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ABSTRACT

In view of reducing greenhouse gas emissions the transition from fossils fuels to sustainable energy carriers is a
prerequisite to keep global warming within tolerable limits. Since IC engines will continue to play a role in global
energy strategies during a transitional phase, especially for large engine applications difficult to electrify, the use
of ammonia as substitute fuel may be an approach for decarbonization. However, its utilization needs research
since ignition concepts and combustion properties still pose considerable challenges in view of reliable and
efficient operation. A new "optical engine" test facility ("Flex-OeCoS") has been successfully adapted enabling
dodecane pilot fuel ignited premixed ammonia dual-fuel combustion investigations. It features IC engine relevant
operation conditions such as pressures, temperatures, and flow (turbulence) conditions as well as adjustable
mixture charge composition and pilot fuel injection settings. In parallel, thermodynamic heat release analysis in
terms of ignition and combustion characteristics was performed. Simultaneously applied high-speed Schlieren/
OH* chemiluminescence measurements supported the examination of the combustion process. Initially premixed
ammonia dual fuel combustion has been compared to a representative methane combustion process in terms of
different gas properties (lower heating value, air-fuel ratio) which illustrates its lower reactivity affecting heat
release and flame propagation. Moreover, ignition delay, combustion transition, and turbulent flame propagation
as well as heat release characteristics have been investigated for premixed ammonia dual-fuel combustion within
variation of air-fuel equivalence ratio, start of pilot fuel injection, and pressure/temperature operation condi-
tions. The results illustrate strong dependency on air-fuel equivalence ratio (energy content) and temperature
conditions in terms of ignition delay, dual-fuel combustion transition, and corresponding heat release. The op-
tical investigations confirm the thermodynamic analysis and promote assessment of pilot fuel evaporation,
ignition, combustion transition, and flame propagation. Conclusions give extended insight into the thermo-
chemical processes of ammonia pilot fuel ignited dual-fuel combustion. The acquired data may also support
further development of numerical CRFD methods.

Introduction

carbon intensity and total annual greenhouse gas emissions will be
impossible without reverting to alternative fuels. Sustainable fuels can

The Paris Agreement, a legally binding international treaty on
climate change, aims at holding the increase in the global average
temperature to well below 2 °C above pre-industrial levels and pursuing
efforts to limit the temperature increase to 1.5 °C [1]. Consequently, the
transition from fossil fuels to sustainable energy carriers is one of the
necessities to keep global warming within tolerable limits. Reducing

be generated either through synthesis based on renewable energy or
from the processing of biological wastes and residues. The potential of
biofuels is limited in terms of quantity, where synthetic fuels are asso-
ciated with a price penalty depending on the refinement level.

Within global energy strategies IC engines will still play a role
especially in terms of large engines for propulsion application or for

Abbreviations: aHRR, apparent heat release rate; aHR, apparent heat release; AFR, air-fuel ratio; s,rp, Apparent flame propagation speed; CA, Crank angle; CFD,
Computational fluid dynamics; CH4, Methane; CI, Compression ignition; CR, Compression ratio; DI, Direct injection; DOI, duration of injection; DF, dual- fuel; GHG,
greenhouse gas; IC, Internal combustion (engine); ID, Ignition Delay; IMO, International Maritime Organization; LBV, Laminar burning velocity; LHV, Lower heating
value; LIV, Laser induced fluorescence; LPG, Liquefied petroleum gas; NH3, Ammonia; RON, Research octane number; SOI, Start of injection; TDC, Top dead center.
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decentralized power generation. As example, for future marine propul-
sion various technology pathways of IC engines and fuel systems have
been investigated, where a substitution of fossil fuels with ammonia (or
methanol) has been identified as an economically feasible route for
decarbonization [2]. Current concepts of gas engines are seen as good
basis for future solutions designed for operation on such alternative
fuels, provided they are produced with electricity from renewable en-
ergy sources. Even though the ammonia fuel application is not new, the
conversion of IC engines still providing comparable efficiency and
guaranteeing reliable operation, poses certain challenges.

Ammonia, a colorless, poisonous gas, has been known to humanity
since ancient times due to its pungent smell. But only with the advent of
modern science in the 18th century it was firstly isolated as substance,
soon after its molecular structure NHs was identified as well. With
beginning of the use and production of synthetic fertilizers in the 19th
century, interest in ammonia grew as possible source for nitrogen fixa-
tion. However, only after the invention of the Haber-Bosch process in the
1920s ammonia could be produced efficiently and in large quantities. By
way of the Oswald process, invented some years before, ammonia could
then be converted to nitric acid and used for the fertilizer production.

In 2020 about 175 million tons of ammonia have been produced as
one of the most fabricated chemicals in the world [3]. Today, about 80%
goes into fertilizer production, the rest is used as a base material for
various industrial products and as a refrigerant. Almost all hydrogen
used for ammonia production is coming from non-renewable sources
(~70% from natural gas, ~20% from coal). However, by producing
hydrogen with electrolysis, and by using newly developed ammonia
synthesis processes, it is possible to produce "green" ammonia with ef-
ficiencies comparable or even better than the classical Haber-Bosch
process [4,5].

Due to the scarcity of gasoline and diesel, ammonia was firstly used
on a larger scale as a combustion engine fuel in the second world war
[6]. Later in the 1960s, fear of possibly losing access to oil sources in
times of crisis led to research activities on how gasoline and diesel fuels
could be replaced. One of the promising candidates is ammonia, which
was intensively researched in different IC engine types [7-10]. How-
ever, only in the last decades the need to become independent of
carbon-based fuels led to renewed interest in ammonia, both as energy
(hydrogen) carrier and as directly used fuel. As energy carrier ammonia
has some striking advantages in comparison to hydrogen (which is the
favored substitute for carbon-based fuels nowadays): Although the en-
ergy content by mass is far lower than for pure hydrogen, its heating
content by volume is even higher than for liquid hydrogen (Table 1:
LHV @ storage conditions). Heating content by volume is the chal-
lenging factor for vehicles, even ammonia needs about three times the
volume of carbon-based fuels (identical efficiencies assumed) for the
same range. However, hydrogen requires even more space — especially if
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the tank itself (for 70 MPa pressure, or —253 °C temperature) is calcu-
lated in. Further, a transport infrastructure for ammonia already exists,
its handling is not much different than for LPG or propane. A disad-
vantage for applications requiring pure hydrogen is the fact that
ammonia must be cracked beforehand which requires additional infra-
structure [11,12]. Instead of extracting hydrogen before use, ammonia
can be directly used as a fuel as well.

A comparison of ammonia with hydrogen and common carbon-based
fuels is shown in Table 1. The low flame speed results in a slower
combustion process in comparison to other fuels, which can reduce the
combustion efficiency. The high auto-ignition temperature and enor-
mous heat of vaporization makes liquid injection and diesel-like
compression ignition combustion difficult. The high minimum ignition
energy means that it is comparably more difficult to safely ignite an
ammonia-air mixture. The high resistance to knocking (RON) allows to
run ammonia fueled engines at higher compression ratios, which can be
beneficial for efficiency. Although ammonia has a much lower energy
content per mass than carbon-based standard fuels, its low stoichio-
metric air-fuel ratio AFR partly compensates this regarding the in-
cylinder energy content.

Publications of research in the field of ammonia combustion in IC
engines are far less numerous than for carbon-based fuels, an overview
can be found in [4,13,18-20]. In the following only some important
aspects regarding the work presented in this paper — pilot injection into a
premixed ammonia-air charge — will be discussed.

In a dual-fuel combustion process a secondary more reactive fuel is
injected separately into the engine cylinder to initiate ignition and
promote combustion of the premixed charge. This combustion process is
well established, especially for large engines running with natural gas.
Both low-pressure port gas injection (in front of the intake valves) as
well as high-pressure gas direct injection is applied. The latter, i.e. high
pressure direct injection of both, (liquid) ammonia and pilot fuel, has so
far been investigated in numerical studies only (except early experi-
ments in 1966 [9]) to our knowledge [17,21]. The first method, where
ammonia is mixed with air at low pressures before the intake valves, has
been investigated more often. Already in 1967 it was seen that this mode
of operation works well and can result in even higher power output and
efficiency compared to pure diesel operation due to the high necessary
air excess for diesel [10]. Since then, IC engine technology has devel-
oped significantly, offering new ways on how to control respectively
influence the combustion process, as for example the common rail in-
jection technique which provides full freedom regarding injection
pressure, quantity, and timing.

