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Introduction

1.1

Background

The present report concerns description of the 3D CFD numerical model of a single-cylinder Hatz
engine constituting a baseline configuration of the injection system used in further developments.
Detailed description accompanied by an explanation of selected modelling approaches justified in
the M3.1 report is followed by the presentation of the results for different operating conditions. The
model results provide insight into the flow structures inside the cylinder and local phenomena, such
as spray formation and vaporization, ignition characteristics. These data will help to understand the
combustion process better and support 0D modelling and simulations that are projected in the later
part of the project using the SRM. These two numerical tools will be further jointly developed to
optimize the direct ammonia injection strategy. This report is the first step in achieving that goal.

1.2

Specific objectives

The specific objectives of this work concern presentation of the baseline 3D CFD model of the single
cylinder Hatz engine together with providing the first cold flow results. This deliverable report
provides:
• Detailed description of the numerical 3D CFD model of the Hatz engine;
• The first cold flow results with ammonia and diesel injections;
• Information on numerical set-up for different thermodynamic conditions during various injection timings
• Mixing time scale profiles for selected injection timings;
• Assessment of the ammonia evaporation process and its cooling effect;
• Information about the mixture formation inside the cylinder for different operating conditions
i.e. injection timings.

1.3

Scope of the work

The present report consists of four chapters: 1) Introduction, 2) 3D CFD Hatz engine model, 3)
Results, and 2) Conclusions. The second chapter presents a detailed description of the engine geometry and its preparation for the 3D CFD modelling. Then numerical models are briefly described,
and the following chapters focus on the numerical grid study, thermodynamic conditions assessment,
and their impact on the selection of submodels to simulate flash boiling spray. In the third chapter,
the presented results consider three cases with different starts of ammonia injection. At first, the
mean turbulence integral time scale is considered representative of a mixing time scale, which later
on will be adopted in the SRM simulations. Secondly, the ammonia cooling effect is investigated
and followed by an ammonia evaporation assessment. The last results section focuses on presenting
selected data to assess the mixture formation and calibrate the position of the pilot fuel nozzles. The
last chapter provides concluding remarks.
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2
2.1

3D CFD Hatz engine model
Engine description

Full description of the single cylinder CI engine and the details of the experimental rig were given
in the M1.1 and D.1.1 reports of the ACTIVATE project. Here only a brief summary and the most
relevant data are given. It is the Hatz engine with a type number 1B30 with 347 cm3 of displacement
volume, max. torque of 16.2 Nm and power from 2.3 to 5.0 kW. Selected characteristic parameters
of the engine are provided in Table 1. Figure 1 shows the picture of the engine and the geometry of
the combustion chamber, including piston, inlet and exhaust ports.
Parameter
Bore
Stroke
Displacement
Connecting rod length
Compression ratio (CR)
Inlet valve closure (IVC)
Exhaust valve opening (EVO)

Unit
80 mm
69 mm
0.347 l
114.5 mm
21.5
-100 CAD
100 CAD

Table 1: Selected characteristic Hatz 1B30 engine data

Figure 1: Hatz engine picture (left) and the geometry of the combustion chamber (right), including
piston, inlet and exhaust ports.
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2.2

Geometry preparation

The first step in building the 3D CFD model was the Hatz engine geometry preparation. In order to
obtain the geometrical data, the engine was disassembled, and its parts were sent for 3D scanning (see
Fig.2). The separate scans were performed for the engine head, piston, and valves. Some geometry
elements had defects due to light reflections and limited optical access to some inner parts of the
engine head, such as inlet and exhaust ports. Those defects were corrected, and the geometry was
completed with the use of Converge Studio software, and Fig. 3 schematically presents the process.

Figure 2: The geometry elements disassembled for the 3D scanning and measurements.

Figure 3: The geometry STL files with defects (first row) and the same geometry parts corrected,
ready for the use in simulations (second row).
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2.3

