted from [9].

The key features of the spray appearance only start changing during the end
of fuel injection. The work of Dec does not cover this phase, which was only
described later by Musculus et al. [56]. During the fuel's injection rate ramp-
down, a prominent feature is the formation of entrainment waves [16, 59].
Continuity requires additional air entrainment into the spray as the fuel in-
jection mass �ux decreases. Therefore, equivalence ratios rapidly decrease near
the nozzle during injection rate ramp-downs. As a result of increased air en-
trainment, auto-ignition may occur in the wake region, causing the �ame to
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propagate to the nozzle exit.

2.3 Flame Stabilization

After auto-ignition, diesel di�usion �ames stabilize at a certain distance from
the nozzle exit [60]. This lift-o� length Lf in�uences soot formation during
diesel combustion, as it determines the amount of air entrained into the spray
up to the �ame front [58]. The following relationship for the lift-o� length is
based on experimental investigations by [61�63]:

Lf ∝ pinj
0.5 Ta

−3.74 ρa
−0.85 d0

0.34 Zst
−1, (2.9)

where pinj represents the injection pressure, Ta the ambient temperature and
Zst the oxygen content.

The mechanisms underlying �ame stabilization of spray �ames under diesel
engine conditions still have to be clari�ed. So far, various �ame stabilization
mechanisms have been proposed in the literature, including �ame stabilization
by �ame propagation, triple �ame propagation, auto-ignition, recirculation of
burnt gases, and critical scalar dissipation. A recent comprehensive overview
is provided by Tagliante-Saracino [64]. Recent experimental and numerical ev-
idence shows that auto-ignition processes cause �ame stabilization for diesel
fuel. The �rst experimental observation supporting this was made by Picket
et al. [65], who showed an in�uence of the fuel's ignition quality on the lift-o�
length and observed ignition processes in stationary attached diesel sprays
upstream of the lift-o� length. Nonetheless, models for atmospheric gas jets
predict certain features of the diesel lift-o� behavior, even though they cannot
capture the exact physical process [66]. Experimental evidence for �ame stabi-
lization by auto-ignition has not yet been obtained for alternative fuels without
two-stage ignition. For those fuels, signi�cantly di�erent physical properties,
such as higher auto-ignition requirements, may alter the spray stabilization
mechanism. The following sections brie�y outline the current understanding
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of the most prominent �ame stabilization mechanisms, i.e. �ame propaga-
tion and auto-ignition, based on [10, 64, 67, 68]. The focus is on the current
understanding of �ame stabilization at engine-relevant conditions.

2.3.1 Flame Stabilization by Flame Propagation

Flame stabilization by �ame propagation relies on an equilibrium between
local �ow velocity and �ame propagation speed. Fuel mixes with oxidizer
starting from the injector outlet up to the lift-o� length in di�usion �ames.
The �ame will stabilize at a distance where the turbulent �ame speed ST

equals the mean �ow velocity. The turbulent �ame speed ST can be estimated
using the following equation [10]:

ST = S0
L

AT

A
, (2.10)

where S0
L is the laminar �ame speed, AT

A is the ratio of the turbulent �ame
area AT within a control volume, and A is the area of the control volume. As
the ratio exceeds unity, the increase in �ame speed facilitates �ame stabiliza-
tion. Predicting the ratio AT

A via semi-phenomenological models poses great
di�culty and shows considerable scatter [67].

In most technical applications, the mixing of fuel and oxidizer up to the �ame
front is incomplete. As a result, triple �ames (also called edge-�ames), consist-
ing of a fuel-rich �ame, a fuel-lean �ame, and a central stoichiometric �ame
branch, have been suggested as a mechanism for �ame stabilization (see Fig-
ure 2.4). Flow divergence before the triple point facilitates �ame stabilization
via triple �ames. The �ow velocity is larger than the laminar �ame speed up-
stream of the triple point. However, at the triple point, stagnation e�ects due
to heat release and subsequent volume expansion in the burnt zone cause the
�ow to stagnate. As a result, the �ame speed matches the local �ow veloc-
ity [69]. When strongly deviating from the stoichiometric mixture line, �ame
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speeds decrease and cannot match the �ow velocity. Thus, they only stabi-
lize further downstream, where �ow velocities are lower, which explains the
characteristic shape of triple �ames.

Figure 2.4: Schematic of �ame stabilization by a triple �ame. Adapted from
[10].

While triple �ames have become widely accepted as �ame stabilization mech-
anisms for lifted di�usion �ames under various conditions, auto-ignition has
emerged as the primary stabilization mechanism under diesel engine condi-
tions using diesel fuel. However, recent studies using alternative fuels challenge
the auto-ignition stabilization mechanism prevailing for diesel fuel. Jet �ames
of methane and hydrogen have been observed to stabilize under conditions
insu�cient for auto-ignition after induced ignition by diesel pilot injections
(e.g. [70, 71]). Furthermore, Yip et al. [72] investigated laser-ignited hydrogen
jets under conditions insu�cient for auto-ignition. After upstream propaga-
tion, the �ame stabilized at a constant lift-o� length. By considering �ame
propagation on the jet edges via triple �ames as the stabilization mechanism,
they could explain the trends observed for temperature and oxygen content
variations. However, the current understanding of �ame stabilization by auto-
ignition, outlined in the following section, involves a crucial role of re-entrained
combustion products that assist the auto-ignition events. Considering this re-
entrainment, the studies above cannot rule out �ame stabilization mechanisms
relying on product gas assisted auto-ignition.

2.3.2 Flame Stabilization by Auto-Ignition

After Picket et al. [65] observed auto-ignition events upstream of the lift-o�
length, follow-up studies investigated the underlying mechanisms. The lift-o�
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length of diesel sprays, whose ignition is induced by a laser upstream of their
naturally occurring lift-o� length, persists upstream of its natural lift-o� posi-
tion [11]. The lift-o� returns to its natural position only after a signi�cant time
longer than the time usually available in engines. This observation contradicts
theories assuming �ame propagation to stabilize diesel spray �ames, as spray
velocities are high near the nozzle. Furthermore, stabilization by auto-ignition
of the reactants alone cannot explain the long stabilized period upstream of
the ignition event due to the shorter residence times at high jet velocities
far upstream. Therefore, Picket et al. [11] suggest a stabilization mechanism
based on the re-entrainment of hot product gas from high-temperature prod-
uct reservoirs on the jet edges into the reaction propagation zone. The result-
ing increase in temperature after re-entrainment causes auto-ignition of the
mixture in the reaction propagation zone. Figure 2.5 shows a schematic of
the lift-o� stabilization mechanism. In a stationary condition at the natural
lift-o� length, the mass �ux between the reaction propagation zone and the
high-temperature product reservoir on the spray edge near the lift-o� length
is balanced. If an upstream ignition event shifts the lift-o� upstream, the
high-temperature product reservoir will also shift further upstream. When
the lift-o� starts moving downstream again, the high-temperature product
reservoir slowly depletes and delivers the necessary enthalpy to the fuel and
air region to undergo auto-ignition. This process adds the observed inertia to
�ame stabilization models based on auto-ignition.

The presented lift-o� stabilization mechanism via auto-ignition of the fuel/air
mixture implies an important role of the ignition delay. The ignition delay
phase encompasses a chemical and a physical contribution [57]. The time
needed for auto-ignition after forming a combustible mixture de�nes the chem-
ical ignition delay. The physical ignition delay comprises the processes until
this mixture is obtained, such as vaporization and heat-up. Small amounts of
ignition-enhancing additives increase the fuel's ignition quality (i.e. the cetane
number). Due to overall small mass fractions, the ignition enhancers do not
signi�cantly alter the fuel's physical properties and the physical contribution
to the ignition delay. Instead, ignition enhancers mainly alter the chemical
ignition delay. The e�ect of ignition-enhancing additives on the lift-o� length
is weak, suggesting that the chemical ignition delay only plays a minor role
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Figure 2.5: Schematic of the lift-o� stabilization mechanism after an up-
stream ignition event. Adapted from [11].

in lift-o� stabilization [17]. Instead, factors that a�ect the reactant and prod-
uct temperatures, such as ambient oxygen content, strongly in�uence lift-o�.
Therefore, Persson et al. [17] attribute fuel e�ects on �ame stabilization mainly
to the fuel's mixing requirements of high-temperature combustion products
with fuel/air mixtures to reach auto-ignition conditions.

Direct numerical simulations by Tagliante et al. [73] support auto-ignition
as the key stabilization mechanism for diesel di�usion �ames. They found
that the lift-o� length of stabilized �ames repeatedly jumps upstream due
to auto-ignition events. Subsequently, the reaction zone convects downstream
until the next auto-ignition event occurs. Combustion products recirculated in
the highly turbulent jet edges induce the major part of auto-ignition events.
However, some auto-ignition events occur without the assistance of additional
combustion products. Flame propagation, e.g. triple �ames, cannot match
the downstream convection at any time and does not contribute to �ame
stabilization. However, �ame propagation still retains an important role, as
�ame propagation after auto-ignition is vital for producing the combustion
products that cause auto-ignition after re-entrainment.

In engines, several sources, such as neighboring sprays and residual or prod-
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uct gases from earlier injection phases, cause ignition events upstream of the
natural lift-o� length. For example, Chartier et al.[74] showed an in�uence of
the proximity of a diesel spray to its neighboring sprays on the lift-o� length.
In addition, the entrainment of burned gases into the spray and the general
pressure rise due to combustion causes a continuous reduction of the lift-o�
length during injection events (e.g. [74, 75]).

2.4 Pollutant Formation

Pollutant formation in engines is complex and in�uenced by the interaction of
various parameters, including fuel injection and vaporization, charge compo-
sition, charge motion, fuel type and many more. However, Φ− T maps are a
widespread and simple tool to illustrate soot and NOx formation mechanisms
[76, 77]. The Φ−T maps build on constant pressure reactor simulations with
a constant temperature constraint in Cantera. Further details on the simula-
tion procedure are presented in Section 3.4. This section uses Φ−T maps to
introduce the conditions under which air pollutants form in diesel engines.

For this purpose, Figure 2.6 shows an exemplary Φ − T map for n-heptane
combustion obtained with the Chalmers mechanism [78]. Using n-heptane as
surrogate for diesel fuel limits the complexity of the underlying simulations.
The map considers NO and acetylene (C2H2) formation. Acetylene is a soot
precursor that qualitatively predicts conditions under which soot forms with-
out requiring additional sub-models [77]. In addition, the mixing line in the
Φ−T map indicates states that result from mixing n-heptane injected at 293 K
and charge air at 920 K (see OP4 in Section 4.1). The adiabatic combustion
line indicates the conditions obtained after mixtures at the corresponding
state on the mixing line burn adiabatically.

C2H2 forms under intermediate temperatures and high equivalence ratios,
while NO mainly forms at lean and close to stoichiometric conditions that
show high combustion temperatures (see Section 2.2). NO production is kinet-
ically limited and increases for longer residence times, as its formation occurs
mainly via the Zeldovich mechanism for diesel fuel (see Section 3.3). Reaction
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Figure 2.6: Φ−T map showing air pollutant forming conditions (NO, C2H2)
for the combustion of n-heptane at 120 bar after 2 ms residence
time. The lines indicate the states resulting from mixing and
adiabatic combustion in the RCEM at OP4 after fuel injection
at 293 K.

rates are particularly low for temperatures below 2200 K, which explains that
almost no NO forms for lower temperatures.

Combustion strategies for hydrocarbon fuels increase premixing and decrease
combustion temperatures to avoid soot and NOx formation. Exhaust gas re-
cycling (EGR) lowers combustion temperatures by adding product species,
such as CO2 and H2O to the charge air [76, 77]. This addition of products
lowers the oxygen's partial pressure in the mixture leading to reduced com-
bustion temperatures. Therefore, the adiabatic combustion curve in Figure
2.6 shifts to the left when EGR is used and less NO and soot form. Strong
mixing of fuel with air prior to combustion, as used in Homogenous Charge
Compression Ignition (HCCI) combustion strategies, avoids pollutant forma-
tion by burning fuel lean of stoichiometry. This mixing beyond stoichiometry
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lowers combustion temperatures due to an increased heat capacity per fuel
mass. Furthermore, the low equivalence ratios obtained decrease soot forma-
tion. Figure 2.6 indicates the conditions relevant for high EGR and HCCI
combustion.

2.5 Chemiluminescence

First reports on ammonia �ames describe a visible yellowish inner cone with
an almost non-luminous outer �ame region [79]. The inner cone was later
attributed to be the result of �ame radiation, e.g. due to the recombination
reaction of nitric oxide and atomic oxygen according to the following reaction:

NO +O = NO2 + h
P
ν. (2.11)

This continuous spectrum is only one of several observable �ame emissions
of ammonia �ames. Observing natural �ame emissions is regularly used to
analyze combustion processes. The following section brie�y summarizes the
working principle of CL based on [13, 80]. Subsequently, emission spectra of
ammonia and hydrocarbon �ames are discussed to identify emission bands
suitable for analyzing the diesel-piloted combustion of ammonia. In addition,
the present section reviews recent optical studies relying on the natural �ame
emissions of ammonia.

Flame emissions result from the transition of electrons from an excited state to
their ground state. This transition emits a photon whose energy corresponds
to the energy di�erence between the higher and lower states. The inverse pro-
cess, where photons are absorbed to excite electrons into a higher energy state,
co-occurs in �ames. As most �ames are optically thin, molecules emit more
photons than they absorb, and the �ame radiation is visible from the outside.
The excitation of molecules can be caused by absorption of photons, thermal
collision with other molecules, or chemical reactions (CL). Chemical excita-
tion dominates over thermal excitation below 2700 K for radiation from OH*
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molecules, which is often observed in literature [80]. Flame spectra result from
a superposition of emissions of various species in the �ame. Free atoms lead
to distinct peaks in emission spectra where each line corresponds to another
electronic transition. However, the primary resonance lines of C, O, N, and H
atoms are in the short ultra-violet (UV) range and are usually not observed
in �ames. For molecules, similar transitions cause changes in the molecule's
internal vibrational and rotational energy. Therefore, each electronic transi-
tion leads to numerous lines in emission spectra called emission bands. In this
work, A-X or B-X refers to the electron state transition from the excited state
(A or B) into the ground state X. (v',v�) refers to the vibrational states of
the electrons in their upper (v') and lower (v�) states. Figure 2.7 shows the
electronic ground state and an excited state including vibrational states for an
exemplary di-atomic molecule. Furthermore, the �gure includes an exemplary
electron transition causing chemiluminescence.

Figure 2.7: Schematic of energy levels of a diatomic molecule. Each elec-
tronic state (e.g. A or X) is divided into vibrational states (v' or
v�) and rotational states (not shown). The blue transition arrow
indicates the A-X(0,6) electron transition. Adapted from [12].

Band spectra from free radicals (e.g. OH* and NH*) are commonly observed
in combustion diagnostics. Their emission bands lie in the visible or near UV
range, and they are excited more strongly during combustion than free atoms
[13]. While emission bands from di-atomic radicals (e.g. OH, CH, C2, CN, NO,
NH) show sharp lines, which can be detected precisely, polyatomic molecules
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(e.g. HCOH, HCO, CO2, NO2 H2O) also show broadened and di�use emission
characteristics. Sooting �ames emit continuous thermal radiation following
Planck's law. Soot radiation overshadows band spectra in a wide range of
wavelengths if soot intensity and temperatures are high. Soot intensity is
typically high in the visible range and becomes negligible in the UV range, as
soot temperatures in diesel engines usually range between 1000−2800 K [57].

Imaging of the �ame's natural luminosity is used in experimental combus-
tion research to infer important features of combustion processes, such as
�ame front location, ignition time and location, or HRR distribution [81, 82].
However, the chemiluminescent signature of �ames generally depends strongly
on the fuel used, combustion temperatures and pressures, equivalence ratios,
and strain rates. In addition, most investigations target speci�c wavelength
ranges using bandpass-�ltered 2-D imaging techniques. Therefore, interference
between the CL of several excited species emitting in the investigated band
or with other sources of luminosity, such as soot, distorts the information ob-
tained. For example, under high-temperature conditions, OH* CL is known
to interfere with soot radiation [9, 83]. Under low-temperature combustion
conditions, OH* CL interferes with CO2* and HCO* broadband CL [84, 85].
Spectroscopic investigations can help distinguish the �ame emissions' source
by dispersing �ame emissions based on their wavelengths. Figure 2.8 sum-
marizes prominent emission bands of species in ammonia and diesel �ames
for wavelengths below 550 nm. [13] gives a more detailed overview of natural
�ame emissions from various �ames.

The strong OH* bands in the UV range result from the A-X transitions,
with the most prominent band around 308 nm corresponding to the (0,0) vi-
brational states. This well-known band is commonly observed in �ames of
various hydrogen-containing fuels, including ammonia and organic �ames,
such as diesel. The A-X (0,0) transition of CH* is characteristic of organic
�ames' CL signatures and emits strongest around 431.5 nm. CL of HCOH*
(Emeleus's Cool Flame Band of formaldehyde) and HCO* (Vaidya's Hydro-
carbon Bands of the formyl radical) occur in cool �ames and during �rst-stage
ignition of long-chained hydrocarbons, making it valuable for combustion di-
agnostics [13, 86]. The NH2 α band extends from the visible into the UV range
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Figure 2.8: Emission bands from selected electrochemically excited species
occurring in ammonia and hydrocarbon �ames. Adapted from
[13].

and is strongest in the yellow and green wavelength range. The band features
distinct peaks superimposed on a broadband contribution. Furthermore, the
NH* (A-X (0,0)) peak system at 336 nm constitutes a distinct feature of am-
monia's natural �ame emissions. The NH* (A-X (0,0)) band may be partly
masked by the A-X (0,0) OH* �ame emissions [13]. Emission bands resulting
from NH* and NH2* are only apparent in ammonia �ames and do not occur
in diesel �ames.

Only a few studies investigated the �ame luminosity under engine-relevant
temperatures and pressures for ammonia. Wang et al. [87] used visible
�ame luminosity to study pure ammonia spray combustion. They observed
a transparent-like, orange-red �ame with less intense luminosity than sooting
diesel �ames under similar conditions. Wüthrich et al. [88] used simultane-
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ously acquired Schlieren and OH* CL imaging to analyze the combustion of
homogenous ammonia mixtures ignited by diesel pilots (low-pressure dual-fuel
combustion), which allowed a detailed description of pilot fuel ignition, as well
as �ame transition to the premixed ammonia charge and subsequent �ame
propagation. Spectroscopic measurements of premixed mixtures containing
ammonia have been carried out at atmospheric pressures for CH4/NH3/air
mixtures by Zhu et al. [89] and for CH4/NH3/H2/air by Mashruk et al. [90].
The studies detected NO*, OH*, NH*, CN*, CH*, NH2* peaks, as well as
CO2*, H2O* and NO2* broadband radiation. The intensity of all peaks (in-
cluding NH*) except NH2* decreased for increasing ammonia shares. While
the behavior of CH* and CN* results from the reduced availability of carbon
atoms, the decline of NH* CL intensity was attributed to the reduced OH*
concentration in ammonia �ames, as NH* is mainly produced via the reaction
NH2 + OH→ NH + H2O [90]. Ichikawa et al. [91] reported the �ame emission
pro�les obtained from strati�ed spray injection of ammonia and n-hexadecane
through a single nozzle under engine-relevant conditions. By detecting the
NH2* peaks, they corroborated that the supporting fuel successfully induced
ammonia combustion.
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3 Characterization of Ammonia as

High-Pressure Direct Injection Fuel

Ammonia is an inorganic molecule and does not contain carbon. Therefore, its
physical and chemical properties di�er remarkably from conventional, carbon-
based fuels. Table 3.1 shows selected physical properties of ammonia, typical
diesel fuel (or n-dodecane if the value is unavailable for diesel), and methanol,
a liquid alternative fuel already used for HPDF combustion (e.g. [38, 92]).

Table 3.1: Selected physical properties of ammonia, diesel/n-dodecane and
methanol [14, 18�22]. Properties at standard conditions (293 K,
1 bar), if not speci�ed otherwise.