In [22] a 4.5-liter four-cylinder turbocharged DI diesel engine (CR
17) with a common rail fuel injection system was converted for
ammonia admission in the intake manifold. The engine operated suc-
cessfully with up to 95% of the fuel energy provided by ammonia. Best

Table 1
Properties of ammonia and other fuels suitable for IC engines. Data collected for comparison only from [13-18].
Fuel Ammonia Hydrogen Hydrogen Methane IsoOctane n-Dodecane
(Liquid) (Liquid) (Compressed) (acCompressed) (Gasoline) (Diesel)
NH3 H; CHy CsHig Ci2Hz6
Storage conditions 1.1 MPa/300 K 0.1 MPa/20 K 70 MPa/300 K 25 MPa/300 K 0.1 MPa/300 K 0.1 MPa/300 K
Density @ storage conditions 600 kg/m> 71 kg/m® 39 kg/m® 187 kg/m* 700 kg/m> 750 kg/m3
LHV @ storage conditions 18.8 MJ/kg 120 MJ/kg 120 MJ/kg 50 MJ/kg 44 MJ/kg 45 MJ/kg
11.3 GJ/m® 8.5 GJ/m® 4.7 GJ/m® 9.4 GJ/m® 31 GJ/m® 33 GJ/m®
Flammability limits in air 15 - 28 Vol-% 4.7 - 75 Vol-% 5-15 Vol-% 0.9 - 6 Vol-% 0.6 — 7.5 Vol-%
Stoichiometric AFR (mass) 6.1:1 343:1 17.3:1 ~15:1 ~15:1
LHV per Volume @ stoichiometry (0.1 MPa, 373 K) ~ 2.23 MJ/m* ~ 2.30 MJ/m?® ~ 2.45 MJ/m® ~2.71 MJ/m® -
Auto-ignition temperature 930 K 773 -850 K 860 K 670 K 480 K
Minimum ignition energy 8 mJ ~ 0.016 mJ ~0.21mJ 1.35mJ
(Gasol. ~0.14 mJ) (Diesel ~0.23 mJ)
Heat of vaporization 1370 kJ/kg 256 kJ/kg
LBV @ stoichiometry (0.1 MPa, 300 K) 0.07 m/s 3.5m/s 0.38 m/s 0.4 m/s ~ 0.8 m/s
(Gasol. ~0.6 m/s)
RON > 130 > 100 120 100 -
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overall fuel efficiency (38.5%) was achieved with a content of 60%
ammonia. Both normal diesel and biodiesel have been tested as pilot
fuel, no difference could be observed. The study presented in [23] used
the same engine but equipped with a standard fuel injection system. The
best overall fuel efficiency resulted from an ammonia energy content of
40% to 60%. High ammonia content results in longer ignition delays,
lower peak pressures, and combustion durations. Very low ammonia
energy contents resulted in too lean mixtures that would not burn. The
publications [24,25] confirmed the findings — higher amounts of
ammonia increase ignition delay and reduce peak cylinder pressure. In
addition, different pilot injection strategies to reduce emissions were
investigated. In [26] timing of the diesel pilot injection was examined in
a 2.44-liter single cylinder engine with variable ammonia content. High
amounts of ammonia (up to 40% of the total energy) with optimized
diesel injection timing reduced total greenhouse gas emissions by 12%.
A follow-up study [27] used split diesel injections for further optimi-
zations. This improved the reduction of the total greenhouse gas emis-
sions to 30% compared to pure diesel operation. Further, it also reduced
ammonia exhaust emissions by more than 80% compared to the single
injection strategy.

Emissions are not measured in the present work, but general trends
can be observed from literature. Ammonia: Due to crevice volumes in the
engine and long quenching distance some of ammonia contained in the
in-cylinder mixture is inevitably emitted into the exhaust. In general,
higher ammonia content (i.e. richer mixtures) results in higher emis-
sions, but a "hotter" faster combustion — also achievable by mixing with a
more reactive fuel like hydrogen — lowers those emissions. Nitric oxides,
dioxides: As in all IC engines, thermal NOy is produced in hot combustion
zones. For ammonia however, the bound nitrogen atom in the fuel also
leads to NOx production from combustion itself, so engines can emit
high NOx levels even if combustion zones have comparably low tem-
peratures. Nitrous oxide: Ammonia fueled IC engines can emit N3O,
especially if combustion temperatures are low [28]. However, N2O
emissions should be avoided because it is a long-lived greenhouse gas
with a global warming potential about 265 times higher than CO5. Un-
burned hydrocarbons, carbon monoxide, carbon dioxide: In dual-fuel IC
engines the pilot fuel usually contains carbon, therefore engine emis-
sions will include HC, CO, CO», and possibly soot. Reduced combustion
temperatures with ammonia can lead to even higher HC and CO emis-
sions in comparison to pure diesel operation. However, if the liquid fuel
injection is only used to ignite the premixed charge, then the very small
amounts of pilot fuel are expected to lower the emission levels in com-
parison to pure diesel operation. Hydrogen: Hy is not a pollutant, but also
emitted even if the engines operate with pure ammonia. Most likely it is
produced from ammonia dissociation during compression which is then
trapped in crevices.

The usage of ammonia as fuel in IC engine application needs further
investigation since ignition concepts and combustion properties still
pose considerable challenges in view of reliable operation. A range of
involved complex processes such as flow field conditions, evaporation
and mixing properties, ignition, combustion onset, and flame propaga-
tion need to be considered. In addition, ammonia slip and GHG emission
in the exhaust gas must be avoided.

In combustion research investigation by means of optical diagnostics
is an important tool for essential insight. In this work, an optically
accessible experimental test facility providing engine relevant operation
conditions was used to fundamentally examine premixed pilot fuel
ignited ammonia dual-fuel combustion. The investigations include
levels of typical operating conditions for marine dual-fuel engines with
compression temperatures around 800 K and peak pressures up to 180
bar and beyond. The influence of different operation parameters, such as
mixture charge composition or process temperatures and pressures has
been investigated in initial measurement campaigns. A first aim is to
demonstrate the applicability of the test rig as well as of the optical
diagnostics regarding basic investigations of ammonia combustion.
Moreover, first insight into the thermo-chemical processes of ammonia
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combustion in terms of ignition delay, combustion onset, dual-fuel
combustion transition, turbulent flame propagation, and heat release
shall be provided.

Experimental setup
Experimental test facility “Flex OeCoS”

The optically accessible test facility "Flex-OeCoS" enables examina-
tion of premixed pilot fuel ignited dual-fuel combustion processes in a
range of IC engine relevant operational parameters [29]. Its working
principle is illustrated in Fig. 1: One cylinder of a motor driven engine
block feeds a mixture charge into an optical combustion chamber.

The distinctive cylinder head, shown in Fig. 2 is equipped with
rectangular and round sapphire windows at each side providing full
optical access (covering the chamber walls) of the 360 mm x 20 mm
combustion chamber. Two intake valves (16 mm, one of those recog-
nizable in Fig. 2 right) are located on the working cylinder, which is
equipped with a flat-top piston. Two exhaust valves (16 mm) are
positioned on top of the combustion chamber, where a central bore at
the top allows mounting of a pilot fuel injector, spark plug or pre-
chamber. Various pressure sensors are implemented at different loca-
tions, and the entire head is thermally conditioned to achieve stable
conditions during the aperiodic operation.

Initially, precise acquisition of crank-angle resolved operating con-
dition has been investigated. Finally, the turbulent flow field by means
of high-speed PIV was determined [29] as well as the pressure mea-
surement procedure (i.e. sensor thermal conditioning) could be estab-
lished, and the working gas temperature by pure air compression has
been acquired by means of fine-wire thermocouples at different loca-
tions [29,30].

The Flex-OeCoS test facility features adaptable operation at IC en-
gine relevant conditions: peak pressures of up to 240 bar (from boost-
adjustable compression pressure p. up to 130 bar), mixture charge
temperatures T between 700-1000 K by inlet conditioning, and tunable
flow (turbulence grades) depending on motor speed n of typically
300-1000 rpm. An overview of relevant test facility specifications is
given in Table 2.