Numerical setup

The detailed numerical setup of the model numerical approach employed using CONVERGE CFD
code was given in M3.1 report, and here only the summary is presented. The code uses the finite
volume method to solve the governing conservation equations. The ICE flow is turbulent, therefore,
one has to solve the system of closed equations of motion, species transport, and energy conservation.
The Navier-Stokes equations are subject to Reynolds decomposition with Favre averaging, and the
closure for the turbulence fluxes is obtained by statistical modelling based on turbulence viscosity.
The turbulence kinetic energy k and its dissipation rate  are obtained with a two-equation RNG k–
turbulence model widely adopted in ICE simulations. The Reynolds stress tensor is calculated according to the Boussinesq hypothesis. The turbulence fluxes of scalars are modeled with the gradient
assumption using turbulence Schmidt and Prandtl numbers. The above presented so-called RANS
modelling approach with various submodels has been extensively validated over the last decades and
can be regarded as industrial standards nowadays.
Different approaches can be used to track the liquid phase to model multi-phase spray flow during
the liquid fuel into the in-cylinder gas mixture. In the present study, the Lagrangian solver has been
employed to model discrete parcels, representing groups of identical drops and undergoing several
physical processes. This approach has been explained in more detail in the milestone M3.1 report,
and several submodels and different settings have been assessed in the context of direct, liquid
ammonia injection. The attention was paid to vaporization, spray breakup models and spray plume
cone angles in order to account for the flash boiling phenomena. The concept of superheat degree
has been introduced to quantify the conditions at different injection timings, assess the possibility
of flash boiling occurrence, and select a proper modelling setup. Sections 2.5 and 2.6 will cover that
topic more broadly. The summary of the baseline numerical setup is given in Fig. 4

Figure 4: Summary of the numerical model setup.
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2.4

Numerical grid

The CONVERGE code has the capability of employing autonomous grid generation to model complex
geometries. In contrast to many other codes, an engine geometry motion is handled by creating a new
mesh at each time-step instead of employing the moving mesh approach. Additionally, an adaptive
mesh refinement (AMR) algorithm assists in improving or adjusting the grid size in the regions where
it is needed based on predefined refinement criteria. Such an algorithm is advantageous when solving
the flow during valve opening or closing and fuel injection. AMR and fixed embedding (predefined
grid refinement in the selected region) and user-defined grid control parameters are essential tools
for designing appropriate numerical mesh for complex and moving geometry. Nevertheless, these
tools have to be employed carefully in order to efficiently improve the predictions in dynamically
changing transient flow by refining only the necessary regions. Otherwise, the usage of too strict
AMR algorithms adopted in too many regions and less important periods of simulations can lead to
an unreasonable increase in CPU time.
The numerical grid is perfectly orthogonal, and the cells close to the boundaries are created
with a cut-cell Cartesian grid generation algorithm that allows for the reproduction of the complex
surfaces. In this work, the base grid cell size was set to 2 mm and the sizes of each subsequent scale
of embedding/refinement are shown in Table 2. Refinement criteria for AMR were based on sub-grid
scale velocity of 1 m/s using 3 and 4 levels of embedding. However, an increase in one more level of
embedding leads to a significant increase in the number of cells and CPU time but causes a minimal
difference in the predicted results. Therefore we have applied 3 levels of AMR with 2 mm base
grids based on our previous experience with engine modelling, and detailed grid dependency studies
[1]. Moreover, according to Senecal et al. [2] and Xue et al. [3] who have performed non-reacting
vaporizing spray simulations using CONVERGE code, the cell size of 0.25 mm in RANS simulations
is small enough to provide correct liquid penetration length and thus is often set as the recommended
value Additionally, when it comes to the Lagrangian approach for spray simulations, the finer the
cells, the more parcels have to be injected, and the cell size of 0.25 mm requires injection of over 512
000 parcels. Additionally, attention was paid to activate the AMR algorithm and fixed embedding
during crucial engine events (compression close to TDC, closing and opening the valves). Figure 5
shows selected 2D slices with the resulting mesh and velocity magnitude as a background contour
map for the three different positions of the crankshaft. Figure 6 presents positions of the GDI (left)
and diesel (right) injectors, separately from the same view. Fixed embedding is applied with the
refinement scale of 3 in the injectors regions to cover the cone shape of the expected spray plumes.
refinment scale cell size [mm]
0 (base)
2
1
1
2
0.5
3
0.25
4
0.125
Table 2: AMR and fixed embedding scales and corresponding cell size.
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Figure 5: Selected 2D slices with the resulting mesh and velocity magnitude as a background contour
map for the three different positions of the crankshaft. Left picture presents intake valve closing,
right top shows exhaust valve opening and bottom right presents top dead center position.

Figure 6: Positions of the GDI (left) and diesel (right) injectors. The view from the intake port side
(colored with a pink).
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2.5

Thermodynamic conditions

The first Hatz engine simulation runs concerned motored conditions at a speed of 2000 rpm. The
simulations started with intake stroke at -360 CAD with the initial in-cylinder gas temperature
of 300 K and at atmospheric pressure. Intake pressure and temperature were 1.3 bar and 400 K,
respectively. Figure 7 shows the pressure trace and the maximum in-cylinder temperature between
the intake valve closure at -100 CAD and exhaust valve opening at 100 CAD. Ammonia injection
timing is an element of the injection strategy that has to be determined in the ACTIVATE project.
Depending on the selected injection time, the liquid ammonia will enter the atmosphere at very
different thermodynamic conditions, and as discussed in M3.1, the flash-boiling phenomena can
occur.