Parameters Ammonia Diesel Methanol

LHV [MJ/kg] 18.8 ≈ 43.4 19.9

Latent heat of vaporization [kJ/kg] 1371 ≈ 256 1101

Latent heat of vaporization / LHV [%] 7.3 ≈ 0.6 5.5

Flammability limit [vol%] 16− 25 ≈ 0.6− 6.5 6.7− 36

Maximum �ame speed [m
s
] 0.067 0.8 (n-dodecane) 0.56

Adiabatic �ame temperature [K] 2123 ≈ 2326 2143

Minimum auto-ignition temperature [K] 924 ≈ 527− 558 738

Boiling temperature [K] 240 ≈ 555− 611 338

Fuel density ρf (at 293 K, 10 bar) [kg/m3] 610 ≈ 870 792

Stoichiometric air demand [kgair/kgf ] 6.05 ≈ 14.5 6.47

Critical temperature [K] 406 658 (n-dodecane) 513

Critical pressure [bar] 114 18 (n-dodecane) 81

Both ammonia and methanol show reduced lower heating values (LHV) and
increased latent heats of vaporization compared to diesel. As a result, the
ratio of latent heat of vaporization to heating value is particularly high for
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both fuels. Therefore, a strong cooling e�ect in the combustion chamber is
to be expected for the alternative fuels. Ammonia's comparably high lower
�ammability limit results in unburned fuel emissions from fuel-lean mixtures
within the combustion chamber. In addition, ammonia's exceptionally high
auto-ignition temperature and low �ame speed will negatively impact its abil-
ity to form a stabilized �ame (see Sections 2.3 and 3.2). The low fuel density
requires the injection of large volume �uxes, e.g. via larger nozzles. Further-
more, the low stoichiometric air demand causes fuel/air mixtures to lean out
rapidly after injection. The proximity of injection conditions to the two-phase
region of ammonia, indicated by its low critical temperature and high criti-
cal pressure, facilitates �ash-boiling e�ects. Furthermore, pollutant formation
mechanisms di�er signi�cantly from hydrocarbons due to the nitrogen atom
contained in the ammonia molecule. While ammonia combustion does not
emit CO2, it forms nitrogen-based pollutants, such as laughing gas (N2O)
with a global warming potential of 265 times that of CO2 [93].

Designing suitable combustion devices for ammonia requires detailed exper-
imental and numerical investigations. However, fundamental considerations
can contribute to understanding the mechanisms at work. This section char-
acterizes ammonia as a fuel for high-pressure direct injection combustion. The
considerations reveal general guidelines for injection and combustion strate-
gies. First, di�erences in mixture formation behavior are elucidated. The sub-
sequent section considers the impact of ammonia's physical properties on its
�ame stabilization behavior. Then, ammonia's oxidation pathways are sum-
marized, and the pollutant formation characteristics are discussed using Φ−T
maps. The �nal section of the chapter introduces the main challenges for the
spray combustion of ammonia.

3.1 Mixture Formation

Fuel e�ects on mixture formation processes presented in Section 2.1 in�uence
the combustion behavior. For example, extensive liquid lengths might cause
impingement of liquid fuel on the piston bowl wall and lead to high unburned
fuel emissions. Typical droplet sizes in ammonia sprays are, on average, 50 %−
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70 % lower than in diesel sprays [94]. Therefore, assuming a two-phase �ow
with zero relative velocity and mixing-limited evaporation, as required for
the diesel-based models presented in Section 2.1, is also valid for ammonia
sprays. The following evaluation of ammonia's mixture formation behavior
gives insight into its suitability as a high-pressure direct injection fuel.

Based on non-dimensional groups deducted from theoretical considerations
presented in Section 2.1, Higgins et al. [23] suggest an engineering correlation,
which enables estimating the liquid lengths of arbitrary fuels from their prop-
erties at atmospheric conditions. The simple estimate neglects several e�ects,
such as the increase of boiling temperature with increasing pressure (which
is particularly high for ammonia due to the curvature of the boiling curve),
temperature-dependent physical properties, and the fact that fuels evaporate
below their boiling temperature in fuel/air mixtures. Section 3.4 introduces
a detailed method to calculate the thermodynamic state within fuel sprays.
Appendix A includes the values of the physical properties and the correla-
tions used in this section. As ammonia is gaseous at atmospheric conditions,
the estimates use the physical properties of ammonia at 10 bar instead of at
atmospheric conditions as suggested by Higgins et al. [23]. Table 3.2 lists the
resulting ratios for the liquid length Lliq to nozzle ori�ce diameter d0 at an
ambient air temperature of 920 K and an ambient pressure of 125 bar (see OP4
in Section 4.1). Although ammonia's vaporization enthalpy is high, its liquid
length-to-nozzle diameter ratio is estimated to be smaller than the ratios of
diesel and methanol due to its low boiling temperature.

Table 3.2: Estimated parameters for liquid length calculations based on Hig-
gins et al. [23] for ammonia, diesel and methanol at OP4.

Ammonia Diesel Methanol

Lliq

d0
[−] 47.8 82.0 58.5

d0
d0,diesel

[−] 1.81 1 1.55

Lliq

Lliq,diesel
[−] 1.06 1 1.11
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When considering ammonia as an engine fuel, indirect e�ects on the liquid
length caused by the comparatively low heating value and low fuel density
must be considered (see Table 3.1). When comparing ammonia to diesel, a
signi�cantly larger volume �ux is required to supply the same heating value
�ux to a combustion chamber for ammonia. The volume �ux increases with
the number of nozzles n, the nozzle diameter d0, and the injection velocity
Uf (see Equation 2.6). Increasing the nozzle diameter to increase the volume
�ux will decrease the relative air entrainment at a certain distance from the
nozzle (see Equation 2.7). Therefore, less enthalpy is supplied per fuel mass,
and liquid length increases. Table 3.2 includes the relative nozzle diameters
required to supply the same LHV �ux as diesel under the assumption of a
constant injection velocity. Furthermore, Table 3.2 shows the resulting liq-
uid lengths relative to diesel when considering the required nozzle diameters.
Based on the estimates, ammonia's liquid length is similar to the liquid length
of conventional diesel fuel and methanol. While the latent contribution to the
energy required for ammonia's vaporization is particularly high due to the
large enthalpy of vaporization, the sensible contribution is low as ammonia
evaporates already at low temperatures.

As a result of the high latent heat of vaporization and the low evaporation
temperature, gas temperatures of ammonia/air mixtures at the liquid length
will be low. While the minimum auto-ignition temperature is similar to the
boiling temperature for diesel fuel, ammonia will be gaseous several hundred
Kelvin below its auto-ignition temperature. In summary, the combination of
ammonia's high latent heat of vaporization, low evaporation temperature,
low density, and low heating value leads to sprays with cold and less reac-
tive fuel/air mixtures. However, the liquid lengths of ammonia sprays will be
moderate, and the impingement of liquid fuel on the cylinder walls may be
avoided.

3.2 Flame Stabilization

The �ame stabilization behavior of ammonia is vital for its use as direct
injection fuel. The following section analyzes the impact of ammonia's physical
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properties on the �ame stabilization mechanisms introduced in Section 2.3.

The �ame speed required for �ame stabilization by edge-�ame or triple �ame
propagation is lower than the �ow velocity of the fuel/air mixture, as the �ow
stagnates before the �ame front due to volume expansion. However, ammonia's
maximum laminar �ame speed at atmospheric conditions is almost an order of
magnitude lower than that of diesel and methanol (see Table 3.1). In addition,
the air mass required per fuel mass to obtain stoichiometric conditions is lower
for ammonia than for other fuels (see Table 3.1). As a result, the average
�ow velocity of ammonia/air mixtures at stoichiometric conditions, i.e. near
the triple �ame, will be higher than for other fuels due to the conservation
of momentum. Therefore, ammonia's physical properties may inhibit �ame
stabilization via triple �ame propagation.

The dominant �ame stabilization mechanism for diesel spray �ames is auto-
ignition supported by re-entrainment of hot combustion products (see Section
2.3). For diesel, the re-entrainment of small amounts of hot combustion prod-
ucts is su�cient to lift the air/fuel mixture to its auto-ignition temperature.
This re-entrainment has to be much higher for ammonia than for diesel. In
particular, the high auto-ignition temperature of ammonia will harm its abil-
ity to develop a stabilized �ame via this mechanism. Natural lift-o� lengths
will increase as more time and space are needed to entrain the amount of
products required to undergo auto-ignition. Therefore, the equivalence ratio
at the lift-o� length will decrease. As a result, the product temperature will
decrease as ammonia tends to lean out quickly due to its low stoichiometric
air demand. This lower product temperature will again increase the mixing
requirements of reactants with products for auto-ignition. A negative feedback
loop starts, and the �ame may not be able to stabilize in the auto-ignition
assisted regime. Chapter 8 elucidates this e�ect in more detail, supported by
simulations and experiments.

31



Characterization of Ammonia as High-Pressure Direct Injection Fuel

3.3 Ammonia Oxidation Pathways

Understanding the chemistry of ammonia oxidation and pollutant formation
mechanisms in ammonia �ames is crucial when developing new combustion
processes for ammonia. While most experimental investigations on ammonia
oxidation have been carried out under low temperatures to investigate NOx

removal, newer studies focus on ammonia combustion under higher tempera-
tures and pressures relevant to combustion applications. This section outlines
the current understanding of essential oxidation pathways and pollutant for-
mation mechanisms. It is a basis for discussing suitable operating conditions
for ammonia combustion in engines (see Section 3.4). The following publica-
tions [14, 95, 96], upon which large parts of this section are built, provide more
detailed discussions of the relevant mechanisms. Figure 3.1 shows an overview
of relevant ammonia oxidation pathways:

Figure 3.1: Scheme of a reaction pathway diagram for ammonia oxidation.
Adapted and extended from [14].

For a molecule used as fuel, ammonia is relatively stable. This stability results
from the covalent bonds of the central N atom with the three hydrogen atoms
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that require high amounts of energy for dissociation. The molecule undergoes
a dehydrogenation reaction to NH2 in the �rst step of ammonia oxidation.
This reaction generally consumes highly reactive OH, O, and H radicals. For
example, the reaction NH3 + OH ↔ NH2 + H2O produces less reactive NH2

radicals out of highly reactive OH radicals. Therefore, this reaction contributes
to the increased �rst-stage ignition delay of hydrocarbon fuels in the presence
of ammonia [97].

Under fuel-rich conditions, the relative importance of O and OH in the radical
pool decreases. As a result, the reactions of NH2 with H (black pathway in
Figure 3.1) and other NH2 radicals (gray pathway) increase, which leads to
substantial formation of H2. If a lack of oxygen suppresses the oxidation of
NHi, less NO is produced under these conditions. Instead, N atoms become
more abundant, which may combine to N2 via the Zeldovich mechanism (pur-
ple pathway) [96]. This recombination represents the reverse reaction of the
rate-determining step in thermal NO formation.

The relevance of ammonia oxidation via HNO intermediates (orange path-
way) increases for fuel-lean conditions. As HNO explicitly oxidizes to NO,
this pathway represents the main route for NO formation in ammonia �ames
under all conditions [96, 98]. As a result, NO concentrations during ammonia
combustion may exceed the thermodynamic equilibrium. The NO formation
mechanism marks an essential di�erence from hydrocarbon �ames, where the
main route for NO formation is via the Zeldovich mechanism. In the case of
hydrocarbons, the rate-determining step is the splitting of the bond of the
N2 molecule contained in the charge air (purple pathway, reversed). As the
splitting of the N2 bonds is slow, the amount of NO generated in hydrocar-
bon �ames is kinetically limited and not by chemical equilibrium. However,
the reaction rate increases strongly with increasing temperature, leading to
higher NO emissions.

The reduction of NO by adding NH3 within a speci�c temperature window
was �rst described by Lyon et al. [99]. Miller et al. [100] later attributed this
phenomenon to NO reacting with NH2 (blue pathway). This thermal DeNOx

mechanism exceeds NO formation between 1100 K and 1400 K. For higher
temperatures, NO formation via HNO intermediates exceeds its consumption.
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The reaction of NO and NH2 may form NNH intermediates or react directly
to N2, referred to as tunneling. While the tunneling reaction NH2 + NO ↔
N2 + H2O is chain-terminating, the reaction via NNH intermediates is chain-
branching and produces reactive H and OH radicals. Therefore, determining
the branching fraction is crucial for modeling ammonia combustion [101].

N2O is either generated by the reaction of NH with NO that dominates for
low O2 levels, or by the reaction of NH2 with NO2 that dominates for high O2

concentrations (green pathway) [102]. Subsequently, N2O is mainly consumed
via reaction with H radicals and its thermal decomposition to form either N2 or
NO [103]. Therefore, N2O emissions result from low combustion temperatures,
where H radicals are scarce and thermal decomposition is slow [104].

The primary mechanism for NO2 formation is NO oxidation via the reaction
NO + HO2 ↔ NO2 + OH. The NO2 formed is then recycled to ammonia di-
rectly or via intermediate species, such as H2NO (NO-NO2 loop, yellow path-
way) [98]. This process converts less reactive HO2 radicals into more reactive
OH radicals. Signi�cant amounts of HO2 may be formed during ammonia ig-
nition and at large excess air ratios, leading to increased conversion of NO to
NO2 [95].

In summary, ammonia combustion processes that favor the the black and gray
pathways lead to low NOx and N2O formation. These pathways are particu-
larly active for fuel-rich conditions.

3.4 Pollutant Formation Characteristics

This section elucidates the pollutant formation behavior of ammonia combus-
tion under engine-relevant conditions. Therefore, Φ−T maps reveal ammonia
combustion's pollutant formation characteristics. In addition, the impact of
various combustion strategies and engine measures is discussed.

The Φ−T maps build on constant pressure reactor simulations with a constant
temperature constraint in Cantera. The constant pressure reactor does not
consider mass �uxes out of or into the reactor. The simulations are conducted
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with a pressure of 120 bar, a residence time of 2 ms, and an oxygen content of
21% to resemble the conditions in the RCEM employed. 2 ms is a representa-
tive time scale for engine combustion and corresponds to 12 CAD at 1000 rpm.
The reaction mechanism by Glarborg et al. is used [95]. The ammonia maps
consider NO and N2O formation. In addition, the Φ − T maps in this work
include states that result from mixing liquid fuel injected at 293 K and charge
air at 920 K in the RCEM. The analysis only includes states at which fuel
is completely vaporized. The mixture fraction at which fuel completely evap-
orates corresponds to a saturated condition in thermodynamic equilibrium
with the ambient gas. The temperature at this saturated condition de�nes
the fuel's partial pressure via the saturation curve. The fuel mass fraction, at
which this saturated state is obtained, can be determined by solving mass-
and energy balances and the real gas equation of state for two mixing streams
of fuel and ambient air. The calculation method is outlined in Siebers et al.
[105] and similar to droplet evaporation considerations. The physical proper-
ties are from the NIST database [18]. Complete ammonia evaporation occurs
for an equivalence ratio of 3.2 at 356 K under the investigated conditions. In
contrast, n-heptane evaporates fully at an equivalence ratio of 9.8 at 490 K.
The lower stoichiometric air demand of ammonia causes this di�erence. Fur-
thermore, the maps show states corresponding to the adiabatic combustion of
the mixtures obtained.

The Φ − T map for ammonia combustion (Figure 3.2) reveals that notable
amounts of NO already form for combustion temperatures as low as 1500 K. In
addition, N2O forms at low temperatures regardless of the equivalence ratio.
The formation of NO via HNO intermediates, introduced in Section 3.3, causes
a rapid rise of NO concentrations above the thermodynamic equilibrium at
fuel-lean conditions. As a result, NO formation is not kinetically limited via
the Zeldovich mechanism and does not require high temperatures. Figure 3.3
shows NO concentrations at chemical equilibrium for the same conditions as
in Figure 3.2. NO concentrations in equilibrium are slightly lower than after
2 ms residence time. Therefore, opposite to hydrocarbon combustion, the Zel-
dovich mechanism reduces super-equilibrium NO concentrations over a wide
range of conditions for ammonia combustion (see Section 3.3). Nonetheless,
the temperature dependence of the thermodynamic equilibrium will lead to
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more NO formation for higher combustion temperatures. Furthermore, Fig-
ure 3.2 shows that NO formation drops sharply compared to hydrocarbons
(see Section 2.4) when conditions become slightly fuel-rich. This drop results
from a surplus of NH2 and NH radicals for these conditions, leading to NO
reduction.

Figure 3.2: Φ−T maps showing air pollutant forming conditions (NO, N2O)
for the combustion of ammonia at 120 bar after 2 ms residence
time. The lines indicate the states resulting from mixing and
adiabatic combustion of ammonia and air. Mixing and adiabatic
combustion lines are included for charge air temperatures of
820 K, 920 K (thick line), and 1020 K at a fuel injection temper-
ature of 293 K (left), and fuel injection temperatures of 293 K
(thick line), 343 K, and 393 K at a charge air temperature of
920 K (right).

N2O concentrations in thermodynamic equilibrium are close to zero for all
temperatures and equivalence ratios investigated (and are therefore not in-
cluded in Figure 3.3). As N2O is an intermediate product of ammonia com-
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Figure 3.3: Φ−T map showing NO concentrations in thermodynamic equi-
librium for ammonia combustion.

bustion, it only persists for incomplete conversion. According to the adiabatic
combustion lines in Figure 3.2, N2O forms at intermediate or extremely low
equivalence ratios. If N2O forms at intermediate equivalence ratios, it will
continue mixing with air and burn di�usively, increasing the temperature.
Therefore, N2O will thermally decompose or react with H radicals (see Sec-
tion 3.3). As a result, the N2O present in the exhaust gas of engines is likely to
originate from ultra-lean combustion, where subsequent mixing will decrease
temperatures and inhibit further reactions of N2O. In addition, quenching of
ongoing reactions that are not accounted for in the Φ − T maps discussed,
e.g. due to wall interaction, may contribute to N2O emissions.

Fuel-rich combustion of ammonia has the potential to avoid NO and N2O
formation almost entirely. Okafor et al. [103] used this e�ect under gas tur-
bine conditions. They achieved high fuel conversion and low pollutant for-
mation using staged combustion, with the primary stage operating slightly
rich in stoichiometry. The following lean stage converted the remaining fuel.
For diesel combustion, the fuel-rich partially premixed combustion and sub-
sequent burnout in the di�usion layer (see Section 2.2) represent conditions
similar to staged combustion. However, equivalence ratios di�er spatially and
temporally for spray combustion and are challenging to control. In general,
mean equivalence ratios decrease with increasing distance from the injector
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nozzle, which presents a possible method to in�uence equivalence ratios (see
Section 2.1).

Φ−T maps can evaluate further engine measures and combustion strategies.
Figure 3.2 includes the e�ects of charge air and fuel injection temperature
variations. Increasing the fuel temperature causes ammonia to evaporate al-
ready at higher equivalence ratios, leading to higher mixing and combustion
temperatures. The e�ect is limited as the sensible contribution to the energy
required for ammonia vaporization is small (see Section 3.1). Furthermore ex-
cessive preheating causes �ash-boiling due to the sudden pressure drop during
injection, which signi�cantly alters spray behavior (e.g. [106, 107]). The e�ect
of preheating is stronger for fuel-rich conditions, as the share of the mixture's
enthalpy from the fuel decreases for leaner conditions. Therefore, the small
increase in temperature at fuel-lean conditions only slightly changes NO and
N2O formation for a given equivalence ratio. However, the increased mixture
reactivity at fuel-rich conditions might lead to a larger share of fuel burning at
fuel-rich conditions. In contrast, increasing the charge air temperature shifts
the mixing and combustion curves at all equivalence ratios shown to higher
temperatures (it only does not shift the curves at in�nite equivalence ratios).
As a result, more NO and less N2O form by lean combustion. In addition,
higher reactivity of fuel-rich mixtures will again facilitate fuel-rich combus-
tion.

Figure 3.4 shows the e�ect of charge pressure and residence time via the
500 ppm iso-lines of NO and N2O. The other parameters remain unchanged
compared to the maps above. Ammonia combustion, and therefore N2O for-
mation, shifts to lower temperatures for increased pressures. In addition, the
N2O formation region broadens. NO formation at slightly fuel-rich conditions
reduces for increasing pressures, which increases the range of conditions at
which low NO formation can be achieved. Therefore, increasing pressures may
lower NO formation, while the e�ect on N2O formation is rather weak. Increas-
ing residence times enable ammonia combustion for lower temperatures and
increase the conversion of N2O for the same temperatures. As a result, N2O
forming regions shift to lower temperatures. The increasing residence times
also enable NO to approach the thermodynamic equilibrium. Therefore, super-
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equilibrium NO in the reaction zone is consumed, and NO only persists under
fuel-lean conditions. Consequently, longer residence times decrease NO and
N2O emissions for ammonia combustion. However, the intermittent working
principle of reciprocating engines limits the residence time available.