Independent pneumatic intake and exhaust valve drives ensures high
variability. Moreover, pilot fuel injection settings (pressure, start, and
duration) as well as mixture charge composition, by gas introduction in
the air inlet pipe close to the intake valve, can be freely set by external
supply units. The adaptable setup with flexible operation modes has
already been used for different dual-fuel combustion process in-
vestigations [31,32].

Optical setup, methodology, and post-processing

As illustrated in Fig. 3, simultaneous high-speed Schlieren/OH*

Exhaust
valves

Blind covers

Flywheel

Electric
motor

with crank shaft and pistons

Fig. 1. Concept of the "Flex-OeCoS" test facility.
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Fig. 2. Cylinder head on the working cylinder with optical combustion
chamber, intake/exhaust valves, and centered pilot fuel injector.

Table 2
Test facility specifications.

Dimensions, Operating Parameter

Working cylinder bore ? 130 [mm]
Stroke length 150 [mm]
Connecting rod length 237.1 [mm]
Displacement (working cylinder) 1990 [em®]
Compression ratio 13.8 [-1

Combustion chamber diameter/height 60/20 [mm]
Max. cylinder pressure 240 [bar]
Motor speed range 300 - 1000 [rpm]

Xenon 2 OH* camera
lamp 2 Image

intensifier

Optical

combustion chamber .
— Schlieren

camera

Fig. 3. Optical setup of simultaneously applied Schlieren and OH* chem-
iluminescence measurement techniques.

chemiluminescence was applied to investigate pilot fuel injection and
evaporation, dual-fuel ignition processes, turbulent flame front propa-
gation, and combustion characteristics.

In the Schlieren setup, light from a xenon lamp is guided to an
aperture acting as point light source. The achromatic lens (f = 200 mm)
afterwards generates a collimated light beam passing through the
combustion chamber. A pinhole aperture enables the Schlieren sensi-
tivity adjustment. Image acquisition was performed by means of a high-
speed camera (Nova S12, Nikkor 35 mm * 2). A dichroic mirror
mounted under 45° in the optical main axis is reflecting the UV part
(around 308 nm). Thus, the chemiluminescence of the OH* radical as
indicator of inflammation was acquired simultaneously with a second
high-speed camera (Nova S12) coupled to a high-speed image intensifier
(IRO X, Sodern Cerco 45 mm * 1.4) and a 308 nm narrowband filter to
pass only the radiation corresponding to the OH* radical, respectively.
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Image acquisition is synchronized to the crank shaft angle encoder.
Spatial resolution of the high-speed cameras has been set to 60 x 60 mm
(covering the entire combustion chamber) to achieve a temporal reso-
lution of 0.1 °CA, for the typical motor speed of n = 600 rpm, resulting in
a frame rate of 36 kHz.

Fig. 4 exemplarily shows a pilot fuel ignited lean-premixed methane/
air charge measurement [31]. The resulting images (overlay of both
specific recordings) illustrates the evaporating spray (Schlieren) simul-
taneously with starting "chemical reaction" (OH* signal colorized
magenta), and recognizable flame propagation. To evaluate ignition
delay ID optically, start of injection SOI and combustion onset must be
quantitatively analyzed in a post-processing procedure.

The determination of SOI is based on the Schlieren spray contour.
Due to high turbulence levels, a detection of the spray/flame with a
threshold value often leads to errors. Thus, detection is based on a
predefined probability density function dependent on the image zone
(background, dense core, flame) to assign pixel values to a specific
location. However, even highest camera frame rates never facilitate a
systematic capture of every actual injection begin, since it cannot be
accurately timed due to the inherent slightly deviating hydraulic delay
of the injector. According to the realistic assumption that the spray area
increases linearly at first, the effective start of injection was extrapolated
from evaluated spray area values.

The OH* chemiluminescence corresponds to ignition and represents
an integrated line-of-sight signal along the entire measurement volume.
Even though other species (e.g. CO5*), particularly under lean condi-
tions at high pressures, may contribute considerably to the overall OH*
signal at progressing combustion [33,34], the first OH* chem-
iluminescence emission appears at least simultaneously at ignition [35].
Moreover, also the interference of soot incandescence does not (yet)
affect the ignition detection [36]. The start of (high temperature)
combustion can be defined as the first OH* appearance, respectively the
first image containing a "brighter spot" — as previous studies have shown
that OH* is a suitable tracer for determination of ignition onset [37,38].
Different approaches were implemented in the image post-processing
procedure: First, ignition has been identified if an area >15 pixel has
a higher gray level value than a certain threshold value. The latter is
calculated out of the maximum and the standard deviation value of the
first couple of images and a user-defined factor. This approach works
properly if the flame size increases fast enough after ignition. Though, if
the core of OH* intensity increases slowly, a second approach was
implemented, dividing the image into smaller sub images, and analyzing
the noise distribution. More precisely, it counts the values that differ
from the median by a certain amount. In a next step, the range of this
value between all the sub images is calculated. The ignition has started,
if this range is higher than a threshold, which is determined out of the
median range of the first couple of images and a user-defined factor. If
both approaches deliver plausible solutions, the smaller analyzed igni-
tion delay value is used for further processing. At last, the automated
ignition delay detection by means of these simultaneously applied ap-
proaches was reliable, also compared to the corresponding heat release
analysis.

105 0 5 10 -10-5 0 5 10 -10-5 0 5 10 -10-5 0 5 10 -10-5 0 5 10

Fig. 4. Exemplary sequence of OH*/Schlieren recordings overlayed to examine
spray evaporation, ignition, and flame propagation.
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Operation conditions, measurement process, and analysis procedures

In a standardized preparation procedure, one hundred motored
compression/expansion cycles (720 °CA as a 4-stroke engine) are
required — where 0 °CA corresponds to firing top dead center (TDC) and
360 °CA to gas exchange TDC - to achieve steady operation conditions
prior to experimental cycles. The latter consist of one combustion cycle
followed by five scavenging cycles, which are necessary to achieve
complete flushing of the combustion chamber because of the relatively
small intake valves due to optimization in terms of optical accessibility.
During the measuring process a series of experimental cycles are per-
formed where typically the last twenty-five combustion cycles (after
achieving close to steady conditions) will be analyzed. Cycle-resolved
operating process data, test facility boundary conditions, and associ-
ated high-speed camera recordings are handled by an automated pro-
cessing tool. Moreover, it yields an initial on-site analysis of pressure,
temperature, and mass flow peak/mean values as well as cycle-to-cycle
variation, ignition delay, heat release, and other metrics to assess the
integrity of the experiment.

Ammonia has been supplied from a 10-liter pressure bottle (covered
by 50 °C heating jacket) through a pressure reduction valve via heated
separate supply line (still at 50 °C) at about 9 bar to avoid condensation
based on the vapor pressure characteristics. The feed into the inlet pipes
in front of the two intake valves was realized by a specially designed
intermediate piece containing four commercial (automotive) natural gas
injectors per air feed line. Since those originally are not made for
ammonia use, they needed to be exchanged after a certain operation
duration due to sealing issues — a proper ammonia gas injector for up-
coming investigations is in evaluation. The air-fuel equivalence ratio is
determined using specifically calibrated Coriolis flowmeter instruments,
which separately acquire mass flow of ammonia and air, respectively. To
ensure the insertion of sufficient mass in short time and to optimize
mixing behavior ammonia was already admitted into the inlet pipe in
front of still closed intake valves at 160 °CA before gas exchange TDC
(correspondingly —520 °CA before firing TDC) during the gas exchange
preparation cycles. Pressure level of ammonia supply around 9 bar is in
any case higher than intake boost pressure pp.

Table 3 shows the test facility parameter settings based on pure air
compression, such as intake temperature Tj,, intake boost pressure py,
with subsequent compression pressure p., and flow field (turbulence
intensity u’) conditions established by the motor speed n. These settings
are denoted as reference values for any gas/air pilot fuel ignited dual-
fuel investigations, where certain parameters (e.g. effective compres-
sion pressure/temperature) are dependent on the specific gas respec-
tively mixture charge properties.