Figure 7: The pressure trace and the maximum in-cylinder temperature between the intake valve
closure at -100 CAD and exhaust valve opening at 100 CAD
Ammonia vapour pressure is presented in Fig. 8 in the p − T plot with a solid black line. The
color line shows the pressure and the temperature from Fig. 7 at the same crankshaft positions where
the crank angles are marked with color (see the color legend). Blue and red dashed lines indicate the
fuel temperature of 293 K and 363 K (90o C), respectively. From this, we can conclude that when
the fuel temperature is 293 K, its saturation pressure is 8.6 bar, which is achieved in the cylinder
during the compression stroke at 45.5 CAD before TDC. After that time, ambient pressure is higher
than the saturation pressure, thus the ratio pa /ps is larger than one. Thus the injected ammonia is
superheated only before 45.5 CAD when the flash boiling can take place. If during the operation
engine gets heated, the fuel temperature can also rise to approximately 363 K (90o C). Under such
conditions, flash boiling can take place for the ammonia injections until 9.8 CAD before TDC.
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Figure 8: Ammonia vapour pressure (black solid line) and in-cylinder thermodynamic conditions
from -180 CAD to TDC (denoted by colors). The numbers indicate at which crank angle in-cylinder
pressure equals the saturation pressure of ammonia at two different fuel temperatures.

2.6

Ammonia injection

The injection time of the liquid ammonia directly into the engine was not decided a priori, but it is
to be determined throughout the project. However, we expect to find the optimal choice between
the inlet valve closure at -100 CAD and the top dead center. Diesel injection is foreseen to promote
ammonia injection and will take place at -15 CAD. Therefore ammonia should be injected before
that. Early injections provide enough time for good mixing of the fuel and air, whereas late injections
can lead to ammonia and diesel spray interactions. Additionally, the ammonia cooling effect may
influence the flame stability and the overall combustion process, which is to be explored.
In this first modelling study, the goal is to assess three different injection timings. They are
selected to cover several degrees of superheat, from flash boiling to non-flashing, and can be named as
early (-60 CAD), moderate (-40 CAD), and late (-20 CAD) injection with the diesel spray interaction.
At these injection timings the superheat degree pa /ps for the fuel temperature Tf =293 K is 0.58, 1.27
and 3.6, respectively as shown in Fig. 9. Additionally, two other lines show pa /ps ratio for different
crankshaft positions when the fuel is 20 K colder or warmer to present how the fuel temperature can
affect the flash boiling conditions. For example, if the injected ammonia is cooled due to the phase
change inside the injector as discussed in M3.1, the pa /ps ratio increases, and the flash boiling is
less likely to occur. On the contrary, if the fuel is heated during the engine operation, pa /ps ratio
decreases, and flash boiling may also occur for the late injections. However, as shown in the report
M3.1, even if the injected fuel is warm, strong cooling of the surrounding takes place during its
vaporization, which may additionally limit the flash boiling.
Nevertheless, the goal here is to assess the given conditions and select an appropriate modelling
approach with the findings presented in the M3.1 report. Only the case with injection at -60 CAD
is regarded as flash boiling, whereas the other two are assumed to be non-flashing. Consequently,
only the early injection case employed the enhanced vaporization model of Price at al. [4], as well
as modified RT breakup model parameters to advance a breakup process as mentioned in the M3.1
report. Additionally, based on the ammonia spray measurements of Pelé et al. [5] discussed in M3.1
report, it is possible to prescribe spray angles varying continuously as a function of superheat degree
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Figure 9: Superheat degree as pa /ps ratio as a function of crankshaft position for the three different
fuel temperatures. Red symbols denote conditions during selected injection timings.
pa /ps . Figure 10 presents measured spray angles by Pelé et al. [5] and estimated full spray angle
for the GDI injector used in the present work. As discussed in M3.1, the minimum spray angle
at half of the penetration length measured by Pelé et al. [5] was 48o which corresponded to the
double of the drill angle of their injector in the respective plane. The double of the drill angle of the
current GDI injector is 48o and is assumed to be equal to the minimum full spray angle occurring
for pa /ps ≥ 2.9. As indicated by the experimental data, lower pa /ps ratios led to wider sprays.
Therefore, the full spray angle in the present work was estimated using the proportional increase
observed in the experiment with respect to the minimum full spray angle (double of the drill angle
) and is denoted with a solid black line in Fig. 10. In a multi-hole injector, the full spray angle
is calculated as the sum of spray plume cone angle and double angle of the spray plume direction.
Therefore, the two angles must be specified to assign the full spray angle. In the work of Duronio et
al. [6] a separate set of angles was used for the standard case and different for a flash boiling case.
For the cases with pa /ps ≥ 1 we have adopted the same ratio of plume direction angle to the plume
cone angle as in the standard case (37/30) and for pa /ps < 1 the ratio as in the flash boiling case
(19/24). The resulting angles are shown with dotted-dashed blue and green lines for plume direction
and plume cone angle, respectively. The summary of the numerical setting for the three cases with
different injection timings is given in Table 4.
SOI
-60 CAD
pa /ps
0.58
vaporization
Frossling + Price (flashing)
KH-RT breakup
GDI flashing
Angles
cone: 19.74o
direction: 15.63o
full: 51o