Figure 3.4: Φ − T map showing 500 ppm iso-lines for N2O (left) and NO
(right) for charge pressures of 10 bar, 50 bar, 200 bar (top) and
residence times of 0.1 ms, 0.5 ms, 4 ms (bottom).

The Φ−T maps discussed in this work only consider pure ammonia as fuel. By
including n-heptane into similar considerations, Pedersen et al. [108] illustrate
the impact of various ammonia/diesel blending ratios on pollutant formation,
including ammonia's impact on soot formation characteristics. However, for
the combustion process investigated in this work, Section 7 reveals that most
ammonia burns without the in�uence of diesel combustion species.
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In summary, the pollutant formation behavior observed for ammonia di�ers
remarkably from that described for hydrocarbons in Section 2.4. As NO and
N2O formation occur for lean conditions for all temperatures relevant for en-
gines, conventional low-temperature combustion techniques are unsuitable for
avoiding air pollutant formation for ammonia. In contrast, slightly fuel-rich
or staged combustion shows promising pollutant formation behavior. Further-
more, lower lift-o� lengths, increased fuel and charge temperatures, as well as
longer residence times are bene�cial regarding air pollutant formation. These
conditions are typical for large heavy-duty engines operating at high loads
making them particularly promising for achieving low air pollutant emissions
when using ammonia as fuel.

Engine designers must consider the air pollutant emissions of engines in con-
junction with exhaust gas after-treatment system characteristics. For exam-
ple, selective catalytic reduction (SCR) after-treatment systems require equal
amounts of NOx and NH3 to convert both air pollutants to mainly N2 and
H2O. Therefore, additional NOx formation may be desired if NH3 emissions
are high. However, initial investigations on ammonia spray combustion should
explore pathways and measures to directly reduce all kinds of air pollutants
in the engine.
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3.5 Challenges for Ammonia Spray Combustion

The considerations in this chapter reveal characteristics of ammonia sprays
under diesel engine conditions:

� Temperatures in ammonia sprays are extremely low, leading to unreactive
fuel/air mixtures.

� Ammonia's low �ame speed and high auto-ignition temperature, in com-
bination with low educt and product temperatures, may inhibit �ame
stabilization via the most accepted �ame stabilization mechanisms.

� The air pollutants NO and N2O form excessively under fuel-lean condi-
tions.

This behavior results in the following challenges for ammonia spray combus-
tion:

� The fuel/air mixtures in ammonia sprays are cold and unreactive. There-
fore, an additional pilot fuel injection is required to ignite the ammonia
sprays. The requirements for successful ignition and combustion of the
ammonia sprays via the diesel pilot are unknown.

� A lack of �ame stabilization might lead to a blow-out of the ammonia
�ame.

� A fundamental con�ict of ammonia combustion arises from an interaction
of the abovementioned e�ects. Poor �ame stabilization behavior leads to
longer lift-o� lengths, enabling more air to be entrained up to the lift-
o�. As a result, fuel/air mixtures lean out at the jet edges facilitated by
ammonia's low stoichiometric air demand. Combustion of the resulting
cold and lean mixtures causes excessive pollutant formation.

� The low reactivity of ammonia sprays facilitates high levels of unburned
ammonia emissions.
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The following chapters of this dissertation attempt to advance the knowledge
of piloted ammonia spray combustion beyond the understanding provided by
the theoretical considerations conducted in this chapter.
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The experiments are conducted in a pneumatically driven RCEM that allows
the direct injection of ammonia. Additional diesel pilot injections ignite the
ammonia sprays. The �rst section outlines the setup and operating principle
of the RCEM. Then, the fuel injection system is introduced. Subsequently, the
optical measurement techniques applied are presented, including SG, MS, OH*
CL, NL, and spectroscopic imaging. Furthermore, the chapter introduces the
exhaust gas analysis setup, as well as the controls and data acquisition system.
The �nal section of this chapter estimates the experimental uncertainties.

The test rig and the experimental procedure incorporate several safety mea-
sures to account for ammonia's toxicity. Most importantly, a separate control
room is used to limit the risk of exposure to the operator. Furthermore, gas
masks are kept available when the test rig is operated. A stationary gas warn-
ing system controls the ammonia concentration at four locations. At 30 ppm,
which corresponds to the acute exposure guideline level (AEGL) 1, at which
reversible symptoms of intoxication occur [109], the control system triggers a
signal light and increases the laboratory ventilation strongly. At 60 ppm, the
ammonia supply is shut o�, and a siren sounds.

4.1 Rapid Compression Expansion Machine

The machine acts as a single-shot engine, simulating isolated strokes of inter-
nal combustion engines. In contrast to rapid compression machines (RCMs)
used for chemical kinetic studies, the RCEM shows engine-like piston trajec-
tories close to TDC. A glass piston enables optical access into the combustion
chamber. The main advantage of the RCEM is its large �exibility, as charge
conditions, injection pressures, injection timings, and the injector arrange-
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ment can be altered swiftly. The large bore diameter (220 mm) allows a long
free penetration length of the fuel sprays before wall-impingement occurs.
Therefore, the RCEM allows investigating undisturbed, freely propagating
fuel sprays. In addition, the variable stroke (up to 380 mm) enables vary-
ing, high compression ratios. The RCEM was designed by Dorer et al. (e.g.
[110]) and has already been used to investigate the diesel-piloted combustion
of methane [70, 111].

Figure 4.1 shows the driving mechanism of the RCEM. The RCEM consists
of two concentrically arranged ring pistons coupled kinetically by hydraulic
oil. Before each experiment, the driving-air bottles are �lled with pressurized
air. After starting the experiment, the outer piston, which is hydraulically
coupled to the inner piston, accelerates. As a result, the inner working piston
accelerates in the opposite direction, which cancels net momentum and reduces
unwanted vibrations. The compression stroke ends at TDC when a dynamic
equilibrium is reached, and the expansion stroke starts.

Figure 4.1: RCEM driving system: 1O driving-air bottles, 2O driving piston,
3O hydraulic �uid, 4O �ow ori�ce, 5O working piston, 6O com-
bustion chamber, 7O cylinder head.

Driving pressure, �ow resistance, and the initial combustion chamber pressure
determine the piston trajectory. Therefore, the piston trajectory depends on

44



4.1 Rapid Compression Expansion Machine

the operating conditions. For the operating points investigated in this disser-
tation, the piston moves similar to an engine operating at 800−1000 rpm (see
Table 4.1). The combustion chamber pressure is measured during the exper-
iment using a Kistler 7061C piezo-electric pressure transducer. An inductive
linear incremental encoder measures the piston position. A thermocouple mea-
sures the temperature before the experiment. During the experiment, the tem-
perature is calculated under the assumption of an undisturbed gas core that
undergoes isentropic compression. This assumption is valid when �at pistons
and large crevice volumes prevent charge motion and roll-up of the boundary
layer [112], as in the RCEM employed. As a result, the core temperature of
the charge follows the equation:

T = T0ε
κ(T )−1
eff . (4.1)

Cold walls and large crevice volumes lead to signi�cant heat losses during
compression. Thus, the e�ective compression ratio of the adiabatic core is
calculated from the pressure ratio:

εeff =
v0

v
= (

p

p0
)1/κ(T ). (4.2)

The investigated operating conditions at TDC of un�red experiments are
listed in Table 4.1 and represent a load range from low-load (OP1) to medium-
to-high-load (OP4) engine conditions. The total air mass and the global equiv-
alence ratio in the RCEM depend on the initial charge pressure, which dif-
fers between the OPs. However, this has little e�ect on combustion, which is
mainly determined by local equivalence ratios within the spray. In engines,
temperature and pressure increase during combustion. However, this increase
negligible in the RCEM due to the small amounts of fuel used (see Section
4.2).

Figure 4.2 shows the cylinder head and injector arrangement. Two single-hole
injectors inject each fuel separately. The fuel sprays interact in a plane parallel
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Table 4.1: Investigated operating points.

parameter OP1 OP2 OP3 OP4

TDC temperature [K] 780± 8 829± 10 865± 10 920± 10

TDC pressure [bar] 75± 1.5 88± 2 98± 2 125± 2

εeff [−] 12.9 14.6 17.2 20.5

equivalent engine rpm [ 1
min ] ≈ 800 ≈ 880 ≈ 920 ≈ 1000

to the cylinder head. The ammonia injector can be rotated to obtain di�erent
relative spray angles α. Reduction rings decrease the e�ective diameter of the
combustion chamber and allow for su�cient distance between the quartz-glass
piston surface and the mirror surface for an undisturbed spray propagation of
ammonia and diesel. The mirror used for the optical double-pass measurement
techniques, described in Section 4.3, consists of a polished stainless steel plate.
The pressure sensor is mounted behind the reduction rings. A large ori�ce
connecting the cavity of the pressure sensor and the combustion chamber
reduces pressure oscillations between the two chambers. An inner and outer
eccentric can be rotated freely to adjust the position of the ammonia injector.
The distance between the two nozzles is small and resembles the geometric
con�guration of HPDF injectors in four-stroke engines. These injectors usually
only consist of one injector body with closely spaced nozzles. A distance of
x = 10 mm and y = 5 mm is chosen (see Figure 4.2), which resembles the
distances of the full HPDF injector used by Stenzel et al. [5]. The interaction
angle α varies between −15◦ and +15◦ to investigate the e�ect of di�erent
spatial spray interactions.

4.2 Fuel Injection

Single-hole injectors inject the fuels on a plane parallel to the �at piston
surface to study the interaction between the two sprays in detail. The diesel
injection timing is kept constant at 2 ms before TDC, while the ammonia
injection timing is shifted relative to TDC. Thus, the setup allows the variation
of the temporal and spatial interaction of the two sprays. While the diesel
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Figure 4.2: Cylinder head: 1O diesel injector, 2O ammonia injector, 3O inner
eccentric, 4O outer eccentric, 5O pressure transducer, 6O mirror,
7O reduction ring.

injection pressure is not adapted to part-load cases, the ammonia injection
pressure is adapted to the back pressure of the respective OP to keep the
injected amount of ammonia and the injection time constant. The ammonia
injection time and the injected LHV of ammonia match those of methane in
previous works on methane/diesel HPDF combustion at the test rig [70, 111].

The injectors were analyzed in an IAV injection analyzer using calibration
�uid. Coppo et al. [113] showed that the opening and closing behavior of
injectors is not a�ected by changing the fuel. Therefore, the shape of the
injection mass �ux remains unchanged for ammonia (e.g. the injection rate
ramp-up during injector opening and the injection duration). Gaucherand et
al. [114] pointed out that ammonia may show signi�cantly lower injection
volume �uxes than other fuels due to intense cavitation under engine-relevant
conditions, particularly when the fuel is preheated. This behavior results from
the proximity of ammonia to the two-phase region. Therefore, ammonia was
injected into the RCEM combustion chamber under non-reacting conditions
(i.e. no pilot injection) for two exemplary test cases. The resulting concentra-
tion in the combustion chamber was measured using the exhaust gas analysis
system described in Section 4.4. As the air mass in the RCEM is known, the
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injected ammonia masses could be calculated. The experimentally determined
injection masses were similar to the calculated ammonia injection masses when
assuming the same volume �ux for ammonia as measured for hydraulic oil.
Therefore, this method is used to calculate ammonia injection masses in this
work. Section 4.6 presents the associated uncertainties. Following Bernoulli's
equation, the injected ammonia volume �ux should be slightly higher than
the hydraulic oil volume �ux injected with the same injection pressure due to
ammonia's lower density. This discrepancy hints at increased cavitation when
injecting ammonia. Determining more accurate mass �ux pro�les of ammonia
requires injection analyzers operating directly with ammonia. As discharge co-
e�cients depend on fuel temperature and counter pressure for ammonia, these
injection analyzers must consider these parameters additionally. Furthermore,
only a �nite number of injection cases were tested in the IAV injection an-
alyzer. Therefore, the rate pro�les are parametrized and approximated by
top-hat pro�les to allow interpolation between the tested combinations, as
described in [115].

Three di�erent single-hole nozzles with injection hole diameters of 0.75 mm,
0.94 mm, and 0.98 mm respectively, are mounted on a custom Woodward
L'Orange injector to inject ammonia. Table 4.2 shows the ammonia injec-
tion parameters. The standard con�guration features the 0.94 mm nozzle and
injects 210 mg of ammonia in 2700µs with a relative injection pressure of
405 bar. Therefore, absolute injection pressures of the standard con�guration
range from 480 bar to 530 bar.

Table 4.2: Ammonia injection parameters.

nozzle diameter ammonia mass injection pressure injection duration used in

[mm] [mg] [bar] (hydraulic) [µs] Chapters [-]

0.94 125, 210 480− 530 2700 6, 7, 8

0.98 125− 220 265− 560 2700 8,9

0.75 125 435 2700 9

For diesel, two di�erent nozzle tips with ori�ce diameters of 110µm and
200µm, respectively, are attached to a type CRI 2.20 Bosch injector. This
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procedure permits the variation of the injected diesel amount over a wide
range without extremely di�erent injection timings and pressures. Table 4.3
shows important characteristics of the examined diesel injections. The stan-
dard con�guration used for most experiments injects 5 mg of diesel in 520 ms
via the 0.2 mm nozzle.

Table 4.3: Diesel injection parameters.

nozzle diesel injection injection duration LHV fraction for

diameter [µm] mass [mg] pressure [bar] (hydraulic) [µs] 210 mg ammonia [−]
200 10 2000 830 10.0%

200 5 2000 520 5.2%

110 5 2000 1460 5.2%

110 3 2000 850 3.2%

110 1.5 2000 570 1.6%

110 0.9 1100 560 1.0%

Air-driven high-pressure pumps (Maximator G400-2 for diesel and Maxima-
tor G150-2 with EPDM gaskets for ammonia) supply the fuels. Figure 4.3
shows the ammonia injection system. The ammonia is pre-pressurized in an
intermediate storage tank to avoid cavitation during the suction stroke of the
ammonia pump. This approach is similar to the setup of Ryu et al. [116]
for ammonia/DME mixtures. The ammonia fuel line features an additional
counter-pressure valve that creates a back-pressure of 15 bar in the leakage
stream after the fuel injector. The increased pressure inhibits fuel evaporation
within the injector, which would deteriorate injector behavior. The ammonia
leakage stream is directed into a large water container, which acts as an acid
trap. Most fuel supply system components are located in a ventilated gas cabi-
net. Furthermore, the fuel line includes burst disks to protect the system from
too high pressures. In addition, the fuel line includes pressure transducers and
�lters.
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Figure 4.3: Ammonia injection system: 1O intermediate storage tank, 2O am-
monia pump, 3O ammonia injector, 4O back-pressure valve, 5O
acid trap.

4.3 Optical Measurement Setup

This section presents the optical measurement techniques used in this work.
While MS, NL, and spectroscopic imaging can only be applied one at a time,
SG and OH* CL images are taken simultaneously during the experiments.
Combining these two measurement techniques allows a detailed spatial allo-
cation of OH* CL emissions to the spray structures. The optical access is
reduced to the piston only, which reduces leakage and increases the HRR's
quality. The following subsections introduce the SG, MS, OH* CL, and spec-
troscopic imaging setups. In addition, the underlying fundamentals are out-
lined brie�y. The natural �ame emission imaging setup is not described in
more detail, as it consists only of the Photron Fastcam SAX high-speed cam-
era and a lens. Figure 4.4 shows the SG, OH* CL, and MS setup.

4.3.1 Shadowgraphy Imaging

The Shadowgraphy method is similar to the Schlieren method. The structures
visible on SG images result either from light attenuation (e.g. on droplets) or
de�ection of light passing through density gradients. In addition, light emitted
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Figure 4.4: SG, MS, and CL optical setup: 1O xenon arc lamp, 2O UV �lter,
3O pin hole, 4O concave mirror, 5O planar mirror, 6O quartz-glass
piston, 7O cylinder head with mirror, 8O beam splitter, 9O fo-
cusing lens, 10O bandpass �lter, 11O image intensi�er, 12O high-
speed camera (CL), 13O high-speed camera (SG/MS), 14O con-
tinuous laser 532nm, 15O sheet-forming optics, 16O planar mirror,
17O 45°mirror.

from the observed test model can also be detected (e.g. soot luminosity from
diesel �ames). While the de�ected light is blocked for Schlieren imaging by a
knife edge, it passes on to the screen for SG imaging and creates an irregular
distribution of light. Therefore, regions with density gradients appear darker
in SG images as light is de�ected from the corresponding path. Due to the
de�ected light, areas surrounding density gradients appear brighter. Figure
4.5 depicts a schematic SG setup and its working principle. Local di�erences
in light speed cause light de�ection in density gradients. The two points on
the wavefront 1 (A and B) are located at a distance, dr, propagating with the
respective light velocities of c and c+ dc. After the time interval dt, the new
wavefront 2 will have moved a larger distance at point B than it has at point
A. This results in a rotation of the propagation direction by the in�nitesimal
angle β. Further information can be found in the literature (e.g. [15]).
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Figure 4.5: Schematic of an SG setup and its working principle. Adapted
from [15].

The employed SG setup (see Figure 4.4) uses a xenon arc lamp 1O as the light
source which, in combination with a pin-hole 3O, serves as the point source
of light. The pin-hole is located at the focal point of a large concave mirror
4O, which replaces the focusing lens. A planar mirror 5O redirects the light
into the RCEM, where it is re�ected on a polished stainless steel surface in
the cylinder head 7O (see Figure 4.2). As the light beam is redirected along
the same trajectory, it illuminates the injection and combustion event twice.
However, as the distance between the �rst and second pass is low compared to
the whole optical length, this has a minor in�uence on the resulting SG image.
A beam splitter 8O redirects the re�ected light beam into a focusing lens 9O
and on the camera's sensor 13O. The employed double-pass setup enables SG
measurements in the plane parallel to the piston without a second optical
access, which looses design restraints and enables the injector setup used in
this work.

4.3.2 OH* Chemiluminescence Imaging

OH* CL is observed simultaneously with SG imaging (see Figure 4.4). The
�ame emissions, which follow the same trajectory as the light beam used for
the SG imaging, are redirected by a UV beam-splitter 8O and focused via
a focusing lens 9O. A bandpass �lter centered at 307 nm with an FWHM
of ±10 nm 10O �lters the incoming light. Any UV radiation from the xenon
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arc lamp is �ltered with a UV long-pass �lter 2O directly after the lamp. A
Hamamatsu C10880 image intensi�er 11O increases the incoming light intensity
before it is detected by the camera 12O. Section 2.5 describes the fundamentals
of CL in more detail.

4.3.3 Mie-Scattering Imaging

The MS technique is commonly applied to investigate the liquid phase of fuel
sprays (e.g. [48, 117, 118]). MS is an elastic scattering process that does not
alter the wavelength of scattered light. It occurs if light interacts with scat-
tering particles, such as dust particles or droplets, that are large compared
to the wavelength. Droplets in diesel sprays usually have mean diameters
of several µm and, therefore, meet this criterion [119]. Changes in electrical
and magnetic properties near the particle determine the scattering process,
which the Mie theory and the 3-D Maxwell equations can describe. The outgo-
ing light changes phase, amplitude, and polarization. Light waves originating
from di�erent spots of the particle interact and form a characteristic pattern.
Therefore, the intensity of scattered light strongly depends on the angle of
observation. The highest intensities result through forward scattered light.
However, most practical applications of MS observe light scattered perpen-
dicularly (e.g. [48, 117, 118]).