The stated turbulence intensity u’ is a characteristic value on
comprehensive flow field investigations in the combustion chamber by
means of high-speed PIV [29]. The measurement data was exploited to
ensemble-averaged velocity fields as well as to achieve information on
large-scale fluctuations and cycle-to-cycle variation. The associated
turbulent kinetic energy of this differentiated flow fields was analyzed.
At last, operating point associated characteristic values (ensemble
averaged mean velocity, area averaged turbulence intensity) as indica-
tor of the flow/turbulence conditions were determined.

Since the turbulent flow field also leads to non-uniform temperature
distribution another characteristic value for a temperature designation

Table 3
Test facility parameter settings.

Reference values (air charge)

Intake boost pressure py, 2.65/4.4/5.8 [bar]
Compression pressure p. 70/100/130 [bar]
Intake temperature Tj, 50/100 [°C]

Motor speed n 600 [rpm]
Turbulence intensity u’ [29] 3.6 [m/s]
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needs to be defined. Process gas temperature by pure air compression
temperature has been evaluated by means of fast fine-wire thermo-
couple measurements with different diameters which allows a deter-
mination of the response time [29,30]. In total, twenty-one
measurement locations — at seven positions distributed in the circular
combustion chamber area within the center plane and in planes shifted
+5 mm in depth — were examined. The interpolation of values between
top and center position, in the region where the pilot fuel ignites, has
been assigned as the compression temperature. The results of pure air
compression based on the measurements show an excellent agreement
to a thermodynamic analysis (see Fig. 5 below). Thus, methane and
ammonia mixture compression temperatures have been determined
correspondingly taking gas respectively mixture properties (e.g. heat
capacity coefficients) into account. Of course, the designated values at
start of injection must be interpreted somewhat with caution. Never-
theless, a best possible definition is given, and relative temperature
differences can be considered as accurate.

Table 4 gives an overview of operation settings of the performed
measurements in terms of ammonia/air mixture charge conditions such
as air-fuel equivalence ratio 4, start of pilot fuel injection SOI, and noting
that the subsequent compression pressure p. ny3 and temperature Te NH3
is depending on parameter settings.

Table 5 shows the variation of settings for the dodecane pilot fuel
injection (Bosch CRI-2 solenoid injector) through a @90 pm single-hole
nozzle. Injection pressure, start and duration (based on initially deter-
mined injection rate characteristics according to energizing time) can be
set independently by a separate fuel supply unit. However, the results
presented here refer to a constant injection duration DOI only to allow
an evaluation of other operating parameters unaffected by this.

Start of injection, ignition delay (location), combustion onset, and
flame propagation has been evaluated by post-processing procedures of
the simultaneously applied Schlieren and OH* chemiluminescence
measurements described above. In addition, a comprehensive analysis of
the combustion process measurements has been performed to determine
heat release rate as well as to assess ignition and combustion charac-
teristics compared to optical diagnostics correspondingly.

The combustion heat release rate has been analyzed based on the
pressure measurements applying an in-house thermodynamic 2-zone
model considering dissociation in the burnt gas zone, and accounting
for losses by wall heat transfer, piston ring blow-by, and crevice volumes
[39]. Due to the unique test facility layout (with an optical combustion
chamber connected to a working cylinder), significant efforts were made
in terms of high precision pressure acquisition: proper sensor selection,

NH3 CH4
¢ Air_Meas = = =====-- Air
80 r
850
830
_ 70 <z
-
_g > 810
o 5
5 60 5 790
2]
4 & 770
£ ;
50 = 750
730
40 710
-20 -10 0 -20 -10 0

Crank angle [deg] Crank angle [deg]

Fig. 5. Compression pressures (measured) and temperatures (calculated) of air
(incl. measurement) vs. methane respectively ammonia mixture charges with 1
= 1.5 at operating parameters p. = 70 bar, T, = 50 °C.
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Table 4
Measurement operation parameter settings.

NHjs/air mixture charge

Air-fuel equivalence ratio actl 2.0/1.75/1.5/1.25/1.0

Start of injection (SOI) —-20/-15/-10/-5/0 [ °CA]
Compression pressure pe nu3 setting dependent — see results [bar]
Compression temperature Tc nu3 setting dependent — see results [K]
Table 5
Pilot fuel injection parameters settings.
Pilot fuel injection parameters
Pilot fuel Dodecane
Nozzle diameter d;o;71e @90 [pm]
Injection pressure piy; 1000 [bar]
Start of injection SOI -20/-15/-10/-5/0 [ °CA]
Energizing time ET 500 [ps]
Duration of injection DOI 523 [ps]

DOI based on ET according to experimental injection rate analysis

positioning, and thermal conditioning as well as piezo-electric sensor
(relative) pressure "pegging" calibration procedure using piezo-resistive
sensor (absolute) pressure measurements [30]. Piston-ring blow-by was
measured (verifying typical values of 1-2% of mass flow) and the vol-
ume of crevices were determined by design drawings and tolerances.
The wall heat losses were estimated using an adapted Woschni approach.
An extended heat transfer coefficient ay was developed taking flow
measurements (turbulence analysis) inside of the combustion chamber
into account [30]. However, since the wall-heat loss model had to be
tuned by distinctive constants the results are denoted as apparent heat
release rate aHRR. This estimated heat release of pilot fuel ignited
lean-premixed methane dual-fuel investigations is in good agreement
with corresponding CFD [40].

Ignition delay can be deduced from both optical data (OH* chem-
iluminescence) and from the calculated heat release rates (the effective
start of injection SOI has been determined from optical data). The total
energy available for combustion is the sum of the energy content in the
injected pilot fuel and the energy contained in the premixed cylinder
charge. By assuming that the pilot spray energy content has been
unleashed completely before the main charge starts to burn it is possible
to define a threshold level of the heat release that marks the onset of the
premixed mixture combustion. This delay between ignition and the
moment when the heat release is exceeding the energy content of the
injected pilot fuel is denoted as transition time. The energy from the
premixed charge entrained in the evaporating fuel spray and combusting
together with it is not considered in this definition. Therefore, the longer
the ignition delay, the larger the amount of premixed charge combusting
together with the pilot fuel, and the more the transition time un-
derestimates the time required to burn the complete evaporated fuel
spray volume. Nonetheless this time is an important value to charac-
terize dual fuel combustion and reflects the reactivity at the tempera-
ture/pressure conditions during inflammation.

An apparent flame propagation speed s,pp can be evaluated out of the
optical Schlieren measurements with different approaches. In any case,
the Schlieren contour displacement representing the flame surface must
be determined by geometrical or fractal analysis, still containing certain
uncertainty in differentiation of refractive index variation based on
reactive zone or local transport phenomena (flow/turbulence, diffusion)
effects. The method applied consists of a two-dimensional spatially
averaged evaluation of reaction zone expansion based on the optical
measurements. It resolves local behavior very well (i.e. large propaga-
tion speeds) but is also more prone to misidentification of burned zones.
However, the chosen approach in the context of these evaluations can
make a precise statement when it comes to the start of combustion. The
designation "apparent" shall point out that the analyzed flame propa-
gation speed must be interpreted as a qualitative value nevertheless
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enabling a comparison within operation parameter variation.
Results

The dual-fuel combustion principle is a complex process. Starting
with a mixture charge admission followed by typically liquid pilot fuel
injection with subsequent evaporation and mixing, a two-stage ignition
process is initiated: first auto-ignition based on pilot fuel properties and
operation conditions, followed by a combustion transition in terms of an
inflammation of the premixed gas/air charge, finally leading to a
propagating turbulent premixed flame.

In view of ignition behavior of dual-fuel combustion processes, a
distinction must be made between the so-called low-temperature reac-
tivity and the high-temperature ignition — the latter investigated here by
means of OH* chemiluminescence. An excellent overview of funda-
mental processes going on — though for low pressures and quiescent flow
conditions — is given in [35]. In an own study it was possible to detect
low-temperature ignition with formaldehyde as tracer to examine low-T
reactivity by means of CH3O-LIF in the Flex-OeCoS [31]. But for
thermo-physical properties closer to IC engine relevant conditions, its
occurrence as short-lived chemical intermediate species decreases due to
higher pressures and especially the presence of turbulent flow affecting
the mixing process. Thus, the ignition delays here at IC engine relevant
elevated pressures refer to the high temperature ignition examined by
means of OH* chemiluminescence. On the other hand, the characteristic
disappearance of the Schlieren signal — attributed to heat release of first
stage ignition compensating the refractive index change due to fuel
evaporative cooling — could also be used as a proxy indicator for low-T
reactivity/ignition before high-temperature ignition takes place [41].
Thus, the Schlieren contrast diminishment in the presented results
qualitatively also marks the low-temperature ignition stage.