-40 CAD
1.27
Frossling (non-flashing)
GDI non-flashing
cone: 16.587o
direction: 20.46o
full: 57.5o

-20 CAD
3.6
Frossling (non-flashing)
GDI non-flashing
cone: 10.96o
direction: 13.52o
full: 38o

Table 3: Summary of the modelling setup for different injection timings.
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Figure 10: Spray angles as a function of superheat degree. Red symbols with dashed line represent
experimental data [5] and black solid lines stands for estimated full spray angle for the GDI injector
used in the present work. Dotted-dashed blue and green lines denote plume direction and plume
cone angle.
To express the ammonia fraction in dual fuel injection mode we have adopted formulation of heat
fraction of ammonia after Okafor et al. [7]:
EN H3 =

YN H3 LHVN H3
,
YN H3 LHVN H3 + Ydiesel LHVdiesel

(1)

where Yi stands for mass fraction and LHVi is the lower heating value (18.6 MJ/kg and 45.5 MJ/kg
for ammonia and diesel, respectively). Reiter and Kong [8] have studied combustion of port-injected
gaseous ammonia in compression ignition engine using dual ammonia-diesel fuel. They have demonstrated that it is possible to burn ammonia in a very wide range of energy contribution up to 95%.
However, too low or too high ammonia concentrations negatively influence exhaust emissions (NOx,
soot, HC, CO ammonia slip) or overall fuel efficiency. They have concluded that the favorable operating range in their dual-fuel approach requires 40–60% diesel fuel energy. Therefore, in the present
numerical study, it is assumed that adaptation of 50-50% ammonia/diesel by energy basis is a good
starting point. Such proportions correspond to 71% of ammonia and 29% of diesel by mass. It results
in the injection of 15 mg of ammonia and 6 mg of diesel per cycle for the selected operating point.
Based on the available data duration of ammonia injection was estimated to 13.334 CAD and diesel
to 4.28 CAD when the engine running at a speed of 2000 rpm.

energy fraction
mass fraction
mass per injection [mg]
injection duration [CAD]

diesel ammonia
0.5
0.5
0.29
0.71
6
15
4.28
13.334

Table 4: Diesel and ammonia injection details.
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3
3.1

Results
Mixing time

The mixing time scale τ is an important parameter to 0D combustion models used for engine simulations such as Stochastic Reactor Model (SRM) [9], which is going to be employed in further research
in ACTIVATE project. It is defined as a fraction of integral time scale defined as k/ multiplied by
a factor Cmix . Here Cmix was set to 0.5. Figure 11 shows mixing time scale τ averaged over the
volume of the engine cylinder for three different values of ammonia SOI as a function of crankshaft
position. The characteristic sharp drop in the time scale value is observed shortly after the fuel
injection, which indicates intensified mixing process. In the considered case, a relatively long ammonia injection duration causes the mixing time profile to not return to the values, which would
be observed in case of the absence of the injection. As a result, we can see that the mixing time
scale drop began from different values for each SOI case during the diesel fuel injection. However,
the minimum mixing time values observed during each injection establish at the same value of ca.
0.04-0.05 ms for ammonia injections and ca. 0.01 ms for diesel injections. During the expansion, τ
is nearly identical for all the three SOIs.

Figure 11: The mixing time scale average value over the combustion chamber volume for the three
ammonia injection timings. Zoom inset shows period of diesel fuel injection.