The MS setup (see Figure 4.4) uses the SG setup's camera, lens, and beam
splitter. A continuous laser (Coherent Genesis CX 514-4000), with an output
power of 2 W, supplies the laser beam for MS. Subsequently, sheet forming
optics create a laser sheet, and a planar mirror redirects the light sheet into
the combustion chamber. After passing the quartz-glass piston, a 45◦ mirror
mounted inside the combustion chamber redirects the laser sheet onto the am-
monia spray axis. The laser sheet covers a distance of approximately 25 mm
to 65 mm from the injector nozzle. The scattered light that follows a trajec-
tory onto the camera sensor is detected. Furthermore, the mirror redirecting
the laser sheet into a plane parallel to the piston surface has to be covered
from the camera's �eld of view to avoid too high light intensities from re�ec-
tions. Therefore, the spray is rotated by 15◦ for MS experiments to increase
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the distance between the spray and the mirror, which facilitates covering the
mirror.

4.3.4 Spectroscopy

Figure 4.6 shows a scheme of the spectroscopy setup. A Cerco UV lens with
a focal length of 100 mm collects light emitted by the combustion event
and projects it onto the 10 µm slit of the monochromator. The SpectraPro
275 spectroscope from Acton Research Corporation is a Czerny-Turner type
monochromator. It allows changing between di�erent gratings, which feature
di�erent densities of grooves per mm and result in di�erent spectral disper-
sions. In this work, a grating with 150 grooves per mm is used to resolve the
CL in the UV-VIS range from 275−750 nm with a spectral resolution of 1 nm
(grating 3), while 600 grooves per mm are used to resolve the UV range from
275 nm to 400 nm with a higher spectral resolution of 0.25 nm (grating 2). The
Hamamatsu C10880 image intensi�er, coupled with Photron Fastcam SAX2,
records the spectra at the outlet of the monochromator. For OP3, �ame emis-
sions in the UV-VIS range are recorded with 20000 fps, while longer exposure
times are necessary for the UV range, resulting in a frame rate of 10000 fps.
For the highly reactive case OP4, the soot luminosity of the pilot fuel pro-
hibits any investigations in the visible wavelengths, as soot intensity exceeds
the chemiluminescence intensity by far. The UV emissions are brighter than
in the less reactive case and are recorded at 20000 fps. Di�erent image inten-
si�er gains prohibit a comparison of the �ame emission intensities obtained
for di�erent combustion cases. Therefore, the results do not provide absolute
intensity values for some cases. Section 5.2.3 presents the post-processing and
calibration procedures.

4.4 Exhaust Gas Analysis

During the expansion stroke following the combustion event, in-cylinder tem-
peratures drop quickly due to charge expansion and rapid heat loss to the cold
cylinder walls. This process is accompanied by homogenization of the charge,
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Figure 4.6: High-speed spectroscopy setup: 1O UV lens, 2O monochromator,
3O image intensi�er, 4O high-speed camera.

resulting in extremely lean mixtures due to the low global equivalence ratios of
Φ ≈ 1/30. As a result, ongoing reactions quench. As compressed air still pres-
surizes the piston directly after the experiment, the charge is recompressed
and kept at elevated pressures and temperatures for several seconds before the
piston moves back into its starting position. The e�ect of these elevated charge
conditions on the charge composition is evaluated using constant volume reac-
tor simulations with the chemical kinetic mechanism developed by Glarborg
et al. [95] in Cantera. The simulations assume a homogenous charge equal to
the measured exhaust gas composition or slightly more reactive mixtures. The
simulation results show no signi�cant changes in charge composition during
the relevant timescales. This low reactivity results from the low overall global
equivalence ratios. Therefore, the measured exhaust gas compositions result
from the initial combustion event. In addition, condensation on the unheated
walls of the RCEM must be carefully avoided. Therefore, only small amounts
of ammonia (125 mg) and diesel (5 mg) are burned to keep the condensation
temperature of the burned charge after combustion below 18 ◦C. The room is
heated to 25 ◦C. As a result, the charge temperature before combustion and
after expanding the charge into the initial position ranges between 26 ◦C and
28 ◦C. Higher global equivalence ratios than those used in this work cannot be
reliably investigated in the RCEM, as a higher vapor content in the exhaust
gas causes condensation, and reactions would resume during recompression of
the charge.

After each experiment, the piston quickly moves into its starting position,
the exhaust gas valves open, and the charge �ows through the exhaust gas
analysis system. Each experiment's exhaust gas concentrations are measured
for 10 minutes after initial transients. An exhaust gas analysis system by
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ABB (Advanced Optima 2020 series) analyzes the gas composition. Figure
4.7 shows a scheme of the exhaust gas system. First, a Limas 21 HW gas
analyzer detects NH3 using component-speci�c non-dispersive UV (NDUV)
absorption. Then, a reaction section fed with phosphoric acid removes NH3 to
avoid the formation of ammonium bicarbonate - a salt that is formed below
59◦C by the reaction of NH3 with CO2 and H2O. The deposition of this salt
in the gas analyzers causes damage and leads to erroneous measurements. In
addition, removing NH3 increases the accuracy of measurements downstream
by eliminating possible cross sensitivities. After the reaction section, a con-
densation dryer removes phosphoric acid and water. Then, a Limas 11 HW
unit measures NO and NO2 concentrations. While NO2 is detected via NDUV
absorption, NO is detected via the di�erential resonant absorption UV spec-
troscopy technique (DUVRAS). Subsequently, a Magnos 206 analyzer relying
on the paramagnetism of O2 molecules detects O2. Finally, an Uras 26 pho-
tometer using non-dispersive infrared (NDIR) absorption measures CO, CO2,
and N2O.

Figure 4.7: Scheme of the exhaust gas analysis system.

Emission measurement results from combustion devices, such as engines and
gas turbines, are commonly normalized to ensure comparability between dif-
ferent operating conditions and devices. Frequently used methods are the cor-
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rection of exhaust gas concentrations to a speci�ed oxygen concentration (e.g.
ppm at 15 % O2) or the correction of pollutant mass to work performed (e.g.
mg/kWh). However, in the RCEM, no work is extracted. In addition, ammo-
nia has a di�erent air demand per LHV than hydrocarbon fuels and hydrogen
(see Table 3.1). As a result, when operated with di�erent fuels, exhaust gas
oxygen concentrations do not directly relate to a combustion device's power
output. Therefore, this work quanti�es pollutants formed during combustion
in the RCEM via production rates rp. The production rate of the species i
(i.e. NO, NO2, N2O) is calculated via the equation:

rp,i =
MixiNex

Hinj
, (4.3)

where Mi is the molar mass of the species i, xi is its concentration in the dry
exhaust gas, Nex is the number of moles of dry exhaust gas in the RCEM
assuming complete combustion, and Hinj is the total injected LHV including
diesel and ammonia. The molecular weight of NO2 is used to calculate the
production rate of overall NOx. As the air pollutants (except NH3, see below)
are measured in the dry exhaust gas, water removal in the condensation dryer
is considered when calculating the number of moles of dry exhaust gas, Nex,
from the total moles of exhaust gas after combustion, Nex,wet. The e�ect of
this correction is small, as the RCEM operates with extremely lean mixtures
for experiments where exhaust gases are analyzed. In contrast to engines and
gas turbines, the amount of exhaust gas can be accurately determined, as the
RCEM volume, initial pressure, and the injected amount of fuel per cycle are
known.

Furthermore, the ammonia conversion rate results from comparing the am-
monia concentration in the wet exhaust gas xNH3,wet to the total number of
injected moles of ammonia NNH3,inj

via the equation:

ηNH3
=
NNH3,inj

− xNH3,wetNex,wet

NNH3,inj

. (4.4)
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As ammonia is analyzed before the condensation dryer, a correction for the
water removed by condensation is not required. The reaction section and the
condensation dryer only absorb small fractions of the NO and NO2 emissions.
This absorption was tested by supplying calibrated gas mixtures to the ex-
haust gas analysis after the system operated with exhaust gas in a steady
state.

4.5 Controls and Data Acquisition

This section introduces the main features of the RCEM's control and data
acquisition system. A National Instrument CompactRIO system featuring a
�eld-programmable gate array (FPGA) enables the execution of calculations
and control operations during the experiment. Furthermore, various available
I/O cards allow for a wide range of control operations. In particular, two
NI9751 cards drive the solenoid injectors with a tailored current pro�le.

Table 4.4 lists the recorded signals, including the corresponding sensor speci�-
cations and data acquisition details. The analog voltage signals of the chamber
pressure sensor, the fuel supply pressure, and the chamber temperature are
sampled every 10µs. The digital signal for the piston position is sampled at
higher rates to capture the fast piston movement measured with the high res-
olution of the incremental encoder. Furthermore, camera shutter timings are
fast (down to 1.25µs) and require higher sampling rates. The piston position
signal is directly processed by the FPGA. As a result, the piston position is
known at any time during the experiment.

Figure 4.8 depicts piston position and chamber pressure during an exemplary
experiment in the RCEM. The compression stroke is followed by expansion
after a dynamic equilibrium has been reached (see Section 4.1). As a result,
the piston oscillates around the position of the static force equilibrium. The
region of interest for the combustion consists only of the �rst compression
stroke, during which the piston moves like the piston of a crankshaft-driven
engine. Due to fast homogenization of the charge and globally extremely lean
equivalence ratios, no reactions occur during the subsequent oscillations of the
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Table 4.4: Overview of signals, sensors, and data acquisition speci�cations.

signal sensor acquisition

type max. accuracy module rate resolution

chamber
pressure

Kistler 6061
incl. 5018A

250 bar < 0.05 bar NI9215 10µs 10 V/16bit

chamber
temperature

Thermocouple
Type K

200 K < 1 K NI9201 10µs 10 V/12bitL

fuel supply
pressure

ADZ Nagano
SML600

600 bar < 0.3 bar NI9201 10µs 10 V/12bitL

piston posi-
tion

incremental
encoder

10 m/s 0.05 mm NI9401 100 ns 5 V / TTL

camera I/O NI9401 100 ns 5 V / TTL

piston, which recompress the charge (see Section 4.4).

Figure 4.8: Exemplary piston position (blue) and combustion chamber pres-
sure curves (orange) for an experiment in the RCEM. The �gure
indicates the measurement range and trigger criteria.

Fuel injection and the start of camera recording are triggered based on the
piston position sTr and an additional time delay ∆tTr (see Figure 4.8). This
criterion is required, as the piston moves slowly and not consistently during
the �rst parts of the stroke. The combined criterion allows triggering fuel
injection and camera recordings reproducibly with respect to TDC. However,
the correct time delays and piston positions must be determined for each
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operating point. In engines, crank angle-based criteria trigger fuel injection.
This procedure is impossible in the RCEM due to the lack of a crankshaft.

For simultaneous SG and OH* CL measurements, the OH* CL camera and
the corresponding image intensi�er synchronize with the SG camera via a
master-slave circuit. While the SG camera only requires a short shutter time
of 1.25µs, the image intensi�er and OH* CL camera require exposure times of
at least 20µs. The exposure times of the camera sensors are recorded via the
control system to enable matching the OH* CL images to the corresponding
SG images in the post-processing procedure.

4.6 Uncertainty

The repeatability of experimental conditions in the RCEM is shown to be high
by low scatter in experimental results for undisturbed diesel pilot ignition (see
Chapter 6 and [111]). Furthermore, the absence of signi�cant charge motion
and residual gases from previous cycles produce well-de�ned boundary condi-
tions suitable for validating CFD simulations [120, 121]. Nonetheless, multiple
sources cause uncertainties in the experimental conditions. This section dis-
cusses the most important uncertainties for the experiments conducted in this
work and quanti�es them, where possible.

Compression end temperature and pressure at TDC vary depending on the
driving pressure, initial charge pressure and temperature, as well as friction
e�ects due to oil temperature changes. The scatter in TDC pressure is mea-
sured directly. The variation in TDC temperature results from superimposing
the initial temperature deviation (296 K± 2.5 K) and the deviation resulting
from di�erent TDC pressures when calculating the TDC temperature based
on isentropic relations (see Equation 4.1). Table 4.1 includes the resulting
uncertainties for the operating points investigated. Furthermore, the piston
trajectory varies depending on the parameters mentioned above. This varia-
tion shifts the injection timing relative to TDC by up to ± 0.1 ms.

Visualization experiments show that the ammonia injection is delayed with
respect to the results obtained from the IAV injection analyzer measurements.
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However, as the double-pass Shadowgraphy setup cannot cover the near-�eld
of the ammonia injector, an exact determination of the time delay is impos-
sible. The delay is estimated to be 0.15 ms± 0.05 ms by comparing the start
of injection predicted by the IAV injection analyzer results to the optically
determined start of injection. This delay is in line with the 0.12 ms delay ob-
served during previous investigations at the test rig using natural gas [115].
Therefore, the relative injection timings discussed in this work include a delay
of 0.15 ms compared to the injection analyzer measurements. The uncertainty
of this delay (±0.05 ms) translates as uncertainty in relative injection timing.

The injection rate pro�le measurements were conducted using hydraulic oil
injections into the chamber of an AVL injection analyzer at a back-pressure
of 50 bar. When using ammonia as fuel in the RCEM, the chamber back-
pressures are higher than in the injection analyzer. While the higher back-
pressure is accounted for by using relative pressures to determine the injection
mass �uxes, the opening and closing behavior will also change with absolute
pressure. Furthermore, an additional back-pressure in the fuel leakage line is
required to keep ammonia liquid within the injector (see Section 4.2). This
measure might also alter opening and closing behavior. In addition, the am-
monia pump only allows setting the injection pressure with an accuracy of
±10 bar. Moreover, the di�erent cavitation behavior of ammonia compared
to hydraulic oil a�ects the injected volume �ux depending on the operating
conditions, discussed in Section 4.2.

While the fuel mass �ux in engines can be con�rmed by weighing the fuel tank
during a large number of cycles, the low repetition rate of experiments in the
RCEM prohibits this approach. However, the exhaust gas analysis system
can measure the ammonia exhaust gas concentrations after injections into
the combustion chamber. The ammonia remains entirely unburned if no pilot
fuel is injected. The experimental validation is conducted for two test cases
with fuel injections centered around TDC. Table 4.5 shows the respective
results. The mean values of injected mass �uxes deviate from the calculated
values by approximately 6 % and 4 %, respectively. However, the measured
injection masses are also subject to uncertainties, e.g. the amount of blow-by
and leakage during the experiment.
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Table 4.5: Calculated and measured injection masses for two injection cases
at OP4.

speci�cations calculated injection mass measured injection mass

nozzle inj. pressure mean std. dev.

0.94 mm 530 bar 210 mg 221.3 mg 6.8 mg

0.98 mm 265 bar 125 mg 120.5 mg 0.94 mg

Piston ring blow-by decreases the air mass in the combustion chamber dur-
ing the experiment. The main part of the blow-by occurs during the highest
chamber pressures close to TDC. Therefore, the blow-by may consist mainly
of charge air accumulated in the piston crevices, and the share of fuel in the
blow-by might be low. Un�red experiments in OP4 investigate the blow-by.
After the experiment, the piston is quickly moved into its starting position,
and the pressure loss is measured. This procedure indicates a blow-by typi-
cally ranging from 3 % to 5 %. The blow-by impacts the production ratios and
conversion rates determined by the exhaust gas analysis system (see Section
4.4). However, the blow-by is not corrected in the post-processing procedure,
as its composition, i.e. its fraction of combustion products, is unknown.
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This chapter introduces the post-processing methods used to extract the de-
sired information from the experimental data. The �rst section presents the
thermodynamic model that infers heat release rates from the pressure trace.
Then, the image post-processing routines for the simultaneously acquired SG
and OH* CL images are presented. Afterward, the following section describes
the calibration procedure required for the spectroscopy measurements and the
extraction of background corrected intensities. Finally, the 1-D spray model
is introduced.

5.1 Thermodynamic Model

A multi-zone thermodynamic model calculates the HRR using cylinder pres-
sure and piston position data. Figure 5.1 shows the modeled zones and their
interactions. Standard engine-based models (e.g. for wall heat losses) are un-
suitable for modeling the RCEM conditions owing to the cold walls and large
crevice volumes. The central part of the compressed charge is assumed to
consist of an isentropic core I, which undergoes isentropic compression and
expansion, as proposed by Lee and Hochgreb [112] for a rapid compression
machine (see Section 4.1). Heat losses are calculated based on the model pre-
sented in Fink et al. [70]. Heat transfer to the isothermal walls occurs only in
the crevices C, which exchange mass with a gap G. In contrast, the isentropic
core I does not exchange any mass with the adjacent gap G. The temperature
pro�le along the crevices is modeled by dividing the crevice zone into 8 loga-
rithmically sized crevice elements. The heat loss model is �tted to match the
heat loss of the RCEM during un�red experiments at the investigated OPs
by adapting the surface area of the crevices.
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Figure 5.1: Scheme of the thermodynamic model of the combustion chamber
indicating the di�erent zones, mass transfer, and heat loss.

The cooling e�ect of fuel evaporation cannot be considered adequately, as its
exact timing is unknown. The same issue applies to the e�ect of species con-
version, as it is unknown which fuel burns at any point in time. Therefore,
the model used neglects fuel injection and species conversion e�ects entirely.
This approach is common for calculating apparent HRRs in direct injection
engines, as heat release by combustion is larger than evaporation and species
conversion e�ects. However, the neglected e�ects are more signi�cant for am-
monia engines than diesel engines, as the heat of vaporization and the injected
number of moles are larger for ammonia. The interaction of hot combustion
products with the RCEM walls will lead to heat losses, which are not con-
sidered by the �tting to un�red experiments. However, the neglected losses
are similar among the conducted experiments, and direct comparisons of the
HRRs are valid.

The �rst law of thermodynamics is used to solve the model for the apparent
HRR in the isentropic core, which originates from combustion, fuel injection,
evaporation, and species conversion. Figure 5.2 shows an exemplary HRR
curve and injection pro�les obtained in an experiment at OP4 with converg-
ing jets and slightly advanced diesel injection. Pilot ignition is assumed to
occur when the HRR exceeds 0.14 MW compared to the HRR at the start
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of pilot injection. This relative criterion is necessary, as the apparent HRR
drops during the evaporation of ammonia for late diesel injections. A total
threshold value of 0.45 MW represents the main ignition of ammonia. This
value exceeds the maximum HRR observed for cases with diesel combustion
only. The following ignition delay parameters are derived:

� ∆tp: The diesel ignition delay ∆tp is de�ned as the time between pilot
ignition and pilot start of injection.

� ∆tm: The main ignition delay ∆tm is calculated from the time between
the �rst ammonia injection and the detected main ignition.

� ∆tmp: The relative ignition delay ∆tmp is obtained from the time between
pilot and main ignition.

Figure 5.2: Determination of key �gures from the HRR and injected mass
�uxes.

Mis�ring is assumed if the HRR does not exceed the threshold value for the
main ignition during combustion. Furthermore, the relative burnout rate of
the injected fuels is calculated by integrating the apparent HRR, normalizing
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it with the injected LHV of both fuels and subsequently normalizing it with
the highest value in the discussed data set. While this does not give an absolute
value for the percentage of fuel burnt, it permits a comparison of the presented
cases. This method is used for parameter studies where the large amount of
ammonia burned causes condensation after the experiment, and the exhaust
gas analysis cannot be applied. However, the larger amount of fuel injected
increases the quality of the HRRs obtained, which is crucial for determining
the ignition delays.

5.2 Image Processing

The optical data obtained requires post-processing to extract the relevant
quantities. Therefore, this section introduces the image post-processing rou-
tines used. The �rst subsection presents the routines for extracting gaseous
penetration, liquid penetration and spray angles from SG and MS images.
Then, the processing routine for simultaneously acquired SG and OH* CL
images is presented. The �nal subsection introduces the calibration procedure
for the spectroscopy data and the background correction method.

5.2.1 Shadowgrapy and Mie-Scattering

Gaseous penetration, liquid penetration, and the spray angle are vital param-
eters to describe sprays. In this work, they are either used as model input
(spray angle, see Section 5.3) or for model validation (gaseous and liquid pen-
etration, see Section 8.1). Both imaging techniques are obtained with the same
camera and share the same calibration procedure. The setup is described in
Section 4.3. However, SG images require the Xenon arc lamp for illumination,
while MS imaging requires a laser sheet. Figure 5.3 describes the procedure
for extracting gaseous and liquid spray penetration.