A first insight into the thermo-chemical processes of ammonia
combustion in terms of ignition delay, combustion onset, dual-fuel
combustion transition, turbulent flame propagation, and heat release
is presented in the following sections.

Comparison of methane vs. ammonia dual-fuel combustion

In view of experiences gained in former premixed, pilot fuel ignited
methane dual-fuel investigations [31,40] it is of interest to compare
those measurements with the new ones using ammonia instead of
methane as main fuel. The measurement conditions for the comparison
correspond to the reference test facility parameters shown in Table 3
(compression pressure p. = 70 bar, intake temperature T, = 50 °C).
Fig. 5 shows measured compression pressures (left) and estimated
compression temperatures (right) for an air-fuel equivalence ratio of 1 =
1.5. The fine-wire thermocouple measurements (as explained before) for
pure air compression are shown as well, they correspond well to the
thermodynamic calculation of the compression temperature. Similarly
appropriate temperature/pressure/gas mixture dependent thermal gas
properties respectively specific heats were used to calculate the esti-
mated methane respectively ammonia charge mixture temperature.
Whereas the pressures do not deviate much from the pure air case, the
temperature at the start of the pilot injection (SOI = —15 °CA) is about
30 °C lower for both the methane and the ammonia case.

Fig. 6 shows a comparison of the pressure development for a
methane vs. an ammonia charge mixture in the optical combustion
chamber. The dodecane pilot fuel injection with an energizing time of
ET = 500 ps, was initiated at SOI = —15 °CA, corresponding to a
compression temperature of about 760 K for both methane and
ammonia. The pressure trace represents the averaged value of twenty-
five subsequent cycles superimposed by the standard deviation (STD),
which reveals slightly higher cycle-to-cycle variation in the ammonia
combustion case.

In terms of energy respectively heat release, two aspects must be
considered. On the one hand, the specific heating value of ammonia is
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Fig. 6. Pressure traces of pilot fuel ignited ammonia vs. methane DF combus-
tion (incl. STD of 25 cycles) at operation parameters p. = 70 bar, Ti, = 50 °C, 1
= 1.5, SOI = —15 °CA, ET = 500 ps.

less than half compared to methane (Table 1, LHV: 18.8 MJ/kg vs. 50
MJ/kg). On the other hand, for stoichiometric combustion ammonia
needs less air (Table 1, AFR: 6.1 vs. 17.3) than methane. Ultimately, the
(constant) mixture charge volume in the Flex-OeCoS test facility during
an experimental cycle leads to slightly less energy content of ammonia
vs. methane combustion. Thus, for an air-fuel equivalence ratio of 1 =
1.5, the energy content of the ammonia/air mixture is 4.6% lower than
the one for the methane case. Fig. 6 shows measured pressures of the
comparison case.

Assuming identical combustion conversion rates, peak pressures only
depend on energy amount and position of the center of combustion.
Regarding the above statements in terms of LHV respectively AFR, peak
pressure of ammonia is slightly lower than for methane as expected. The
lower pressure rise rate of ammonia, due to lower reactivity, shifts the
center of combustion to a later position.

In Fig. 7 the apparent heat release rates for the two cases are shown.
The aHRR for methane rises much earlier and faster than for ammonia as
indicated by the corresponding pressure traces in Fig. 6. However, both
peak heat release rates and its maximum gradients are not much
different for the two cases. For methane, a distinct two-phase heat
release can be observed, which is also present but far less obvious for
ammonia. This two-phase heat release is due to the special design of the
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Fig. 7. Apparent heat release rate aHRR of pilot fuel ignited ammonia vs.
methane DF combustion at operation parameters p. = 70 bar, Tj, = 50 °C, 1 =
1.5, SOI = —15 °CA, ET = 500/600 ps (NH3/CH,).
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test facility (as shown in Fig. 2.): The tilted optically combustion
chamber is fed by the working cylinder underneath, those two con-
nected volumes cause a "staged" combustion process. In the beginning,
the flame can expand freely in the optically accessible combustion
chamber. Subsequently, when it reaches the bottom of the chamber, it
propagates down through the narrow connection to the engine cylinder
to combust the charge there.

The separate combustion process in the optical chamber and in the
working cylinder underneath causes the two-phase heat release. This
effect is more pronounced for fast aHHR, because for slower combustion
processes, the combustion in the optical chamber and in the working
cylinder overlap, which renders the staged combustion process much
less obvious.

Due to this "staged combustion" in the Flex-OeCoS, IC engine typical
values which describe the burning behavior in later combustion phases,
such as burned mass fraction at 50/90% (MBF50/MBF90), cannot be
compared to measurements in this test facility, which was optimized for
optical investigation of ignition, combustion onset, and the early flame
propagation process.

The ignition and early combustion process is shown in detail in the
apparent heat release rates in Fig. 8. The ignition delay of the injected
dodecane (SOI = —15 °CA) is quite similar for both cases. The initial
aHRR for the methane case rises faster than for ammonia, which points
to a higher reactivity of the air/methane/dodecane mixture. After the
initial rise both cases reach a pedestal of an approximately constant heat
release rate around SOI = —10 °CA. For methane, the delay until the
aHRR rises again (due to the inflammation of the premixed charge) is
much shorter than for ammonia, which again reflects the higher reac-
tivity of the methane/air mixture.

The simultaneously performed Schlieren/ OH* chemiluminescence
measurements as exemplarily shown in Fig. 9 complement the assess-
ment of the dual-fuel ignition and combustion process by pressure and
heat release analysis. The resulting images are overlays of the two
simultaneously acquired recordings, one illustrating the liquid spray
penetration and its evaporation from the Schlieren measurement, the
other showing the starting "chemical reactivity" from the OH* chem-
iluminescence acquisition — colorized magenta for methane, green for
ammonia. Note that not the entire sequence with a temporal resolution
of 0.1 °CA is displayed but just representative timings.

The subsequent processes of pilot fuel injection (from the top) at
—14.7 °CA (SOI = —15 °CA), pilot spray evaporation and ignition
(approximately at —12.7 °CA for methane or between —11.7 and —10.7
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Fig. 8. Apparent heat release rate aHRR of pilot fuel ignited ammonia vs.

methane DF combustion at operation parameters p. = 70 bar, Tj, = 50 °C, 1 =
1.5, SOI = —15 °CA, ET = 500/600 ps (NH3/CH,).
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Fig. 9. Image sequence of overlayed simultaneously acquired high-speed Schlieren/OH*chemiluminscence (CH4 magenta; NH3 green) recordings of pilot fuel ignited
ammonia vs. methane DF combustion at operation parameters p. = 70 bar, T;, = 50 °C, 2 = 1.5, SOI = —15 °CA, ET = 500/600 ps (NH3/CH,).

°CA for ammonia), the combustion transition into the premixed mixture
charge (starting around —10.7 °CA for methane, respectively —8.7 °CA
for ammonia), and the following flame propagation through the com-
bustion chamber are well recognizable. Further, the "white" areas in the
methane image sequence (between —10.7 °CA to —8.7 °CA) are an
indication of soot formation in the pilot fuel spray tip (due to interfer-
ence of soot incandescence with the OH* chemiluminescence signal
[31]) during the combustion transition process where fuel rich zones
favor soot production. Since ammonia does not contain any intermo-
lecular carbon, and the evaporated pilot fuel spray does not form fuel
rich zones, soot production cannot be observed in the ammonia case.
The combustion transition time of about 2 °CA for ammonia, as seen in
the aHRR analysis (Fig. 8), is confirmed by the optical measurements.
The faster flame evolution in the methane case (—10.7 to —4.7 °CA) is in
correspondence with the faster rise of the aHRR shown in Fig. 7.

Pilot fuel spray evolution (penetration, angle) and spray morphology
(liquid core, evaporated zones) have been analyzed for the methane case
[42]. In addition, the well observable growth of the reactive zone in the
images can be used to determine an apparent flame propagation speed
(see section 2.3). For the ammonia case, results of this analysis in terms
of variation of the air-fuel equivalence ratio (Fig. 13) respectively
temperature at SOI (Fig. 21) are presented in the following sections 3.2
and 3.3. A comprehensive comparison of pilot fuel ignited methane vs.
ammonia dual-fuel combustion in view of a publication is in
consideration.

Variation of air-fuel equivalence ratio

In IC engines, the air-fuel equivalence ratio can be adjusted to opti-
mize fuel efficiency and exhaust gas emissions for different engine loads
and speeds - if the exhaust gas composition is not prescribed by the
exhaust gas aftertreatment system as for three-way catalysts used in
today’s gasoline engines. A lean premixed combustion process with 1>1,
for example, would be interesting to increase fuel-efficiency in part load
operation. However, exhaust gas pollutants, ammonia slip, and GHG
emissions (nitrous oxide) cannot yet be investigated at the current test
facility due to its special design and cyclic measurement operating
procedure. Nonetheless, fundamental insight into the ignition process,
the onset of combustion and burning characteristics including heat
release can be gained from pressure and optical data.

For the variation of the premixed ammonia-air charge air-fuel
equivalence ratio between 4 = 1 and 2 both pilot injection time and
duration were kept constant (see parameters in Table 4). This results in a
pilot energy content between 0.9% for A = 1 and 1.7% for 1 = 2 in
respect of the total energy available for combustion. Of course, those
values are not necessarily transferable to genuine engines.

In Fig. 10 cylinder compression pressures and the corresponding
(estimated) ammonia mixture charge temperatures are shown for the
variation of the air-fuel equivalence ratio 4, investigated at operation
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Fig. 10. Compression pressures p. nus (measured, left) and temperatures T nu3
(calculated, right) of air vs. ammonia mixture for different air-fuel equivalence
ratios 4 at operation parameters p. = 70 bar, Ty, = 50 °C.

parameters p. = 70 bar, and Tj, = 50 °C. Adding more fuel in the pre-
mixed charge (lower 1) reduces both, compression pressure and tempe
as expected. The reduction of compression pressure p nu3 and temper-
ature T, nu3 for varied air-fuel equivalence ratios A was not compensated
by adjusting intake boost pressure py, and/or temperature Ti,. The test
rig was always operated with the defined reference values as described
in section 2.3 (Table 3). Lower amounts of fuel result in lower cylinder
peak pressures due to the reduced amount of energy available for
combustion. Further, changes in the air-fuel equivalence ratio 4 also
influences the ignitability and the flame speed respectively combustion
duration, so the peak pressure does not scale linearly with energy
content.

Fig. 11 illustrates the combustion pressure traces over crank angle for
different air-fuel equivalence ratios A for a constant intake temperature
of Ti, = 50 °C, compression pressure of p. = 70 bar, and pilot fuel
injector energizing time of ET = 500 ps (DOI = 532 ps). In the leanest
case (4 = 2), almost no pressure rise can be observed - it is difficult to see
if any combustion takes place at all. The difference between the cases
with 1 = 1.25 and 1.5 appears to be rather large — originating from the
specific test facility design, as discussed before (see Fig. 7) in section 3.1.

Fig. 12 shows the corresponding apparent heat release rates. As ex-
pected, at stoichiometric conditions (4 = 1.0) the aHRR reaches a
maximum. For an air-fuel equivalence ratio of 1 = 2, the aHRR indicates
still a marginal combustion process taking place even though the pres-
sure increase (see Fig. 11) is almost indiscernible. Another effect of the
air-fuel equivalence ratio variation is the shorter ignition delay and
faster rise of the aHRR in the very early combustion phase for leaner
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Fig. 11. NH; combustion pressure traces for different air-fuel equivalence ra-
tios 4 at operation parameters p. = 70 bar, T;, = 50 °C, SO = —10 °CA, and ET
= 500 ps.
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Fig. 12. Apparent heat release rate (aHRR) for different air-fuel equivalence
ratios 1 at operation parameters p. = 70 bar, T;, = 50 °C, SOI = —10, and ET =
500 ps.

conditions. This can be attributed to the pilot spray ignition respectively
combustion phase which is retarded by higher ammonia contents. For
the two fuel richer cases (4 = 1 and 4 = 1.25) the "staged" combustion as
described in the comparison between methane and ammonia combus-
tion in section 3.1 can be observed as well. For leaner conditions, the
combustion is much slower, which results in a lower maximum aHRR
that is reached at a later crank angle position. The combustion process is
drawn out and extends far into the expansion stroke. The combined
effect of the late maximum aHRR, the prolonged combustion, and the
specific design of the test facility results in the large difference of the
pressure traces for A = 1.25 and 1.5 recognizable in Fig. 11.

As described in section 2.3, an apparent flame propagation speed s;pp
can be evaluated from the high-speed Schlieren measurements. The re-
sults in terms of air-fuel equivalence ratio A variation are shown in
Fig. 13. For short ignition delays it is difficult to differentiate the early
flame from the evaporating pilot spray. However, after the combustion
propagates into the premixed charge, the calculated values are quite
stable. Whereas the apparent flame propagation speed s,pp differs not
much for the two fuel richer ammonia/air charges (1 = 1 and 1.25), the
reduction for leaner mixtures (1>1.5) is clearly visible. The slow com-
bustion of lean mixtures is not only reflected in the low apparent flame
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Fig. 13. Apparent flame propagation speed s,pp of premixed ammonia dual-fuel
combustion for different air-fuel equivalence ratios 1 at operation parameters
Pe = 70 bar, Ty, = 50 °C, SOI = —10 °CA, and ET = 500 ps.

propagation speed sapp but also in its slow decline back to zero.

The ignition delay (ID) for different air-fuel equivalence ratios 1 is
difficult to discern exactly from the apparent heat release rate traces
shown in Fig. 12. Thus, it is presented separately in Fig. 14 for both ID
detection by way of the heat release rate calculation, and ID detection by
analysis of the optical images (as described in section 2.2). Time is
defined from the effective (hydraulic) start of the pilot fuel injection
(SOI). The ignition delay values obtained from the aHRR calculation and
from the image analysis are in good agreement. Clearly the ignition
delay is longer for lower air-fuel equivalence ratios 4, longest at stoi-
chiometric conditions. This can be attributed on one side to the
retarding influence of ammonia on the ignition of the pilot fuel (as seen
in methane dual-fuel combustion). On the other side, the high heat ca-
pacity of ammonia (which is almost three times higher than for air) will
result in lower end of compression temperatures T nu3 for higher fuel
contents (Fig. 10), which strongly influences the ignition delay. The
transition time (defined in section 2.3) can be interpreted as the time
required from ignition until the flame spreads out from the pilot fuel
spray into the premixed charge. The retarding effect of ammonia content
and temperature is less pronounced but nonetheless clearly observable
with longer transition times for fuel richer mixtures.

Fig. 15 shows the superimposed Schlieren/OH* chemiluminescence
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Fig. 14. Ignition delay and combustion transition time for different air-fuel

equivalence ratios A at operation parameters p. = 70 bar, T, = 50 °C, SOI =
—10 °CA, and ET = 500 ps.
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recordings for air-fuel equivalence ratio 1 variation, images displayed in
crank angle steps from —9 °CA to +2 °CA. The long ignition delay for
fuel rich mixtures is clearly observable. In the stoichiometric case (1 = 1)
the dodecane pilot spray is fully evaporated until —5 °CA, but a first
flame kernel is only visible 1 °CA later. The observable characteristic
disappearance of the Schlieren signal is attributed to the first stage
ignition respectively heat release of the low-temperature combustion
that compensates the refractive index change due to mixture cooling
from fuel evaporation. Afterwards, the flame quickly propagates into the
premixed charge surrounding the evaporated spray. Longer ignition
delays also move the ignition location further away from the injector
nozzle because the (evaporated) pilot fuel mixing with the premixed
charge is still transported downwards due to the momentum from the
injection. For fuel richer mixtures (1<1.5) at crank angle positions from
0 °CA onwards, transparent areas inside the reactive zones can be
observed. These areas with very low variations of the refractive index
(which causes Schlieren signal) are an indication of fairly homogeneous
hot zones spanning the whole width between the windows of the optical
combustion chamber. The images also indicate that there is a marginal
combustion process taking place in the ammonia/air mixture sur-
rounding the pilot spray for the leanest case with an air-fuel equivalence
ratio of A = 2 - in accordance with the heat release analysis results
shown in Fig. 12.