First, the scale is extracted from known features of the RCEM combustion
chamber, i.e. the reduction ring diameter of 115 mm. The scale typically ranges
from 5 px/mm to 5.5 px/mm. Subsequently, the location of the ammonia in-
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Figure 5.3: Procedure for determining gaseous and liquid spray penetration
from SG (top) and MS (bottom) images.

jector is detected. A circular Hough transform detects the ammonia injector
reliably, as the injector appears as a dark circular shadow in the SG images.
Afterward, the images are binarized, to obtain the spray area. The brightness
threshold for binarization results from the average brightness of the images
before spray injection. The spray area is the largest area in the combustion
chamber not adjacent to the image border, which exceeds (MS) or is less than
(SG) the brightness threshold. The spray penetration is the largest distance
from the injection hole to a pixel belonging to this spray area. As injector
position and combustion chamber dimensions cannot be extracted from MS
images, SG images are recorded before the MS experiments for calibration.

The spray angle results from comparing the spray area up to 90 % of the
maximum gaseous penetration to a triangle with the same height and origin.
The angle of this triangle that leads to the same area as the spray is the
spray angle. This approach is similar to investigations in the literature [8,
105, 122]. However, the distance from the nozzle exit, at which the area is
compared, di�ers. For example, 50 % of spray penetration [8], 1.2 times the
liquid length [105] and 60 times the nozzle diameter [122], have been used.
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This work chooses a length of 90 % due to the lack of a distinct head vortex
in the investigated sprays. This approach maximizes the area considered for
spray angle estimation, and turbulent e�ects on the spray edges have the
smallest e�ect possible.

5.2.2 Simultaneous SG and OH* CL

Superimposing the simultaneously acquired SG and OH* CL images allows
allocating the OH* CL emissions to the spray structure. However, the reso-
lution and orientation of SG and OH* images do not match exactly, which
requires an image matching procedure. While the combustion chamber fea-
tures (injector, reduction rings) are visible in the SG images, they cannot be
identi�ed in single CL frames. Therefore, the image matching procedure av-
erages 50 OH* images taken before fuel injection, which renders the injector
and reduction rings visible. An optimizer in the Matlab Image Processing

Toolbox searches for the best match between the two images by rotating,
scaling, and cropping the averaged OH* CL image. Then, all OH* CL images
taken during this experiment are transformed according to the best match.

Figure 5.4 shows two procedures for superimposing SG and OH* CL images.
The �rst procedure (Figure 5.4, top) allocates the intensities of the SG and
CL images to a 2-D colormap to compose the superimposed image. Therefore,
one image depicts the information contained in both images without any loss
of information. As a result, brighter areas in the SG images remain distinct,
e.g. the spray tip in the SG images shown in Figure 5.4. This work mainly uses
this procedure to condense information comprehensively. However, Section 7
relies on only projecting the SG contour onto the OH* CL images (Figure 5.4,
bottom), as this procedure facilitates the undisturbed comparison of OH* CL
and natural �ame luminosity.

The OH* CL intensity emitted by the ammonia spray �ame is lower than the
intensity of the pilot �ame (see Section 7). The strong CL of the pilot com-
bustion limits the gain and exposure time used for capturing the CL images.
As a result, OH* CL intensity is weak during ammonia combustion. The CL
intensities are brightness-corrected by potentiating the initial intensity values
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Figure 5.4: Procedures for superimposing SG and OH* CL images. Top:
Transferring the entire information of both images using a 2-
D color map. Bottom: Transferring the SG spray contour onto
the OH* CL images.

ranging from 0 to 1 with values ranging from 0.3 to 0.5 to render the weak
OH* CL during late ammonia combustion visible. This correction increases
the brightness of regions with weak CL radiation.

The distance from the injector nozzle to the reaction zone determines the lift-
o� length. The largest contiguous area of CL intensity is assumed to represent
the reaction zone. Therefore, small areas of CL intensity resulting from back-
ground noise are not considered for determining the lift-o� length. This step
is necessary, as background noise is high due to the weak OH* CL intensity
during ammonia combustion.
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5.2.3 Spectroscopy

The monochromator preserves the spatial coordinate along the spray axis (ver-
tical), while the incident light disperses on the coordinate perpendicular to
the spray axis (horizontal) depending on its wavelength. Therefore, the hori-
zontal position of the pixels of the images taken re�ects speci�c wavelengths,
while the vertical position of the pixels corresponds to a certain height in the
combustion chamber. Before the combustion experiments, light emitted by a
mercury-arc lamp is recorded. This light consists of several distinct spectral
lines speci�c to mercury-arc lamps. Therefore, speci�c pixels of the images
taken correspond to certain wavelengths, and a conversion rule from the pixel
to the wavelength scale is derived based on interpolation. Figure 5.5 shows
the spectroscopic image of the light emitted by the mercury arc-lamp (Figure
5.5, top left) and the corresponding intensity distribution along the horizon-
tal pixel coordinate (Figure 5.5, bottom left). In addition, the conversion rule
from the pixel to the wavelength scale is shown (Figure 5.5, right). Further-
more, the coordinate along the spray axis is calibrated by varying the position
of the mercury-arc lamp within the combustion chamber. For this purpose,
the cylinder head is dismantled so that the position of the lamp can be freely
adjusted within the combustion chamber.

In addition, a third calibration procedure corrects the wavelength-dependent
sensitivity of the setup employed. This calibration requires a light source with
a continuous emission spectrum. Therefore, a halogen lamp, whose continuous
spectrum is known from the manufacturer, was located centrally in the com-
bustion chamber, and the light emitted was recorded. A wavelength-dependent
calibration function was derived by comparing the intensities obtained by the
spectroscopy setup to the reference spectrum. This function corrects the spec-
tra obtained during the experiments. The correction considers the wavelength-
dependent sensitivity of the entire setup, encompassing the quartz-glass pis-
tons and lens transmissivities, as well as the monochromator's and the image
intensi�er's sensitivities. Figure 5.6 shows the reference spectrum, the mea-
sured spectrum, and the calibration factors for the setup used.

While this work often uses raw spectra obtained with the monochromator
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Figure 5.5: Spectroscopy raw image of the light emitted by the mercury arc
lamp obtained with grating 3 (top left), corresponding intensity
plotted over the pixel scale of the light emitted by the mercury
arc lamp (bottom left), and conversion rule from the pixel scale
to the wavelength scale for the setup used (right).

Figure 5.6: Reference spectrum of a calibrated halogen lamp, measured spec-
trum, and calibration factor of the setup employed.

to discuss the evolution of the dual-fuel combustion process, the results also
discuss the background corrected intensities of OH*, NH*, NH2*, and broad-
band emissions. The background corrected intensities result from integrating
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peak areas corresponding to the respective species' CL emissions. These peak
areas superimpose on a continuous background of broadband �ame emissions.
Figure 5.7 illustrates the areas considered for the background corrected OH*,
NH*, and NH2* intensities. The background radiation is interpolated linearly
within the range, in which each considered species causes a peak in CL emis-
sions to distinguish between species-speci�c and background radiation. The
spectra were �ltered using a Savitzky-Golay �lter in Matlab to reduce noise
and enable reproducible interpolation of the background radiation. The �lter
considered 21 interpolation points to approximate �fth-degree polynomials. In
addition, broadband luminosity intensity is considered, which is obtained by
integrating the intensities over the entire range of investigated wavelengths.

Figure 5.7: Typical CL spectrum of ammonia combustion. Left: UV range
obtained using grating 2, right: UV-VIS range obtained using
grating 3. The colored peak areas represent the background cor-
rected CL intensity of the corresponding species.

While OH* and NH* intensities are obtained by considering the area of indi-
vidual peaks, the NH2* intensity is obtained by adding the intensity of several
of its major peaks. NH2* �ame emissions consist of a multiple-line system ap-
pearing as a continuous band with superimposed spikes [13, 123]. Therefore,
the approach followed in this work only detects a fraction of the actual NH2*
intensity. However, the intensity inferred from the peak areas can give informa-
tion on when NH2* radiation occurs and its relative intensity. OH* intensities
were derived from images obtained using both gratings. NH* intensities are
derived using the higher spectral dispersion (grating 2), as the NH* peak was
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not su�ciently prominent for the post-processing routine in the images ob-
tained using the lower spectral dispersion o�ered by grating 3 (see Section
4.3.4). The broadband radiation can mainly be assigned to CO2* at shorter
wavelengths and at longer wavelengths to NO2*, H2O*, and NH2* [13]. For
diesel combustion, soot might occur additionally.

5.3 Spray Model

To gain insights into equivalence ratios, temperatures, and physical states
within the investigated ammonia spray, the Musculus and Kattke 1-D control
volume model is used [16, 52]. The model is adapted to ammonia as the
fuel and to the conditions in the RCEM employed. This section outlines the
model's main features and presents the necessary adaptions to ammonia and
the speci�c experimental environment in the RCEM. Musculus et al. [16]
provide more detailed explanations of the underlying model and necessary
assumptions.

The 1-D transient model features equally spaced �xed control volumes. The
volumes result from the spray angle, which remains constant during injection
and is supplied as model input (see Section 8.1). Mass and momentum con-
servation equations are solved for each control volume to obtain the entrained
air mass for each time step. Figure 5.8 shows a schematic of the control vol-
umes. The radial mixture fraction distribution is obtained by assuming an
evolution from top-hat-shaped pro�les at the nozzle exit to fully developed
shapes. As suggested in [124], the shape of the fully developed radial pro�les
for the mixture fraction follows the expression:

X̄f

X̄f,c
= (1− ξαp)2, (5.1)

where X̄f is the turbulent mean fuel volume fraction at the non-dimensional
radial distance ξ = r/R, X̄f,c is the turbulent mean fuel volume fraction at
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the center line and αp varies from αp = ∞ at the nozzle exit to αp = 1.5
for a fully developed jet pro�le. In the transition region between the nozzle
exit and the fully developed jet, αp is chosen so that the center line velocity
does not exceed the initial velocity at the nozzle exit. Center-line and cross-
sectionally averaged values are obtained analytically. The fuel volume fraction
on the center-line X̄f,c,ll determines the maximum liquid length at which fuel
vaporization is complete. Siebers et al. [105] present the calculation of this
fuel volume fraction in more detail. This work uses NIST database chemical
properties of ammonia and air to determine the respective thermodynamic
states [18]. In addition, the model yields the gaseous penetration.

Figure 5.8: Schematic of the 1-D model. Adapted from [16].

Environmental conditions within the RCEM are transient. However, the Mus-
culus and Kattke model assumes constant boundary conditions. Therefore,
average air temperature and density values during the �rst 2 ms of am-
monia injection serve as model inputs. Fuel evaporation and combustion
only impact in-cylinder conditions slightly because global equivalence ratios
within the RCEM are extremely low. In addition, the slow piston movement
(∼ 1000 rpm) and the fact that ammonia injects close to TDC lead to small
changes in in-cylinder conditions during the injection. Figure 5.9 shows in-
jection velocities and in-cylinder density for the experiments in OP4. The
in-cylinder density varies between 43.6 kg/m3 and 45.4 kg/m3 during the �rst
2 ms of injection, which is within a deviation of ∼ 2% from the mean den-
sity during this period of 44.5 kg/m3. In addition, the �at piston and large
crevices avoid generating charge motion [112]. Therefore, transient e�ects are
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negligible.

Figure 5.9: Approximated injection velocity pro�les vs. injection velocity
pro�le from experimental volume �ux measurements for the
three nozzles investigated at OP4.

Table 5.1 lists the model input parameters. A literature value of Ca = 0.81 is
used, as no momentum �ow rate measurements could be made [8]. The model
relies on logarithmic injection velocity ramp-ups over time that approximate
the actual shape of the injector behavior reasonably well (see Figure 5.9). Val-
idation experiments with two di�erent injectors show that the model validity
is independent of the injector and nozzle employed. Chapter 8 presents the
model validation.
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Table 5.1: 1-D spray model input parameters.

average ambient temperature during injection Ta [K] 915

average ambient density during injection ρa [kg/m3] 44.5

fuel density at 265 bar ρf [kg/m3] 630

fuel density at 530 bar ρf [kg/m3] 647

fuel temperature Tf [K] 293

0.94 mm Nozzle

spray angle Θ [◦] 24

absolute injection pressure Pinj [bar] 530

nozzle diameter d [mm] 0.94

area contraction coe�cient Ca [−] 0.81

discharge coe�cient Cd [−] 0.55

0.98 mm Nozzle

spray angle Θ [◦] 25.5

absolute injection pressure Pinj [bar] 265

nozzle diameter d [m] 0.98

area contraction coe�cient Ca [−] 0.81

discharge coe�cient Cd [−] 0.51
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6 Ignition and Pilot Interaction

Requirements

First, experimental proof showing the feasibility of the HPDF combustion
process using ammonia as the main fuel is required. Therefore, the following
chapter conducts extensive parameter studies to determine suitable condi-
tions for the HPDF combustion of ammonia. For this purpose, HRRs are
analyzed from experiments without optical access using an aluminum piston.
This approach enables swift parameter variations over a wide range of op-
erating conditions. First, a variation of diesel and ammonia's temporal and
spatial interaction for two pilot sizes at OP4 determines suitable geometric
arrangements and relative injection timings. Subsequently, charge conditions
are varied from low to full-load conditions. The �nal section investigates pilot
amount and injection duration e�ects using two di�erent diesel nozzles. In
this chapter, the 0.94 mm ammonia nozzle is used with a relative injection
pressure of 405 bar (i.e. 530 bar at OP4, see Table 4.2).

6.1 Geometrical Arrangement and Injection Timing

The experiments presented in this section vary the interaction angle α and
relative injection timing for two di�erent pilot amounts of 10 mg and 5 mg
(see Table 4.3). The range of timings and angles investigated in this work
is small compared to similar investigations on methane/diesel HPDF com-
bustion (see [111]), as the minimum necessary interaction between the fuel
sprays for ammonia ignition is higher than for methane. Therefore, the in-
vestigated relative injection timings range from −1000µs (ammonia �rst) to
+1500µs (diesel �rst), and the interaction angles range from α = −22.5◦

(converging) to α = 15◦ (diverging). The data set consists of 149 experi-
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ments, including at least two repetitions for each case that showed successful
ignition. Although the total number of repetitions for each data point is low,
signi�cant trends and the e�ects of spray interaction on the combustion of am-
monia emerge clearly. The black dots contained in the �gures of this section
mark tested combinations. White areas indicate cases in which ignition failed
at least once. Such cases are henceforth termed as mis�ring. The operating
conditions investigated in this section correspond to OP4 (125 bar, 920 K).

Figure 6.1 shows the relative burnout rate of the cases investigated. The
relative burnout rates are normalized with the data point indicated by the
star, which showed the highest absolute burnout rate. This data point was
obtained with a 10 mg pilot, α = −7.5◦ and a relative injection timing of
+500µs. Mis�ring occurs for insu�cient interaction of the two fuel sprays
or when diesel strongly interacts with ammonia before ignition. Insu�cient
interaction occurs for positive relative injection timings , i.e. relatively ear-
lier diesel injections, combined with diverging or strongly converging (−22.5◦)
spray con�gurations. For negative relative injection timings (ammonia �rst)
and negative, converging interaction angles, ammonia strongly in�uences the
diesel spray and inhibits its ignition. While the 10 mg diesel pilot ignites the
ammonia spray at an interaction angle of α = −7.5◦ consistently, the region
of mis�ring is wider for the smaller 5 mg pilot. While some strongly delayed
ignitions were observed in this area for the 5 mg pilot, complete quenching also
occurred. This quenching results from the strong interaction between diesel
and ammonia. The interaction leads to lower air entrainment into the diesel
spray. Instead, ammonia is entrained, cooling the mixture due to its lower
temperature, high enthalpy of evaporation, and heat capacity. In addition to
this physical e�ect, ammonia increases the ignition delay times of n-heptane
kinetically [97].

Previous studies on methane/diesel HPDF combustion [70, 111] showed no
mis�ring at full-load charge conditions (OP4). The observations made with
methane at low-load conditions (OP1) were similar to the observations made
with ammonia for OP4 in this work. However, even at low-load conditions,
ignition of the natural gas jet was still possible for a broader range of interac-
tion angles and relative injection timings than for ammonia, despite smaller
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6.1 Geometrical Arrangement and Injection Timing

Figure 6.1: Relative burnout rate for di�erent interaction angles α and rel-
ative injection timings for 10 mg (left) and 5 mg (right) diesel
pilots.

diesel pilots. The small range of interaction cases in which ammonia ignition
occurs suggests that a larger minimum amount of energy must be delivered
to ammonia sprays than to methane jets to initiate the main ignition.

The relative burnout rate is high for parallel or converging sprays and moder-
ately advanced diesel injections. These conditions permit undisturbed diesel
pilot ignition followed by strong interaction with the ammonia spray. While
the relative burnout rate for the 5 mg pilots is lower than for the 10 mg pi-
lots with negative relative injection timings, it is similarly high for positive
relative injection timings. For the investigated conditions, the e�ect of alter-
ing the spatial and temporal interaction of the two sprays is far larger than
that of increasing pilot amount (compare left and right sub�gures of Figure
6.1). The relative burnout rate for strongly advanced pilot injections is even
slightly higher for smaller pilots. This higher burnout rate might be explained
by a slower penetration of the diesel pilot, as the injector needle does not fully
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open due to the low injection duration of the 5 mg pilot injection.

Figure 6.2 shows pilot (top), main (middle), and relative (bottom) ignition
delays for the same parameter space (see Section 5.1 for the ignition delay's
de�nition). Pilot ignition delays are similar for advanced diesel injections and
diverging sprays, as undisturbed pilot ignition is possible. Ammonia deterio-
rates diesel ignition for parallel or converging sprays combined with a nega-
tive relative injection timing (ammonia �rst). Therefore, pilot ignition delay
increases until ignition is completely inhibited for very strong interaction and
mis�ring occurs. Particularly high pilot ignition delays occur for simultaneous
injection of both fuels. The tip region of gaseous jets and liquid fuel sprays
consists of a leading vortex, in which less air is entrained [125, 126]. The inter-
action of diesel with the fuel-rich ammonia head vortex increases the inhibiting
e�ect of ammonia on diesel ignition. Similar behavior of the pilot ignition de-
lay has been observed at low-load conditions (OP1) for methane/diesel HPDF
combustion [111].

Due to strong spatial spray interaction, main ignition delays are short for con-
verging sprays and advanced diesel injections. A strong correlation between
main ignition delay and relative burnout rate (Figure 6.1) shows that early
ammonia ignition is necessary to achieve high burnout rates for the condi-
tions investigated. Quenching of the ammonia spray �ame on the cylinder
wall might limit the burnout rates if ignition does not occur early enough.
The quenching might be weaker for real engines, as the walls are not as cold
as the RCEM's walls. In addition, neighboring sprays may prevent lean-out
of ammonia sprays by decreasing air entrainment into the sprays. Instead,
hot combustion products of neighboring sprays may entrain, leading to an
increased reactivity. Furthermore, increasing the pilot fuel amount decreases
the main ignition delay.

Relative ignition delays are generally shorter for stronger spray interaction. As
expected, the relative ignition delay increases approximately with the di�er-
ence in time between the two injections for positive relative injection timings
(diesel �rst). The relative ignition delay mainly depends on the interaction
angle α and not the relative injection timing for negative relative injection
timings. Therefore, the ignition process of diesel and the subsequent transi-
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Figure 6.2: Pilot, main, and relative ignition delay for di�erent interaction
angles α and relative injection timings for 10 mg (left) and 5 mg
(right) diesel pilot injections.

81



Ignition and Pilot Interaction Requirements

tion to ammonia combustion is only mildly a�ected by a change in the relative
injection timing. However, the relative burnout rate (see Figure 6.1) decreases
with decreasing relative injection timings. These two trends suggest that a
signi�cant part of the unburned ammonia for earlier ammonia injections re-
sults from the region downstream of the ignition location. The �ame cannot
cover the entire spray region before the earlier injected fuel becomes too lean
to burn or interacts with the cold walls.

6.2 Charge Conditions

The investigations in this section �x the parameters varied in Section 6.1 to
isolate the in�uence of charge conditions: The con�guration with an interac-
tion angle of α = −7.5◦, and a slightly advanced 10 mg diesel pilot (+500µs)
injection is used. This con�guration yields the highest burnout rates observed
and is marked by a star in Figure 6.1. Further advanced diesel pilots show sim-
ilar burnout rates. However, due to thermodynamic considerations, strongly
advanced diesel injections might not be desirable when operating a full-scale
engine. The experiments are repeated three times each. Instead of discussing
key �gures, such as ignition delays, the focus shifts to discussing the HRRs
directly, as di�erent operating conditions in�uence the key �gures, e.g. by a
higher degree of premixing of the diesel pilot at less reactive conditions that
causes HRRs to exceed the main ignition threshold. Figure 6.3 presents the
apparent HRRs relative to the start of injection (SOI) of ammonia for OP1,
OP2, OP3, and OP4.