Variation of start of pilot fuel injection

The start of pilot fuel injection was varied between SOI = —20 °CA
and TDC at elsewise reference operation parameters, such as compres-
sion pressure p. = 70 bar, intake temperature Tj, = 50 °C, air-fuel
equivalence ratio 4 = 1.5, and injector energizing time ET = 500 ps.
Depending on the time of injection, the pilot fuel is supplied into the
premixed ammonia/air charge at different pressure and temperature
levels. As recognizable by the pressure respectively temperature traces
for A =1.5in Fig. 10, this means that for an SOI of —20 °CA the pilot fuel
is injected into the mixture under pressure respectively temperature
states of about p &~ 42 bar and T =~ 725 K. At TDC the conditions for the
mixture reveal approximately of p ~ 70 bar and T ~ 810 K. However,
especially for very early injections, the ongoing compression stroke will
increase pressure as well as temperature levels considerably during the
fuel mixing process respectively between SOI and ignition.

-7.0 °CA

-6.0 °CA -5.0 °CA
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The images in Fig. 16 show ignition and the early combustion process
in steps of 0.8 °CA relative to the individual start of the pilot fuel in-
jection. Clearly observable are the longer ignition delays for earlier pilot
injections due to the lower pressure and temperature levels (see also
ignition delays in Fig. 19). Longer delays also shift the position of
ignition and the early combustion away from the pilot injector nozzle as
seen before in the variation of the air-fuel equivalence ratio 1. The effect
is also influenced by the charge density at the time of the pilot injection:
Early fuel sprays can penetrate farther into the mixture due to the lower
gas density.

Comparing images of the earliest injection time (SOI = —20 °CA)
with the second earliest injection (SOI = —15 °CA) it is recognizable that
the "combusted area" for the first case 7.4 °CA after SOI (i.e. at —12.6
°CA absolute) is about the same as the area of the second case 4.2 °CA
after SOI (i.e. at —10.8 °CA absolute). Thus, pressure levels for the two
cases should be about equal around crank angle of —11.5 °CA, as illus-
trated in Fig. 17. However, from then onwards the pressure traces
deviate strongly — the pressure rises much faster for the earlier pilot
injection at SOI = —20 °CA.

As illustrated in the corresponding apparent heat release rates shown
in Fig. 18, the earliest pilot injection is indeed different from the other
cases: It exhibits a slowly start, but then continuously accelerating
aHRR. The other cases reveal an initially fast rising heat release rate
followed by a short "plateau" before rising again, but less steeply. The
behavior of the earliest SOI can be explained on one side by the tem-
perature, which is not yet high enough for rapid combustion, and on the
other side by the relatively lean dodecane/ammonia/air mixture at time
of ignition due to the long ignition delay. For later SOIs however, tem-
perature levels are higher, and dodecane/ammonia/air mixtures are
richer at the time of ignition due to the shorter ignition delays. This
results in a fast-rising aHRR that is, however, followed by a certain over-
swinging on the mentioned "plateau" before the heat releases rises again.
This can be interpreted as a changeover delay to the purely premixed
charge combustion.

Fig. 19 shows the analyzed ignition delays (optically and based on
aHRR) for the SOI variation. As expected, for earlier SOIs the ID in-
creases due to lower temperature operation conditions. The three later
SOIs = —10/—-5/0 °CA reveal ignition delays of about the same order of
magnitude with ID~0.65 - 0.75 ms. Thus, due to almost equal timing in
terms of pilot fuel ignition respectively similar mixture conditions for

-3.0 °CA

-1.0 °CA 0.0 °CA

Fig. 15. Overlayed image sequences of simultaneously acquired high-speed Schlieren/OH*chemiluminscence recordings of pilot fuel ignited ammonia DF com-
bustion for different air-fuel equivalence ratios 1 at operation parameters p. = 70 bar, T, = 50 °C, SOI = —10 °CA, and ET = 500 ps.
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Fig. 17. Combustion pressure for the given SOI-variation at operation param-
eters p. = 70 bar, Ti, = 50 °C, 4 = 1.5, SOI = —10 °CA, and ET = 500 ps.

the spray, the aHRR (see Fig. 18) exhibits a comparable behavior. The
transition time (see section 2.3) for those three later SOIs of about 0.9
ms~3.2 °CA (estimated from Fig. 19) could be interpreted as delay be-
tween pilot fuel ignition and the again rising heat release rate after the
"plateau" (combustion transition). For the SOI = —15 °CA case, the
ignition delay is markedly longer (ID>1 ms) and thus affecting com-
bustion transition respectively aHRR due to increased amount of
ammonia entrained into the igniting spray. The earliest pilot injection
(SOI = —20 °CA) that exhibits a long ignition delay and a slowly starting
combustion has the effect that the burned volume at the time when the
pilot fuel is fully consumed is considerably larger. This promotes faster
combustion of the remaining pure premixed charge and results in a more
rapid rise of the pressure.

The peak pressures shown in Fig. 17 are moved to later crank angles
for later pilot injection times as expected, and for the latest pilot
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Fig. 18. Apparent heat release rate aHRR as close-up (left) and full-view (right)
for the given SOI-variation at operation parameters p. = 70 bar, Ti, = 50 °C, 1
= 1.5, and ET = 500 ps.

injection time (at TDC) there is hardly any pressure increase observable.
However, the images in Fig. 16 and the corresponding apparent heat
release rate in Fig. 18 prove that even in this case combustion is present.
The prolonged "plateau" phase in the aHRR (in comparison to cases with
earlier injection times), which is also reflected in the slightly longer
transition time in Fig. 19, are an indication of the quickly worsening
conditions for the combustion of the premixed charge due to the drop-
ping temperature level in the expansion stroke.

As mentioned in section 3.1 the specific design of the test rig has a
strong influence on the late combustion phase, therefore direct com-
parisons of heat release for different measurement conditions are diffi-
cult. However, since the total energy content has been kept constant for
this comparison, the apparent heat releases are shown in Fig. 20. As seen
in the pressure traces, earlier pilot injection times lead to an earlier
release of the energy. Since the temperature of the unburned zones rises
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Fig. 19. Ignition delay for SOI variation in 5 °CA steps from —20 °CA to TDC at
operation parameters p. = 70 bar, Tj, = 50 °C, 2 = 1.5, and ET = 500 ps.
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Fig. 20. Apparent heat release aHR over crank angle for different SOI at
operation parameters p. = 70 bar, Ti, = 50 °C, 2 = 1.5, and ET = 500 ps.

on one side with the pressure increase from combustion but decreases on
the other side due to the starting expansion stroke, a late and/or slow
combustion will be detrimental for a complete energy conversion. For
the latest pilot fuel injection (at TDC), which exhibits the slowest com-
bustion and almost no pressure increase, this results in an almost com-
plete end of aHR after 40 °CA. For earlier pilot injection times this effect
is less pronounced, but limits the totally converted energy, nonetheless.

The apparent flame propagation speed for the SOI variation is
illustrated in Fig. 21. The earliest pilot injection (SOI = —20 °CA),
featuring a slowly rising aHRR as seen in Fig. 18, needs a longer time to
reach the maximum s,pp here as well in comparison to the other SOI
cases. Later pilot injection times show comparable characteristics, but
with a trend towards slower propagation speeds for later SOIs. This
corresponds to less steep rising of aHRs as shown in Fig. 20. The analysis
of the apparent flame propagation speed ends when combustion covers
most of the optically accessible combustion chamber. For the cases with
pilot injection at SOIs of —5 °CA and TDC this does not happen until 20
°CA, but the flame propagation speed drops towards zero due to the
dropping temperature levels in the expansion stroke. It must be noted
that the changing volume due to the ongoing compression respectively
expansion stroke has an influence on the apparent flame propagation
speed. Due to the fast start of combustion with high initial s,pp this effect
is weak in the compression stroke, but it can lead to an overestimation of
low apparent flame propagation speeds in the expansion stroke.
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Fig. 21. Apparent flame propagation speed s,gp over crank angle for different
SOI at operation parameters p. = 70 bar, Ti, = 50 °C, 1 = 1.5, and ET = 500 ps.

The variation of the pilot injection time shows that an early pilot
injection time is necessary for an efficient ammonia combustion due to
the inherently slow ignition and combustion process. In genuine en-
gines, of course, the optimization of the pilot injection time is also
influenced by other factors like ignitability, cyclic variability, maximum
pressure rises rates, and emissions.

Variation of operation parameters

Conditions for mixing- and ignition processes of pilot fuel and pre-
mixed charge can also be influenced by varying intake pressure and/or
temperature. For the first case, a SOI variation as shown in section 3.3
was investigated for a higher intake temperature of Tj, = 100 °C with an
unchanged compression pressure of p. = 70 bar. For the second case, the
intake temperature of Tj;, = 50 °C was kept unchanged, but the intake
boost pressure pp, was adjusted accordingly (see Table 3) to reach
compression pressures of p. = 100 bar respectively p. = 130 bar. All
other operation parameters were kept constant with 1 = 1.5, SOI = —10
°CA, and ET = 500 ps. The corresponding pressure and estimated tem-
perature traces are shown in Fig. 22.

A higher intake temperature of Ty, = 100 °C with the reference
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Fig. 22. Compression pressures (measured) and temperatures (calculated) of
ammonia mixture charges for a variation of compression pressures p. and intake
temperatures T;, at operation parameters 1 = 1.5, SOI = —10 °CA, and ET =
500 ps.
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compression pressure p. = 70 bar increases the peak compression tem-
perature by 85 °C. The two higher compression pressures at the standard
intake temperature of Tj, = 50 °C results in slightly higher compression
temperatures T..

The pressure traces for the first case with a variation of SOI are
shown in Fig. 23. The drawn lines represent all measured cases for an
intake temperature of Ty, = 100 °C; the dashed lines for SOI = —20
/—10/0 °CA are the corresponding pressure traces of the intake tem-
perature T, = 50 °C cases presented in Fig. 17. Higher reactivity in the
hotter environment is reflected in a shorter ignition delay (see also
Fig. 25), a faster pressure rises rate and a higher peak combustion
pressure. This effect is stronger for late pilot injections: whereas the
pressure increases for a SOI = 0 °CA was almost indiscernible for an
intake temperature of Tj, = 50 °C — combustion in the hotter environ-
ment is late, but clearly recognizable. Even the two (very) late pilot
injection at SOI = +2.5/+45 °CA show a pressure increase due to com-
bustion, in the colder case with Ty, = 50 °C however no ignition could be
observed.

The corresponding apparent heat releases shown in Fig. 24 confirms
the findings — the aHR starts earlier and rises faster in the hotter envi-
ronment for equal pilot injection times. As expected, the total energy
conversion is also improved by higher temperatures, even late SOIs of
SOI = 0/5 °CA can convert most of the energy contained in the fuel.

The "kink" in the aHR trace around TDC for SOI = —20 °CA (and to
less extent around 8 °CA for SOI = —10 °CA) is again the effect of the
special test facility design with its split combustion volumes as described
in section 3.1. Late pilot injection times, or a colder environment, results
in lower combustion speeds, hence the effect is smaller and not
observable in the apparent heat release traces.

Ignition delays for the second case featuring different inlet condi-
tions (pressures and temperatures), but with constant start of injection
of SOI = —10 °CA are shown in Fig. 25. As expected, both higher intake
temperatures and boost pressures (leading to increased compression
pressures) reduce the ID. For the colder case with Tj, = 50 °C, a pressure
variation (at SOI) between p = 60 bar and p = 105 bar (for the corre-
sponding compression pressures of p. = 70 bar and p. = 130 bar) has
about the same effect as an increase of temperature T (at SOI) by about
85 °C (for intake temperatures Ti, = 50 °C respectively Ti, = 100 °C).

145
SOI 20
SOI-10
125 SOI-0
SOI +2.5
— 105 SOl +5
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10 20 30 40 50 60
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Fig. 23. Combustion pressure for different SOI at compression pressure p. = 70

bar for intake temperatures Ty, = 100 °C (drawn lines) vs. Tj, = 50 °C (dashed
line) at operation parameters 1 = 1.5, SOI = —10 °CA, and ET = 500 ps.
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Conclusions

The novel optically accessible test facility "Flex-OeCoS" has been
successfully adapted enabling pilot fuel ignited ammonia/air-premixed
dual-fuel combustion process investigations in terms of ignition and
combustion characteristics. It features IC engine relevant operation
conditions such as pressures, temperatures, and flow (turbulence) con-
ditions as well as adjustable mixture charge composition and pilot fuel
injection settings. Acquisition of boundary conditions and operating
parameters by comprehensive instrumentation allows a thermodynamic
analysis of the combustion. Simultaneously applied high-speed
Schlieren/OH* chemiluminescence measurements complete the exami-
nation of processes inside the combustion chamber. Within a parameter
variation of air-fuel equivalence ratio, start of pilot fuel injection, and
pressure/temperature operation conditions ignition delay, dual-fuel
combustion transition behavior, and turbulent flame propagation as
well as corresponding heat release have been investigated.

Initially a representative dodecane pilot fuel ignition ammonia dual-
fuel process has been compared to methane DF combustion at equivalent
operation conditions such as air-fuel ratio, compression pressure and
temperature and pilot fuel supply. In terms of heat release based on
different fuel properties, such as lower heating value and air-fuel ratio
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partly compensating each other, the resulting energy content of the
ammonia/air mixture was 4.6% lower than the one for the me-thane
case. Accordingly, corresponding peak pressures and heat release were
established. The ignition delay of the dodecane pilot fuel seems to be
quite similar for both cases. However, due to the higher reactivity of the
methane/air mixture the heat release rate rises faster in the initial
combustion phase. The combustion transition respectively inflammation
of the premixed charge is deferred in the ammonia case, reflecting the
lower reactivity.

Variation of air-fuel equivalence ratio, start of pilot fuel injection,
and compression pressure respectively temperature was investigated for
premixed ammonia dual-fuel combustion initiated by dodecane pilot
fuel. Adding more fuel in the premixed charge reduces both compression
pressure and particularly temperature, thus increasing ignition delay
and deferring heat release in the very early combustion phase. On the
other hand, larger energy content leads to correspondingly higher heat
release rate respectively pressure rise with higher peak levels, and faster
flame propagation. Variation of start of pilot fuel injection from earlier
crank angle towards TDC establishes shorter ignition delay (due to
higher compression temperatures), but retards center of combustion
position, affecting pressure rise respectively heat release in the expan-
sion phase. Process boundary operation conditions in terms of higher
compression pressures and intake temperature were varied to complete
the investigation. As expected, ignition delay decreases, and higher
chemical reactivity is established. Varying the start of injection with
corresponding compression pressure and temperature further illustrated
the strong temperature dependence in terms of ignition delay, heat
release (peak pressure), and center of combustion position. The in-
vestigations performed under engine relevant operation conditions
demonstrate combustion control possibilities and limits of applicability.
These findings corroborate the applicability of premixed ammonia dual-
fuel combustion process in view of genuine engines.

The findings of the optical investigations carried out in parallel
confirm the thermodynamic analysis and promote an assessment of the
processes taking place. In particular, pilot fuel evaporation and auto-
ignition, combustion transition into premixed ammonia charge, and
flame propagation are visualized. Moreover, an apparent flame propa-
gation speed could be evaluated, enabling a comparison within opera-
tion parameter variation.

Based on first promising results further investigations are planned. A
major necessity relates to a test facility extension in view of emission
measurements. In the context of combustion characteristics, a critical
point (besides ammonia slip itself) is the expected nitrous oxide emis-
sion, which as an extremely harmful climate gas. Moreover, pilot fuel
injection mass variation with respect to ignition delay (DOI>ID) is of
interest. Additional fuel added into the combustion zone would increase
mixing, thereby stabilizing early combustion phase, and thus, affecting
heat release and cycle-to-cycle stability.
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