While ammonia successfully ignites for OP2 - OP4, its ignition fails for OP1.
Although diesel injection starts before ammonia injection, the evaporating
ammonia spray inhibits diesel ignition completely for OP1. In this case, the
ammonia spray might outrun the diesel pilot during the longer pilot ignition
delay and deteriorate pilot ignition. Ignition of the pilot injection causes the
�rst peaks of the HRRs of OP2 - OP4. This �rst peak shifts backward at
less reactive charge conditions due to longer ignition delays. The combustion
of ammonia mainly causes the second, more prominent peak. While the pilot
peak HRRs slightly increase for less reactive charge conditions due to increased
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6.3 Pilot Characteristics

Figure 6.3: Fuel mass �ux and averaged apparent HRRs for di�erent oper-
ating points with slightly advanced (+500µs) 10 mg diesel in-
jections and converging sprays (α = −7.5◦).

premixing, the main peaks of the HRRs decrease. In addition, the main com-
bustion shifts more backward than what is to be expected only from longer
pilot ignition delays. The observed behavior suggests strong deterioration of
ammonia HPDF combustion at part-load conditions.

6.3 Pilot Characteristics

Figure 6.4 shows HRRs and corresponding diesel injection mass �uxes result-
ing from experiments with di�erent piloting strategies (see Table 4.3). The
HRRs shown are based on three repetitions each and obtained at OP4 with
α = −7.5◦ and slightly advanced +500µs diesel pilot injections. This interac-
tion case shows fast ammonia ignition and high conversion rates (see Section
6.1).

The larger 200µm nozzle leads to a faster rise of the HRR and a broader
pro�le, indicating more di�usive combustion compared to the 110µm nozzle.
In particular, the two 5 mg diesel pilot injections illustrate that the shorter
injection with a higher mass �ux leads to a steeper rise of the HRR, i.e.
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Figure 6.4: Diesel mass �uxes (bottom), ammonia mass �ux (top), and
averaged apparent HRRs (top) for di�erent, slightly advanced
(+500µs) diesel pilots at OP4 and converging sprays (α =
−7.5◦).

a more intense onset of ammonia combustion. While the ignition delay is
lower for the larger nozzle, the overall combustion duration is shorter for the
smaller diesel nozzle. One of the two HRR shapes obtained with the 5 mg
diesel pilot injection might be favored depending on the desired combustion
characteristics. The HRRs obtained with 10 mg and 5 mg 200µm injections
are similar, apart from the expected faster rise in HRR when employing a
larger pilot. Ammonia ignites for pilots as small as 1.5 mg, which equals a
fraction of 1.6 % of the total injected LHV. However, a reduction of the pilot
fuel mass below 3 mg (LHV fraction of 3.2 %) leads to a slow rise of the HRR,
as quenching on the cylinder wall and lean-out of the ammonia spray become
more signi�cant. Therefore, only a smaller fraction of the heat release of the
other cases is observed for the 1.5 mg pilot. Although some combustion occurs,
no clear peak HRR can be identi�ed for the 1 mg injection.
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6.3 Pilot Characteristics

Apart from the injected mass, the investigated diesel injection scenarios di�er
in various properties, such as penetration, spray angle, and injection dura-
tion. Therefore, an unambiguous explanation for the observed combustion
behavior is impossible. Although the presented �ndings are speci�c to the
investigated interaction case and operating point, the study shows that the
pilot characteristics signi�cantly in�uence the ammonia spray's combustion
behavior.

The presented results reveal that the combustion characteristics of ammonia
sprays depend signi�cantly on the interaction with the diesel pilot during the
ignition phase. Therefore, the combustion behavior is sensitive to pilot size,
timing, and spatial interaction. This behavior constitutes a vital di�erence to
more reactive fuels, such as methane, where HRR characteristics are mainly
correlated to the degree of premixing before ignition of the main fuel [70]. The
following chapters will explain the observed behavior using optical imaging
techniques.
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7 Optical Characterization

This chapter provides deeper insight into the combustion process via optical
studies. The unique CL features of the ammonia �ame (e.g. NH* and NH2*
emissions) allow spectroscopic measurements to distinguish between the com-
bustion of carbon-based pilot fuels and ammonia. In addition, SG, OH* CL,
and NL imaging results complement the spectroscopic measurements by en-
abling a spatial allocation of the �ame's emissions. Furthermore, the data ob-
tained serves as a basis to interpret the luminosity observed during combustion
and reveals the suitability of di�erent wavelength ranges for CL measurements
of diesel-piloted ammonia spray �ames.

The chapter is structured as follows: The �rst section discusses temporally and
spatially integrated spectra to reveal which species contribute signi�cantly
to the observable natural �ame emissions. Then, time-resolved �ame spectra
are discussed in context with SG, OH* CL, and NL images to characterize
the combustion process with a focus on �ame transition. Finally, background
corrected NH*, OH*, NH2*, and broadband luminosity intensity evolutions
are extracted from the spectra and discussed in context with the HRR.

Each case is repeated three times for each measurement technique. The HRRs
are averaged over all experiments conducted for the combustion case, while
the spectroscopic data is averaged over the three experiments conducted for
each grating. The 2D imaging data is taken from the cases with the HRRs
most similar to the averaged HRRs. The spatial and temporal interaction
remain �xed at an interaction angle of α = −7.5◦, and a slightly advanced
5 mg diesel pilot (+500µs). The optical studies use the smaller 5 mg diesel
pilot injection, which produces less soot and increases the quality of the �ame
emission spectra and SG images obtained. The chapter investigates the charge
conditions corresponding to OP3 (98 bar, 865 K) and OP4 (125 bar, 920 K).
The lower soot production of experiments at OP3 enables the investigation of
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7.1 Integral Flame Spectra

�ame emissions in the UV and VIS range. In contrast, experiments obtained
at OP4 can only be investigated in the UV range, where soot luminosity is
weak. The timings in this chapter refer to the start of diesel injection. The
0.94 mm ammonia nozzle is used with an injection pressure of 530 bar (see
Table 4.2).

7.1 Integral Flame Spectra

Spatially and temporally integrating the �ame emissions results in well-de�ned
spectra suitable for identifying individual peaks and the corresponding species.
This procedure creates a basis for discussing the temporal evolution of the
spectra in more detail in subsequent sections. Figure 7.1 shows the integral
�ame emissions obtained by temporal and spatial integration during an ex-
periment at OP3. While the spatial integration is conducted over the entire
combustion chamber for diesel, the combustion chamber region starting from
20 mm downstream of the diesel nozzle is considered for the ammonia spec-
tra to exclude the in�uence of diesel combustion due to injector dripping.
The diesel spectrum is obtained by temporally integrating up to 900 µs after
SOI. In comparison, the ammonia spectrum results from integrating between
1600 µs to 6000 µs after SOI (of diesel). As diesel is injected before ammonia,
diesel combustion progresses undisturbed at �rst. Subsequently, the sprays
interact, and both fuels burn simultaneously from approximately 900 µs to
1600 µs after SOI. This �ame transition period is not included in the analysis
conducted in this section and is discussed in more detail in the next section.
Figure 7.2 shows the corresponding HRRs and injection mass �uxes.

The UV range of the ammonia �ame spectrum shown in Figure 7.1 b (grating
3, left part) and c (grating 2) consists of the distinct NH* (A-X (0,0)) peak
system at 336 nm and the OH* (A-X (0,0)/(1,1)) peak system at around
308 nm superimposed on weak broadband radiation. A weak peak visible at
282 nm results from OH* (A-X(1,0)). Continuous broadband CL is observed
for wavelengths longer than 400 nm (see Figure 7.1 b). A possible source for
this radiation is the CL of NO2*.
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Figure 7.1: Spatially and temporally integrated spectra obtained at OP3. (a)
and (b) were obtained using grating 3, while (c) was obtained
using grating 2. (b) and (c) are obtained by temporal integration
from 1600−6000 µs after SOI, while (a) is integrated until 900 µs
after SOI.
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Figure 7.2: HRR and mass �uxes of the investigated combustion cases fea-
turing a slightly advanced diesel pilot injection (+500 µs).

The approach by Sheehe and Jackson [127] is adopted to test whether NO2*
can explain the broadband emissions observed for the ammonia �ame. For
this purpose, the NO2* intensity distribution presented by [128] is compared
to the spectrum obtained in this work (see Figure 7.1 b). The NO2* inten-
sity distribution is �tted to the ammonia �ame emission spectrum so that
the NO2* emissions do not exceed the ammonia �ame emission intensity at
any wavelength. As a result, the NO2* intensity distribution �ts well in a
range from 400 nm to approximately 450 nm. However, the ammonia �ame's
broadband emissions are more intense for wavelengths above 450 nm than to
be expected if only NO2* was contributing to its �ame emissions. Therefore,
the maximum possible contribution of NO2* to the �ame luminosity during
ammonia combustion is small. The broadband emissions unaccounted for by
NO2* may be attributed to H2O* and NH2* [91]. In addition, the NH2* peaks
of the ammonia α band superimpose on the broadband spectrum.

In addition to the OH* (A-X (0,0)/(1,1)) peak system, the diesel spectrum
(Figure 7.1 a) shows more intense broadband radiation in the UV range.
This radiation arises from HCO (Vaidya's hydrocarbon �ame bands), HCHO
(Emeleus's cool �ame bands), and CO2* [13, 129, 130]. A weak CH* peak (A-
X (0,0)) is visible at 432 nm. The highly bright sodium D-line at 589 nm arises
from sodium impurities in the diesel fuel. An additional peak at approximately
460 nm could not be identi�ed and is thought to be caused by other impurities
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in the diesel fuel. Similar to the ammonia case, broadband emissions at longer
wavelengths arise from NO2* and H2O*. In addition, weak soot luminosity
occurs. The absence of distinct features of diesel combustion in the ammonia
emission spectra clearly shows that the ammonia combustion phase starting
from 1600 µs after SOI, in which the major part of heat release occurs (see
Figure 7.2), is not directly supported by diesel fuel combustion. However, hot
diesel combustion products, e.g. located on the spray edges, may still in�uence
the ammonia spray's combustion.

7.2 Temporal and Spatial Evolution of Flame Emissions

This section discusses the temporal and spatial evolution of �ame emissions
to improve the understanding of the ongoing processes. Figure 7.3 and Fig-
ure 7.4 show the temporal evolution of SG, OH* CL and NL images during
combustion for t = 700 − 1600 µs and t = 2000 − 5000 µs, respectively. In
addition, Figure 7.5 presents the corresponding temporal evolution of �ame
spectra. While SG and OH* CL images are taken simultaneously, NL and
spectroscopy imaging can only be performed one at a time, which requires
sequential experiments. The combustion chamber conditions correspond to
OP3.

First weak NL occurs during diesel ignition at t = 700 µs (see Figure 7.3).
The �ame spectra (see Figure 7.5 a) indicate �rst broadband CL with only
weak OH* luminosity at t = 750 µs, which hints at cool �ame ignition chem-
istry contributing to the �ame emissions observed. However, as experiments
are averaged over three repetitions and the camera's exposure time was set
to t = 40 µs, no isolated spectrum containing only cool �ame chemistry is ob-
tained. Subsequently, �ame emission intensity increases, and the correspond-
ing peaks (e.g. OH*, CH*, and the sodium D-line) become more prominent in
the spectra. At t = 850 µs, both OH* CL and NL encompass the entire diesel
spray. Although the ammonia spray starts interacting with the diesel spray at
approximately t = 750 µs, no sign of ammonia-speci�c �ame emissions, such
as NH* and NH2*, can be observed in the spectra until t = 1000 µs.
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Figure 7.3: SG (top), OH* CL with overlayed SG contours (middle) and
NL (bottom) imaging at OP3. The left section contains images
taken during pilot ignition (t = 700 − 850 µs after SOI). The
right section contains images taken during the �ame transition
from diesel to ammonia (t = 1000− 1600 µs after SOI).
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Figure 7.4: SG (top), OH* CL with overlayed SG contours (middle) and
NL (bottom) imaging at OP3. OH* intensities are γ-corrected
(γ = 0.4). The images are taken during the main fuel combus-
tion phase, in which ammonia is burning (t = 2000 − 5000 µs
after SOI).
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Figure 7.5: Spatially integrated �ame emission spectra at di�erent times
during diesel pilot ignition (a), the �ame transition from diesel
to ammonia (b), and ammonia combustion (c) at OP3.

At t = 1000 µs, NH* and NH2* peaks �rst emerge on the spectra (see Figure
7.5 b). Simultaneously, OH* CL decreases, re�ected both in the spectra and
the OH* CL images. The decrease starts at t = 1000 µs on the side, where
ammonia interacts with the diesel cloud �rst (right), before an intense re-
duction of the CL in almost the entire spray occurs. At t = 1600 µs, intense
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OH* CL is restricted to a small pocket of gases on the sides of the spray,
which most likely contains diesel combustion products. The emission spectra
from t = 1000µs to t = 1600µs show a decrease in overall intensity. The
UV emission intensity drops to particularly low levels. The emergence of the
NH2* peaks and the decline of the sodium D-line mark the shift from diesel to
ammonia combustion. The OH* CL and NL locations indicate that the �ame
does not encompass the ammonia spray tip in this combustion phase. Instead,
the reaction zone location changes only slightly during the �ame transition
process while the ammonia spray penetrates into the combustion chamber.
Therefore, unburned ammonia emissions may originate in the spray tip region.
This behavior is attributed to the low ignitability of ammonia. In addition, the
tip region features the typical fuel-rich head vortex, which shows particularly
poor mixture formation, resulting in slower evaporation and lower tempera-
tures [16, 125]. Furthermore, the HRR does not increase signi�cantly between
t = 1000− 1600 µs, indicating slow and limited ammonia combustion in this
phase. In contrast to recent spectroscopic studies burning ammonia and a sec-
ond, carbon-containing fuel [89�91], the recorded spectra lack CN* peaks (e.g.
B-X(0,0) and B-X(1,1) around 388 nm) during the entire combustion event.
As CN originates from interactions between carbon- and nitrogen-containing
fuels, the lack of its �ame emissions hints at low rates of inter-species reac-
tions between ammonia and diesel for the combustion process investigated
in this work. The NH* peak is weak during the �ame transition and subse-
quent phases. The low relative intensity of the NH* peak compared to the
diesel background radiation intensity in the respective wavelength range may
prohibit its use as a �ame marker for optical combustion diagnostics.

During later combustion phases, the �ame spectra do not show major qual-
itative changes apart from di�erent intensities (see Figure 7.5 c). The UV
emissions, in particular OH* CL, become weaker, while the peak intensity of
visible broadband CL is reached between t = 2000 µs and t = 3000 µs. Both
OH* CL and NL drift o� from the injector until and after the end of injec-
tion at t = 3200 µs (see Figure 7.4). Therefore, combustion progresses close
to the cylinder wall, and more air entrains up to the �ame front. As a result,
average equivalence ratios become leaner, and combustion temperatures drop.
This lack of �ame stabilization shows that the spray stabilization mechanisms

94



7.3 Temporal Evolution of Background Corrected Intensities

introduced in Section 2.3 are inhibited by ammonia's physical properties (see
Section 3.2). Section 8 investigates the observed lack of �ame stabilization in
more detail. As OH* CL gradually weakens, it cannot be detected reliably
for later combustion phases, while NL still permits proper observation of the
combustion event.

Apart from improving the understanding of the HPDF combustion process,
the insights obtained in this section help choose suitable methods for fu-
ture optical investigations of diesel-piloted ammonia combustion. Focusing
on wavelengths that capture NH2* CL is suggested for cases with low soot
formation, as they o�er a strong signal, mainly from the �ame front during
ammonia combustion. Although UV �ame emissions are much stronger during
pilot combustion, cases with strongly sooting diesel combustion might require
observing wavelengths in the UV range. The best option available is the obser-
vation of established OH* CL wavelengths (around 308 nm), as they o�er the
strongest absolute and relative signal during ammonia combustion. Observing
the wavelengths relevant for NH* CL (around 336 nm) is not recommended,
as diesel UV broadband emissions are strong relative to the intensity of the
narrow NH* peak in this range.

7.3 Temporal Evolution of Background Corrected In-

tensities

Isolating the contribution of single species to �ame emissions enables a pro-
found discussion of their evolution during combustion. The data presented in
this section is derived according to the procedure described in Section 5.2.3.

Figure 7.6 a shows the temporal evolution of background corrected intensi-
ties of OH*, NH2*, and broadband luminosity in the lower reactivity case
OP3. Each intensity is normalized with its highest value. OH* and broadband
luminosity rise sharply after diesel ignition at t ≈ 750 µs, with broadband lu-
minosity reaching its �rst peak slightly earlier. Both intensities start declining
almost immediately, as pilot injection ends at t = 520 µs, and no new diesel
fuel is supplied to the reaction zone. At t ≈ 900 µs, NH2* intensity increases
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as ammonia starts reacting. Starting from t ≈ 1600 µs, broadband luminosity
and NH2* intensity correlate strongly, indicating that the �ame luminosity
results from ammonia combustion only. Therefore, the background corrected
intensities corroborate the �ndings inferred from the raw spectra presented
in Section 7.1 and 7.2. After a short pure pilot combustion phase, the �ame
transition occurs in which both fuels contribute to combustion. However, the
heat release during this transition phase is low (see Figure 7.2). The main
part of heat release occurs during ammonia-only combustion.

Figure 7.6: Temporal evolution of background corrected CL intensities. Top:
OH*, NH2*, and broadband luminosity for OP3. Bottom: OH*
and NH* for OP3 and OP4.

Furthermore, the strong correlation between NH2* peak intensity and broad-
band luminosity suggests that a signi�cant part of the ammonia �ame emis-
sions results from NH2* under the conditions investigated. The correlation
is particularly strong in the time interval t ≈ 1600 − 3300 µs. Afterward,
broadband luminosity intensity increases relative to the NH2* intensity, which
indicates the increasing importance of other �ame emissions, such as NO2*
CL. NH2 mainly occurs close to the �ame front, as converting ammonia to
NH2 via hydrogen abstraction is generally the �rst step of most ammonia
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oxidation mechanisms [131]. Therefore, the visible �ame emissions of the am-
monia spray �ame are a suitable indicator for the �ame front during ammonia
combustion. The �ndings align with a recent study on visible ammonia �ame
emissions from atmospheric burner �ames. Weng et al. [123] found that NH2*
radiation is the main source of CL at the �ame front for fuel-rich and fuel-
lean �ames. In the post-�ame zone, NH2* is the main contributor to �ame
emissions for fuel-rich �ames, while NO2* radiation is the most important
contributor under fuel-lean conditions. Equivalence ratios are non-uniform for
spray combustion and subject to temporal and spatial variations. However,
the general trend as combustion progresses and the lift-o� length increases
is a shift from conditions that show more NH2* radiation (high equivalence
ratios, smaller amount of gas in post-�ame zone) to conditions that show more
NO2* CL (lower equivalence ratios, more gas in post-�ame zone). In full en-
gines, the pressure and temperature rise due to combustion usually leads to
ongoing reactions in the burned charge, e.g. caused by shifts in the chemical
equilibrium. Owing to the low fuel mass supplied by the single-hole injectors,
this pressure rise due to combustion is low in the RCEM. Therefore, practical
engines may show more intense chemiluminescence in the burned zone.

Figure 7.6 b shows the background corrected OH* and NH* intensities of both
operating points investigated. The intensities are obtained by analyzing the
UV spectra (grating 2), as sooting diesel pilot combustion at OP4 prohibits the
investigation of longer wavelengths. As di�erent image intensi�er gains impede
the direct comparability of the intensities of the two operating points, both
intensities are normalized with the highest value of OH* intensity occurring
for the respective operating point.

The pilot ignition delay is shorter for OP4 due to more reactive conditions,
which results in an earlier onset of OH* CL and heat release (see Figure 7.2).
The HRR of OP4 shows a more prolonged delay between pilot combustion and
ammonia combustion due to the earlier pilot ignition. While the shape of OH*
CL intensity is similar for both cases, the absolute OH* intensity was much
higher for OP4 due to higher temperatures. Higher combustion temperatures
in OP4 result from higher air temperature and higher equivalence ratios due
to less mixing of fuel and air during the shorter ignition delay. A slightly

97



Optical Characterization

earlier onset of NH* emissions for OP3 can be attributed to lower charge
air density and the resulting faster spray penetration, as is apparent from
well-known spray penetration correlations (e.g. [8, 47]). NH* CL intensity is
lower for OP4 than OH* intensity due to the more intense OH* CL mentioned
above. Both NH* intensities peak twice, directly after ammonia ignition and
before the peak HRR. While the second peak is expected based on ammonia
combustion intensity, the �rst peak is thought to result from increased NH
production as entrained diesel combustion products lead to higher combustion
temperatures [101]. Furthermore, the high OH concentration produced during
diesel combustion increases NH concentration via the reaction NH2 + OH →
NH + H2O [90]. As expected, temperature, pressure, equivalence ratio, and
strain rate variations prohibit any direct correlation between HRR and CL
intensity.
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8 Mixture Formation and Flame

Stabilization

The optical investigations introduced in Section 7 reveal that ammonia sprays
fail to stabilize at a certain distance from the injector nozzle. This section in-
vestigates the spray stabilization behavior in more detail. For this purpose,
experiments with di�erent injection pressures and spray velocities are con-
ducted, and the resulting lift-o� length evolutions are analyzed. Furthermore,
1-D spray model results reveal equivalence ratios and temperatures in the
ammonia sprays, which helps to interpret the results.

The �rst section validates the spray model against experimental data for
gaseous penetration and stationary liquid length for two di�erent ammo-
nia nozzles. Then, the experimentally determined lift-o� length evolutions
are presented and discussed. The subsequent section shows the equivalence
ratio and temperature distributions within the ammonia sprays employed.
Subsequently, the e�ect of the determined temperature and equivalence ratio
distributions on ammonia's �ame stabilization behavior is scrutinized. The �-
nal subsection discusses the implications of non-stabilized ammonia �ames on
combustion characteristics and pollutant formation behavior. The high depen-
dency of ammonia spray combustion on pilot interaction observed in Chapter
7 is highlighted in particular.

8.1 Mixture Formation Model Validation

This section compares gaseous penetration and liquid length predictions with
experimental results to validate the 1-D model. The validation is conducted at
OP4 for the 0.94 mm and the 0.98 mm ammonia nozzle at injection pressures
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of 530 bar and 265 bar, respectively (see Table 4.2). The injection con�gura-
tion used for the 0.94 mm nozzle matches the con�gurations used in Chapters
6 and 7. The con�guration used for the 0.98 mm nozzle represents the case
with the lowest injection pressure used for the combustion experiments in this
chapter (see Section 8.2).

The maximum gaseous penetration curve (obtained by SG) and the maximum
liquid penetration over time (obtained by MS) are measured three times each
and compared with the modeled penetration and stationary liquid length for
the two test cases presented. Owing to the blocking of the optical trajectory
by the injector body, it was possible to determine gaseous penetration only
after reaching a penetration of 18 mm. Liquid penetration could be determined
only after reaching more than approximately 25 mm, as the laser sheet did
not extend over the entire combustion chamber to avoid laser re�ections onto
the camera sensor. The combustion chamber is �lled with air, as no ignition
occurred under the conditions investigated.

Figure 8.1 shows that the experimental and model results correlate well for
both test cases. Liquid penetration reaches stationary values after penetrating
similarly to gaseous penetration in the early injection phases. Although pre-
dicted in the literature (e.g. [16]), liquid over-penetration over the stationary
value owing to a fuel-rich head vortex is not observed, which correlates with
other experimental observations [118, 132]. Because of turbulence, the exper-
imentally determined liquid length shows �uctuations around its stationary
value. Overall, the correlation su�ciently validates the spray model for the
conditions investigated. The spray model can be applied to di�erent injection
pressures, as injection pressure does not in�uence mixture composition at a
speci�c position under diesel-like conditions [48, 52, 105]. The injection pres-
sure does, however, in�uence the temporal evolution of equivalence ratios in
sprays. The model provides spray properties that are not readily accessible
via experimental means, such as equivalence ratio and temperature distribu-
tions within the spray. These properties explain ammonia spray combustion
behavior in Section 8.4.
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8.2 Combustion Experiments

Figure 8.1: Experimental results at OP4 for ammonia penetration, liquid
length, and spray angle, as well as model predictions for pene-
tration and stationary liquid length for the 0.94 mm nozzle at
530 bar with an injection mass of 210 mg (left) and the 0.98 mm
nozzle at 265 bar with an injection mass of 125 mg (right).

8.2 Combustion Experiments

The combustion experiments presented in this chapter employ injec-
tion pressures and injection masses of 265 bar/125 mg, 360 bar/160 mg,
460 bar/190 mg, and 560 bar/220 mg to evaluate the in�uence of spray veloc-
ities on the lift-o� length evolution. The experiments use the 0.98 mm nozzle
to inject ammonia 0.5 ms after a 5 mg diesel pilot injection for 2.7 ms with a
slightly converging spray interaction angle of α = −7.5◦ at OP4.

Figure 8.2 shows superimposed SG and OH* CL images of a diesel-piloted
ammonia combustion case. The superposition of OH* and SG images allows
the direct spatial correlation of information contained in both images. Diesel
is injected �rst (at t = −500µs) and emits soot luminosity and OH* radiation
after auto-ignition. As a result of converging spray angles, the ammonia spray
is covered by the diesel cloud. It is barely visible until its penetration exceeds
the penetration of diesel at t = 804µs.
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Figure 8.2: Simultaneously acquired and superimposed SG and CL images
of diesel-piloted ammonia combustion at OP4 with 190 mg am-
monia (injection pressure of 460 bar, 0.98 mm nozzle).
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8.2 Combustion Experiments

The burning ammonia spray impinges on the cylinder wall at t = 1804µs.
After the end of ammonia injection at t = 2700µs, OH* intensity slowly
declines. Owing to di�erent OH* intensities during combustion, the images are
brightness-corrected to render the combustion event visible at all times (see
Section 5.2.2). Brightness is corrected by potentiating each pixel's intensity
value with 0.5 at t < 1000µs and 0.3 at t > 1000µs. The image taken
at t = 999µs is shown after correction with both values in Figure 8.2 for
illustration purposes.

Figure 8.3 shows HRRs, mean OH* intensities, lift-o� lengths, and
parametrized injection mass �uxes of diesel and ammonia for the four cases
investigated. The results are based on two repetitions for the 190 mg and
220 mg cases and three repetitions for the 125 mg and 160 mg cases. Due to
lower spray velocities, the heat release is strongly delayed for the lower injec-
tion pressures, as the ammonia sprays only interact with diesel products after
some time. The time of maximum HRR coincides with the �rst contact of
ammonia with the cylinder wall, which hints at quenching e�ects (see Figure
8.2).

The mean OH* CL intensities of all pixels within the region shown are normal-
ized with their highest value during combustion. The CL intensity increases
after the start of diesel combustion until its maximum value is reached. Sub-
sequently, due to interaction with the ammonia spray and increasing diesel
burnout, OH* intensity decreases until it stabilizes at a much lower level dur-
ing ammonia combustion. The decline of the CL intensity is faster at higher
injection pressure and accompanied by a faster rise in HRR. This faster rise
indicates earlier and more intense interaction between diesel and ammonia at
higher injection pressures. OH* intensity eventually fades out when the HRRs
decline.

The lift-o� lengths are examined to evaluate the spray stabilization behav-
ior. This examination is only possible after the strong OH* intensity caused
by diesel combustion has declined. Therefore, Figure 8.3 only shows lift-o�
lengths after t = 1000µs to t = 2000µs, depending on the combustion case.
For all four ammonia injection pressures, the lift-o� length increases almost
linearly over time, even after the end of ammonia injection, until the OH*
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Figure 8.3: Normalized mean OH* intensities (top), lift-o� length evolu-
tions (top), averaged HRRs (middle), and parametrized injec-
tion mass �uxes of diesel and ammonia (bottom) for ammonia
mass and injection pressures of 125 mg/265 bar, 160 mg/360 bar
190 mg/460 bar and 220 mg/560 bar.

intensities become too weak to be detected reliably. The increase in lift-o�
length is slightly faster for higher ammonia injection pressures. This contin-
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uous increase indicates that diesel-piloted single ammonia spray �ames can-
not stabilize under engine-relevant conditions and time frames. However, the
blow-o� is slow, and combustion is not completely quenched. The drift ve-
locity of the �ame front increases from approximately 15 m/s at 265 bar to
18 m/s at 560 bar. This increase is much less than expected based on the in-
crease in injection velocity, which is proportional to the square root of the
relative injection pressure according to Bernoulli's equation. When assuming
a counter-pressure of 125 bar, the injection velocity increases by 76% when
increasing the injection pressure from 265 bar to 560 bar. The 76% also closely
match the experimentally determined increase in injection mass from 125 mg
to 220 mg when increasing the injection pressure from 265 bar to 560 bar.

8.3 Mixture Formation

Figure 8.4 shows modeled ammonia spray equivalence ratios, gas phase tem-
perature contours, as well as center line and radially averaged values along
the spray axis. The results are valid for stationary, non-reacting ammonia
sprays, which approximate the state within the examined ammonia sprays up
to their lift-o� length. The results are valid independent of injection pressure
as argued in Section 8.1. Therefore, all experimental conditions employed in
Section 8.2 are covered. The maximum depicted axial distance from the nozzle
exit of 80 mm is close to the maximum observed lift-o� length (see Figure 8.3).
Complete vaporization occurs for equivalence ratios of φ = 3.17. On the spray
axis, this equivalence ratio is reached at a distance of 40 mm from the nozzle
exit, which determines the liquid length (see Section 8.1). When considering
the radially averaged equivalence ratio, stoichiometric conditions are already
reached at a distance of 31 mm from the nozzle exit, which is signi�cantly up-
stream of the liquid length. However, central regions remain fuel-rich further
downstream. The kink, which is visible in the center line equivalence ratio at
15 mm, results from the completion of the transition from a top-hat pro�le to
a fully developed jet (see Section 5.3). Vaporization occurs at 361 K, while sto-
ichiometric conditions are reached at 640 K. Even at equivalence ratios of only
φ = 0.1, the temperature does not exceed 877 K, which is below the minimum
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auto-ignition temperature of ammonia of 924 K (see Table 3.1). Generally, re-
gions near the nozzle exit are cold and may not have evaporated. Therefore,
signi�cant heat input is required to reach reactive conditions. Further down-
stream, the spray quickly becomes leaner, which results in signi�cant thermal
ballast due to the additional air entrainment. As a result, product tempera-
tures after or during combustion decrease.

Figure 8.4: Modeled equivalence ratio contours and temperature contours
(top), as well as center line and radially averaged equivalence
ratios and gas phase temperatures (bottom) for the ammonia
sprays examined.
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8.4 Spray Stabilization by Auto-Ignition

Furthermore, the conservation of momentum yields a mixture velocity for
each equivalence ratio. The stoichiometric air demand of ammonia is 6.05
kgair/kgfuel (see Table 3.1). Therefore, the average convective jet velocity at
stoichiometric conditions can be estimated by dividing the ammonia injection
velocity by 7.05 (see Figure 5.9). This calculation results in an average stoi-
chiometric mixture velocity of approximately 20 m/s and 35.2 m/s at injection
pressures of 265 bar and 560 bar, respectively. Therefore, average convective
jet velocities at stoichiometric conditions are only slightly higher than the
�ame front drift velocity for the low injection pressure case. However, the
�ame drift velocity does not increase adequately with increasing convective
jet velocities due to higher injection pressures. This discrepancy suggests that
additional e�ects apart from triple �ame propagation must slow the �ame
drift down. This simple estimate neglects the intense turbulent �ow in sprays.
These e�ects cause the local �ow velocity to di�er signi�cantly from the mean
�ow velocity. DNS simulations by Tagliante et al. [73] even show that triple
�ames in the shear layer of diesel sprays do not propagate preferentially in the
upstream direction as turbulence strongly distorts the �ow �eld. Therefore,
a potential contribution of triple �ame propagation to �ame stabilization is
unlikely.

8.4 Spray Stabilization by Auto-Ignition

A linear and slow increase of lift-o� lengths has already been observed for
diesel sprays ignited by laser-induced plasma upstream of their naturally oc-
curring lift-o� length [133]. From their �ndings, Picket et al. suggest a stabi-
lization mechanism based on auto-ignition by re-entrainment of combustion
products, owing to turbulent mixing at the jet edges (see Sections 2.3 and 3.2).
The information on equivalence ratios and temperatures within the ammonia
sprays (see Figure 8.4) provides insight into the mechanisms inhibiting �ame
stabilization for the sprays investigated in this chapter in more detail than
based only on theoretical considerations (see Section 3.2). The range between
approximately 20 mm and 70 mm is of particular interest, as the �ame's lift-
o� length evolution covers it. In this range, the thermodynamic states within
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the investigated sprays reveal two mechanisms that inhibit �ame stabilization
by auto-ignition, schematically depicted in Figure 8.5.

Figure 8.5: Temperature constraints for �ame stabilization by auto-ignition
for diesel and ammonia. 1O: cold educts, owing to high latent
heat of vaporization and low air entrainment in upstream re-
gions of the spray. 2O: low product temperature, owing to lean
equivalence ratios in downstream regions of the spray. Adapted
from [17].

First, in regions close to the nozzle exit, evaporative cooling leads to low reac-
tant temperatures Treac,NH3

due to the large latent heat of vaporization. Due
to the high auto-ignition temperature of ammonia, the temperature di�erence
to the auto-ignition temperature ∆Treac,NH3

is high. As a result, the amount
of hot combustion products that has to be re-entrained into the spray to reach
this temperature exceeds the stationary supply, and the �ame starts drifting
downstream. Second, thermal ballast increases in regions downstream of stoi-
chiometric conditions, which lowers the product temperature Tprod,NH3

. There-
fore, ∆Tprod,NH3

decreases and, once again, the mixing requirements for auto-
ignition increase. Although reactant temperatures are higher for these longer
lift-o� lengths, the �ame still cannot stabilize. The drifting lift-o� length ob-
served in the experimental results (see Section 8.2) covers lift-o� lengths be-
tween 20 mm and 70 mm. This range includes the near-nozzle regions, where
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cold gases and liquid ammonia prevail, and downstream regions, where radially
averaged equivalence ratios are lower than φ = 0.5. Therefore, it is unlikely
that ammonia sprays would stabilize by auto-ignition further downstream, as
equivalence ratios and product temperatures would decrease further. For com-
parison, Figure 8.5 also includes the states within a diesel spray at an arbitrary
lift-o� length. The diesel states show a lower auto-ignition temperature and
hotter product and reactant temperatures. This con�guration enables the hot-
ter reactants to reach auto-ignition temperature with much less entrainment
of hot combustion products for the same charge air temperature. Increasing
charge air temperatures increases both reactant and product temperature.
Therefore, above a certain air temperature, ammonia sprays will stabilize.

The presence of diesel products from pilot combustion will result in a small
reservoir of hot diesel products with a temperature that exceeds Tprod,NH3

.
Therefore, in the experiments conducted, �ame stabilization is facilitated com-
pared to pure ammonia spray combustion. As ammonia sprays could not sta-
bilize in the experiments, pure ammonia sprays will also not stabilize under
the investigated conditions without diesel products. Investigations in the same
RCEM, which used methanol or methane as main fuels for HPDF combustion,
observed attached �ames with no signi�cant changes in lift-o� lengths during
combustion, even at less reactive charge conditions of only 75 bar and 780 K
[70, 134].

8.5 Implications on Combustion Characteristics and

Pollutant Formation

The lack of a self-sustained, stabilized �ame explains the high dependence of
ammonia spray combustion on interaction with the diesel pilot injection ob-
served in Chapter 6. While the �ame of more reactive fuels, such as methane
and methanol, spreads upstream and attaches to the injector independently of
the ignition location [70, 134], ammonia combustion depends on the ignition
location and the presence of hot combustion product reservoirs originating
from earlier combustion phases. These combustion product reservoirs may
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originate from pilot fuel combustion, as well as from earlier ammonia com-
bustion itself. For example, parallel or diverging spray angles α result in a
di�erent location of diesel combustion products during ammonia injection,
where less interaction with the ammonia spray occurs. Therefore, a smaller
amount of hot combustion products is available for mixing with ammonia.
The detrimental e�ect of smaller pilot amounts can be explained by similar
reasoning. Lower compression ratios inherently increase mixing requirements
due to lower mixture temperatures. In summary, ammonia spray combustion is
path-dependent under the investigated conditions; earlier combustion phases
in�uence later phases. In contrast, more reactive fuels propagate upstream
after pilot ignition and attach to the injector, which eliminates the in�uence
of the earlier combustion phases, making the process path-independent.

The observed gradual blow-o� leads to high lift-o� lengths in later combustion
phases. As a result, the regions upstream of the lift-o� length remain unburned
or partially unburned, which favors high unburned ammonia emissions. As fuel
mass in the spray increases with the square of the distance to the nozzle exit
[135], the extensive lift-o� lengths cause a high potential for unburned fuel in
the wake of ammonia sprays. Unburned fuel emissions originating in the wake
of diesel fuel sprays present an issue for low-temperature diesel combustion,
where high lift-o� lengths occur [59]. Furthermore, combustion shifts to lean
conditions for higher lift-o� lengths, which may be unfavorable in the case
of ammonia combustion, as fuel-rich conditions cause lower NO emissions
(see Section 3.4). In addition, the greenhouse gas N2O may originate in low-
temperature regions, i.e. the wake of the fuel spray [136] and the lifted lean
reaction zone.

Based on the presented results, a diesel fuel post- or intermediate injection is
suggested to reduce unburned ammonia emissions by supporting burnout in
the wake of the ammonia spray. Chapter 9 investigates this new combustion
strategy in detail. Furthermore, preheating ammonia before injection o�ers the
possibility of reducing liquid length and obtaining hotter fuel/air mixtures at
the same distance from the nozzle exit. For an increase in fuel temperature of
only 50 K, from 293 K to 343 K, the mixing-limited model predicts a decrease
of liquid length of about 20% under the conditions investigated. Increasing fuel
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temperature on liquid length is powerful when ammonia is used as fuel, as the
temperature at which vaporization occurs is low (e.g. 361 K at the conditions
investigated). The e�ect of preheating ammonia is discussed using a Φ − T
map in Section 3.4. As observed by [133], measures that reduce natural lift-o�
length might reduce the velocity at which the ammonia �ame is blown o�,
even if no �ame stabilization is possible within the space and time available.
Therefore, if the same mechanism as for diesel combustion determines ammo-
nia spray stabilization behavior, measures that reduce lift-o� length cause a
slower blow-o� or even a stabilized ammonia �ame. The results presented in
Section 8.2 indicate that a lower injection pressure, which reduces the natural
lift-o� length, decreases blow-o� velocity. However, the decrease in velocity
is lower than the decrease in convective jet velocities. In particular, higher
charge air temperatures during ammonia injection will facilitate the ammonia
�ame's stabilization behavior by increasing product and educt temperatures,
which decreases the mixing requirements to undergo auto-ignition substan-
tially. Therefore, large heavy-duty engines, featuring high compression ratios
and charge air temperatures, may perform much better using ammonia as fuel
than smaller engines with less reactive charge conditions.

While the investigations in this work employ single-nozzle injectors, engines
employ multi-jet injectors. As a result, additional e�ects might facilitate spray
stabilization compared to the RCEM. The proximity of a diesel spray to its
neighboring sprays in�uences the lift-o� length [74, 137]. In addition, lift-o�
lengths decrease continuously during injection (e.g. [74, 75]). This decrease
results from the entrainment of burned gases in the spray and the general
pressure and temperature rise due to combustion.
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9 Diesel Fuel Post-Injections

The lack of �ame stabilization of ammonia spray �ames analyzed in Chapter
8 leads to excessive lift-o� lengths at the end of injection (EOI). Therefore,
the potential for unburned ammonia emissions in the wake region of ammonia
sprays is signi�cant. This chapter explores diesel fuel post-injections (PIs) as
a measure to reduce unburned ammonia emissions originating in the ammonia
spray wake region.

The �rst section characterizes the diesel-piloted combustion of ammonia
sprays with diesel PIs by analyzing superimposed SG images, OH* CL im-
ages and HRRs. Then, the in�uence of PIs on the ammonia conversion rate is
presented. The �nal section discusses the e�ect of PIs on pollutant formation.
All results presented in this section are obtained at OP4 (125 bar, 920 K) us-
ing the 0.75 mm and the 0.98 mm ammonia nozzles at injection pressures of
435 bar and 265 bar, respectively (see Table 4.2).

9.1 Lift-O� Length Evolution

Figure 9.1 shows combined SG and CL images of the combustion events for
the 0.75 mm nozzle using 435 bar injection pressure. One case is without PI,
while the other three cases feature di�erent PI timings (starting at t = 1.2 ms,
t = 2.2 ms, t = 3.2 ms). The experiments use 5 mg diesel fuel pilot injections
via the 0.2 mm nozzle followed by a 125 mg ammonia injection with 435 bar
after 0.5 ms. In this section, the PI amount is also 5 mg. The spray interaction
angle is α = −7.5◦. The post- or intermediate injection at t = 1.2 ms is
centered on the ammonia injection. For the PI at t = 2.2 ms, EOI ammonia
and EOI diesel coincide. The late PI at t = 3.2 ms starts after EOI ammonia.

After ignition by the diesel pilot injection, the ammonia �ame gradually drifts
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9.1 Lift-O� Length Evolution

Figure 9.1: Combined SG and CL images of four diesel fuel injection cases
with an ammonia injection via the 0.75 mm nozzle. Left: No PI,
middle left: PI at t = 1.2 ms, middle right: PI at t = 2.2 ms,
right: PI at t = 3.2 ms. Blue circles indicate the �rst occurrence
of OH* CL due to the PI.
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o�, increasing the lift-o� length. Without any PI, this increase continues, even
after EOI at t = 2.7 ms (see Figure 9.1, left column). The timings of the �rst
three rows shown in Figure 9.1 correspond to the �rst frames, where OH*
radiation from the three di�erent PI timings is visible (t = 1.5 ms for the PI
at t = 1.2 ms, t = 2.6 ms for the PI at t = 2.2 ms and t = 3.8 ms for the PI
at t = 3.2 ms). The �ame drifts o� again after the PI ignites the ammonia
spray close to the nozzle. This drift leads to lower �ame lift-o� lengths during
combustion after the PI.

Figure 9.2 shows the HRRs, mass �uxes, and lift-o� lengths corresponding
to the four combustion cases introduced above. All HRRs show at least two
distinct peaks. The �rst peak results from diesel pilot combustion, while the
second, more prominent peak is mainly due to ammonia combustion. In some
cases, the combustion due to the diesel PI superimposes this second peak.
After each PI, HRRs increase signi�cantly. This e�ect is particularly strong
for the two earlier PI timings, where the interaction with the ammonia spray
is stronger and more additional ammonia combustion is induced. The lift-o�
lengths generally increase in an almost linear manner. During each PI, the
lift-o� lengths drop before increasing again.

9.2 Ammonia Conversion

This section uses the conversion rates introduced in Section 4.4 to discuss
the e�ect of PIs on ammonia conversion. Figure 9.3 shows averaged ammonia
conversion rates for a series of PI timings and a reference case without PI.
The error bars indicate the measured ranges of conversion rates. The right
part of Figure 9.3 shows the results obtained with the 0.75 mm nozzle, which
correspond to the SG and CL images in Figure 9.1 and the HRRs and lift-o�
lengths in Figure 9.2. The left part shows results obtained with the 0.98 mm
nozzle, 265 bar injection pressure, and 125 mg ammonia (see Table 4.2). Three
additional PI timings are investigated for the 0.98 mm nozzle. The diesel pilot
injection in the reference case without PI is twice as large as the pilot injection
in cases with PIs (10 mg) to compare ammonia conversion rates with the same
amount of diesel fuel injected. The ammonia conversion rate increases for all
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Figure 9.2: HRRs and fuel mass �uxes (top), as well as lift-o� lengths (bot-
tom) of four di�erent diesel fuel injection cases with an ammonia
main injection via the 0.75 mm nozzle.

PIs investigated compared to the reference case without PI. Early PIs or
intermediate injections have a smaller e�ect on reducing unburned ammonia
emissions. For both injection cases, the maximum conversion rates occur for
PIs that start at t = 2.2 ms and end almost simultaneously with EOI ammonia
at t = 2.7 ms. For this timing, the ammonia lift-o� is reduced close to zero
at EOI. For the higher injection pressure case using the 0.75 mm nozzle, a
smaller reduction of unburned ammonia is observed for the latest PI timing.
This e�ect results from weaker interaction of the late diesel PI with ammonia
due to higher injection pressure and higher spray velocities of the ammonia
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spray in this case.

Figure 9.3: Conversion rate of ammonia for di�erent diesel injection cases
(left: 0.98 mm nozzle with an injection pressure of 265 bar, right:
0.75 mm nozzle operated with 435 bar). The case without PI
features a 10 mg diesel pilot injection, while cases with PI feature
a 5 mg diesel pilot followed by a 5 mg PI.

The e�ect of di�erent PI amounts (3 mg, 5 mg and 10 mg) on ammonia conver-
sion is evaluated in Figure 9.4 for injection case A. The PI timing is constant
at t = 2.2 ms, which is the most e�ective (see above). The conversion rates dif-
fer only slightly between the cases. Besides the smaller diesel amount, smaller
PIs lack momentum, as the needle does not fully open. Therefore, small PIs
will not penetrate into the ammonia spray as quickly and thoroughly as larger
PIs.

The results suggest that the reduction in unburned ammonia is not only due
to additional diesel fuel supporting ammonia combustion, but rather due to
the reduction of the ammonia lift-o� length. Therefore, PIs that reduce the
lift-o� length close to zero during EOI ammonia have the strongest impact
independent of their size.
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Figure 9.4: Ammonia conversion rates for three di�erent diesel fuel PI
amounts (0.98 mm nozzle). The PI starts at t = 2.2 ms after
SOI ammonia.

9.3 Pollutant Formation

To investigate the e�ect of PIs on pollutant formation, the injection case with
a 5 mg pilot injection followed by a 5 mg diesel PI at t = 2.2 ms, which reduce
unburned ammonia emissions the most (see Section 9.2), is compared to cases
with pilot injections only (5 mg and 10 mg). Figure 9.5 shows the correspond-
ing production rates of NO, NO2, NOx, N2O, as well as HRRs and fuel mass
�uxes for the two nozzles examined in this chapter. The HRRs generally rise
faster for the larger 10 mg pilot injection. The faster initial rise is due to the
larger amount of diesel. In addition, the main peak due to ammonia combus-
tion also occurs earlier. This behavior indicates that the onset of ammonia
combustion is facilitated by larger pilot amounts, as already shown in Sec-
tion 6 for a broader range of pilot injection characteristics. The PIs cause an
additional peak in HRR shortly after their injection. Peak HRRs are gener-
ally higher and earlier for the 0.75 mm nozzle operated with higher injection
pressures, although injection duration and supplied LHV are kept constant.
This e�ect is due to an earlier and more intense interaction of the ammonia
spray with diesel combustion products. The ammonia spray injected with a
higher injection pressure will penetrate faster, and its interaction with the
earlier injected diesel pilot increases. During later combustion phases, when
the ammonia �ame is signi�cantly lifted from the nozzle, the faster velocity of
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the ammonia injected with higher pressure will enable the ammonia to reach
the combustion zone earlier, reducing the combustion duration. In addition,
increased turbulence and better atomization might facilitate combustion for
the higher injection pressure employed with the 0.75 mm nozzle.

NOx emissions are lower for the 0.75 mm nozzle if no PIs are employed. If PIs
are employed, NO2 emissions increase for both injectors. This increase is more
prominent for the 0.75 mm nozzle, where NO2 emissions rise by a factor of
approximately 4. As NO emissions decrease slightly for the cases with PIs, the
overall increase in NOx emissions is small for the 0.98 mm nozzle. In contrast,
overall NOx emissions increase for the 0.75 mm nozzle. PIs do not signi�cantly
in�uence N2O emissions.

The main mechanism for NO2 formation in combustion systems is NO oxida-
tion. Adding small quantities of hydrocarbon fuels to NO-containing mixtures
at low to intermediate temperatures promotes this conversion [138�140]. Long-
chained alkanes are particularly e�ective in oxidizing NO to NO2 due to a high
rate of production of hydroperoxyl radicals (HO2) [139, 140]. The PI of diesel
in the wake of the ammonia spray can supply the required HO2 radicals to
the NO formed by ammonia combustion. As the PI occurs late, lower charge
temperatures during the expansion stroke facilitate the conversion of NO to
NO2. In addition, the ammonia/air mixture is cooler than the ambient charge
temperature due to the high enthalpy of ammonia vaporization.

The additional NOx formed when using PIs cannot result from diesel com-
bustion, as the 10 mg pilot injection, which burns under higher temperatures
closer to TDC, showed less NOx emissions compared to the case with 5 mg
smaller pilot and a 5 mg PI. NOx emissions mainly form in lean combustion
zones for ammonia combustion, as apparent from the Φ−T maps presented in
Section 3.4. Therefore, the additional diesel PI must lead to lean combustion
of ammonia or the ammonia/diesel mixture, particularly for the 0.75 mm noz-
zle. It is well known from low-temperature diesel combustion that mixtures
in the wake region lean out rapidly after EOI [59]. Figure 9.6 shows average
equivalence ratios in the ammonia spray region upstream of the lift-o� length
at EOI and the fuel mass in this region. The quantities are obtained using
the 1-D spray model presented in Section 5.3. The input parameters used in
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Figure 9.5: Production rates, HRRs, and fuel injection mass �uxes for 5 mg
(blue) and 10 mg (orange) pilot injections without PIs, and for a
5 mg pilot injection followed by a 5 mg PI at t = 2.2 ms (green).
(a): HRRs 0.98 mm nozzle, (b): HRRs 0.75 mm nozzle, (c): pro-
duction rates 0.98 mm nozzle, (d): production rates 0.75 mm
nozzle.
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this section are listed in Appendix B. The lift-o� length of the injection case
using the 0.75 mm nozzle at EOI ammonia is approximately 50 mm (see Fig-
ure 9.2), while the reaction zone of the 0.98 mm is only lifted about 40 mm
from the nozzle exit at EOI (see Figure 8.3). The absolute ammonia mass in
the considered regions is similar for both cases. First, the fuel mass increases
as the ammonia spray penetrates into the considered volume. The stationary
value (at t ≈ 1 ms) is initially exceeded due to the jet head vortex. As the
injection mass �ux ramp-down begins, the fuel mass in the considered volume
starts to decrease. Under stationary conditions, the average equivalence ratio
in the considered volume is slightly lean for the 0.75 mm nozzle (Φ = 0.82),
while it is fuel-rich for the 0.98 mm nozzle (Φ = 1.34). The fuel mixtures
become leaner during the injection rate ramp-down. The average mixture is
signi�cantly lean for the 0.75 mm nozzle at EOI ammonia (Φ = 0.64), while it
is close to stoichiometry for the 0.98 mm nozzle (Φ = 0.99). The diesel PI will
mix with the ammonia in the wake region and increase its equivalence ratio.
However, the average mixture remains lean, even when adding the entire 5 mg
diesel of the PI to the ammonia in the wake region of the 0.75 mm nozzle case.

Figure 9.6: Ammonia mass and equivalence ratios over time in the spray
volume between nozzle exit and lift-o� length at EOI (40 mm
for the 0.98 mm nozzle, 50 mm for the 0.75 mm nozzle).

PIs increase the ammonia conversion rate by approximately 10% for the
0.98 mm nozzle, corresponding to 12.5 mg of ammonia. Therefore, a signif-
icant fraction of the ammonia in the wake region (30 mg at t ≈ 2.7 ms)
remains unburned if no PIs are employed. If this ammonia is burned addi-
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9.3 Pollutant Formation

tionally due to PIs, its combustion is lean and causes the observed increase in
NOx emissions. Although pollutant formation depends on the local mixture
composition, which is subject to radial and axial gradients in sprays, as well
as to turbulent �uctuations, the estimate conducted in this section shows that
the potential for additional NOx formation in the wake region is higher for
the injection case using the 0.75 mm nozzle compared to the 0.98 mm nozzle
case due to lower average equivalence ratios.
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10 Summary and Conclusions

This study investigates the diesel-piloted combustion of ammonia sprays under
conditions relevant to internal combustion engines. Using ammonia as engine
fuel lowers CO2 emissions and reduces the climate impact of transportation
or power generation. The high-pressure direct injection of ammonia sprays
potentially decreases unburned ammonia emissions and increases e�ciency
compared to other combustion processes. However, the physical properties of
ammonia pose considerable challenges for using it as fuel for high-pressure
direct injection. Scrutinizing the impact of ammonia's physical properties and
combustion chemistry on mixture formation, �ame stabilization, and pollutant
formation reveals the following key challenges:

� Ammonia/air mixtures are cold and unreactive.

� Flame stabilization is impeded.

� Air pollutants form in fuel-lean conditions already at low temperatures.

However, Φ − T maps indicate that slightly fuel-rich combustion minimizes
air pollutant formation during combustion. Therefore, optimum combustion
strategies for ammonia sprays should aim at higher charge temperatures and
more fuel-rich conditions compared to conventional fuels.

Initial experiments with single ammonia sprays ignited by diesel pilot injec-
tions in a rapid compression-expansion machine (RCEM) con�rm the feasi-
bility of the combustion process by analyzing the heat release rates (HRRs).
A systematic variation of the temporal and spatial interaction of the am-
monia and pilot spray reveals that combustion with high conversion rates
requires a strong interaction between pilot fuel and ammonia. However, even
at full-load conditions, the pilot fuel's ignition is suppressed if it interacts too
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strongly with ammonia before ignition. The adverse e�ect of part-load condi-
tions is particularly prominent, and mis�ring of ammonia occurs at low-load
conditions. Varying pilot characteristics strongly impact ammonia combus-
tion, e.g. small pilots delay the heat release of ammonia. The comparison
with methane combustion from previous studies under similar conditions by
Fink et al. [70, 111] highlights the comparably high importance of ammonia's
interaction with the pilot injection.

Spectroscopic investigations unravel the contributions of diesel pilot and am-
monia to combustion by revealing the �ame's time-resolved spectral footprint.
Diesel-related �ame emissions disappear before the main share of heat release
occurs. Instead, only ammonia-related combustion species (NH2*, NH*, OH*,
NO2*, H2O*) contribute to the �ame emissions during the most intense phase
of combustion, which indicates that combustion of residual pilot fuel does not
support the ammonia �ame. OH* CL and visible �ame emissions, which con-
sist mainly of NH2* CL, are identi�ed as suitable �ame markers for optical
studies investigating ammonia spray combustion.

The optical studies reveal that the ammonia spray �ame cannot stabilize at a
�xed distance from the nozzle exit under the conditions investigated. Instead,
the ammonia lift-o� length increases linearly after its ignition by the diesel
pilot injection. The drift velocity of the �ame only changes slightly with in-
creasing spray velocities, indicating some inertia inhibiting the �ame's drift
o�. A validated mixing limited 1-D spray model yields temperature and equiv-
alence ratio distributions within the examined ammonia sprays. The model
reveals that two states within the ammonia spray inhibit �ame stabilization
by the �ame stabilization mechanism observed for diesel sprays, which is the
re-entrainment of hot combustion products followed by auto-ignition:

� Close to the nozzle, mixture temperatures are low, owing to the high
latent heat of vaporization.

� At larger distances from the nozzle exit, equivalence ratios drop below
stoichiometry, and product temperatures decrease.

The lack of a stabilized �ame explains the strong dependence of ammo-
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Summary and Conclusions

nia spray combustion on pilot characteristics and interaction compared to
methane. While the �ame of more reactive fuels stabilizes at a �xed distance
after ignition by the pilot, the ammonia �ame drifts downstream starting
from the ignition location. Therefore, all later combustion phases depend on
the ignition location for ammonia.

The drift o� of the �ame causes extensive lift-o� lengths during later stages of
combustion, which creates considerable potential for unburned ammonia emis-
sions. This observation motivates diesel fuel post-injections (PIs) that induce
combustion of the ammonia spray's wake region. The PIs reduce unburned
ammonia emissions by up to 2/3 independent of their size. Optical imaging
and PI parameter variations reveal that the emission reduction results from an
induced reduction of the ammonia spray �ame's lift-o� length during the end
of ammonia injection. Therefore, PIs that reduce the lift-o� length to zero
at the end of ammonia injection show the most signi�cant e�ect. The 1-D
spray model reveals that the wake region is particularly lean, which explains
increasing NOx emissions when using PIs.

In summary, the investigated pilot-ignited high-pressure direct injection com-
bustion of ammonia is feasible. Large heavy-duty engines featuring high com-
bustion temperatures and long residence times are particularly suitable to
overcome the presented challenges.
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A Engineering Correlation on Liquid

Lengths of Arbitrary Fuels

The correlation presented by Higgins et al. [23] estimates liquid lengths of
arbitrary fuels. While absolute values of liquid lengths will depend on vari-
ous and often unknown parameters (e.g. nozzle parameters), the correlation
enables the comparison of di�erent fuels. The ratio of liquid length to nozzle
diameter is de�ned as follows:

Lliq

d0
= k AαBβ, (A.1)

where k is a constant depending, e.g. on the injector. The parameter A is the
ratio of fuel density to in-cylinder air density:

A =
ρf
ρa
. (A.2)

The parameter B includes e�ects resulting from the amount of air necessary
to vaporize the fuel:

B =
cp,f,liq(Tb − Tf) + hvap

cp,a(Ta − Tb)
, (A.3)

where cp,liq is the speci�c heat at constant pressure, Tb the boiling point
temperature, Tf the initial fuel temperature, hvap the latent heat of vaporiza-
tion of the fuel and Ta the temperature of the in-cylinder gases. Higgins uses
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the physical properties at ambient temperature and pressure for the correla-
tion. However, as ammonia is not liquid at ambient conditions, the physical
properties of ammonia are taken from the NIST database [18] at ambient
temperature and 10 bar. The used physical properties are listed in Table A.1.
Air properties are listed in Table A.2 and correspond to OP4 (920 K,125 bar).
Additional model parameters are listed in Table A.2.

Table A.1: Physical properties of ammonia (293 K, 10 bar), diesel (293 K,
1 bar), methanol (293 K, 1 bar). Properties from [18, 19, 22, 23].

Parameters Ammonia Diesel Methanol

hvap [kJ/kg] 1166 256 1101

Tb [K] 298 576 338

ρf [kg/m3] 610 870 792

cp,f,liq [J/kgK] 4742 3197 2504

Table A.2: Physical properties of air at TDC of OP4 [18] and parameters
used for the presented engineering correlation [23].

ρa [kg/m3] 47.4

Ta [K] 920

cp,a [J/kgK] 1138

k [−] 10.5

α [−] 0.58

β [−] 0.59

Tf [K] 293
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B Fuel Injection Velocity Pro�les

In the following, the inputs used for the spray model simulations conducted
in Section 9.3 are presented.

Figure B.1: Approximated injection velocity pro�les vs. injection velocity
pro�le from experimental volume �ux measurements for the in-
vestigations presented in Chapter 9.
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Table B.1: 1-D spray model input parameters for the investigations pre-
sented in Chapter 9.

Average ambient temperature during injection Ta [K] 915

Average ambient density during injection ρa [kg/m3] 44.5

Fuel density at 265 bar ρf [kg/m3] 630

Fuel density at 435 bar ρf [kg/m3] 641

0.75 mm Nozzle

Spray angle Θ [◦] 24

Absolute injection pressure Pinj [bar] 435

Nozzle diameter d [mm] 0.75

Area contraction coe�cient Ca [−] 0.81

Discharge coe�cient Cd [−] 0.6

0.98 mm Nozzle

Spray angle Θ [◦] 25.5

Absolute injection pressure Pinj [bar] 265

Nozzle diameter d [mm] 0.98

Area contraction coe�cient Ca [−] 0.81

Discharge coe�cient Cd [−] 0.51
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