3.2

Cooling effect

Ammonia has a high latent heat of vaporization of 1370 kJ/kg, and as pointed out by Lesmana et
al. [10], one of the challenges in using ammonia as a fuel injected as a liquid is its cooling effect.
Significant heat absorption is present during vaporization, which consequently leads to a strong
decrease in temperature. Figure 12 shows the influence of ammonia injection on minimum, maximum,
and mean cylinder temperature for the different start of injection times. The start of injection is
indicated by a sudden drop in the lowest observed temperature in any location (computational cell)
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Figure 12: In-cylinder temperatures: maximum (red solid line), minimum (blue dashed line) and
mean (green dashed dotted line) at three different ammonia injection timings -60 CAD, -40 CAD
and -20 CAD compared to the temperatures history at motored conditions without fuel injections
(respective gray lines).
in the cylinder due to ammonia evaporation. For the early and moderate injections times, diesel
injection is also visible in the minimum temperature profile. Differences in maximum temperature
start to be visible closer to TDC when the in-cylinder gas is mixed more homogenously. Ammonia
injection leads to a 40-60 K drop in the mean temperature shortly after the injection, and at TDC,
the decrease is around 120 K. Correspondingly the maximum pressure is lower by 5 bars when the
ammonia is injected. It is worth pointing out that for the late ammonia injection, the pilot diesel fuel
dose enters the combustion chamber when the mean gas temperature is the highest. However, at that
time, due to overlapping injections and ammonia evaporation, the mixture is not homogeneous, and
cold regions exist. Nevertheless, as shown in Fig. 13 (second and fourth plot in the third column)
the two liquid sprays do not interact, and the ignition may not be affected by these cold spots.
Figures 13-15 show parcels, temperature, and ammonia mass fraction contours at selected YZ and
YX cross-sections for the three injection timings (columns) and 4 CAD, 8 CAD and 12 CAD after
ammonia injection and 4 CAD after diesel injection (rows). Parcels in Fig. 13 are colored by droplets
temperature, and it can be noticed that during early injection, they remain cold until the spray hits
the cylinder bowl. For early injection case, the number of parcels is visibly much lower than in the
case of the two later injections, which is related to the fact that only the first case is regarded as flashboiling with enhanced evaporation driven by heat flux from liquid droplet to its surface and advanced
breakup occurrence. The moderate and late injections occur when the liquid fuel is not superheeated
and undergo a normal vaporization process where the heat is provided from the surrounding gas.
Obviously, for later injections, warmer surrounding gas heats the liquid fuel much quicker. Figure
14 shows the temperature contours with a similar pattern during the fuel injection as presented in
M3.1 report. Spray plums significantly cool down the surrounding gas what is especially visible for
the early injection case where the flash boiling occurs. Noticeably different spray widths for different
SOI are the outcome of the assigned conditions described in Sec. 2.6. Figure 15 shows ammonia mass
fraction contours that correspond well to the temperature field. The correlation of low-temperature
regions with ammonia concentrations indicates a featured problem of ammonia ignition without pilot
fuel injection or another type of ignition promotion.
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Figure 13: Parcels representing liquid fuel spray colored by temperature for the three injection times:
-60 CAD, -40 CAD and -20 CAD shown in first, second and third column, respectively. First, second
and third rows show snapshots 4 CAD, 8 CAD and 12 CAD after ammonia injection and the fourth
row shows results from 4 CAD after diesel injection.
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Figure 14: Temperature contours at selected YZ and YX cross-sections for the three injection times:
-60 CAD, -40 CAD and -20 CAD shown in first, second and third column, respectively. First, second
and third rows show snapshots 4 CAD, 8 CAD and 12 CAD after ammonia injection and the fourth
row shows results from 4 CAD after diesel injection.
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Figure 15: Ammonia mass fraction contours at selected YZ and YX cross-sections for the three injection times: -60 CAD, -40 CAD and -20 CAD shown in first, second and third column, respectively.
First, second and third rows show snapshots 4 CAD, 8 CAD and 12 CAD after ammonia injection
and the fourth row shows results from 4 CAD after diesel injection.
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3.3

Ammonia evaporation

Ammonia at atmospheric pressures and in-cylinder conditions should naturally occur at a gaseous
state. However, due to its high latent heat of vaporization and thus strong cooling effect described
above can prolong its evaporation process. It has also been presented in the ACTIVATE milestone
report M3.1 that the ammonia sprays cool down the surrounding gas dramatically and, dependently
on the initial fuel temperature, can remain in the liquid phase relatively long. Therefore, it is of
interest to quantify ammonia evaporation at different injection timings.
As it is visible in Figs. 13-15 ammonia spray does not hit the engine head, but it interacts with the
piston bowl at various degrees dependently on the injection timing. Therefore, an appropriate wall
treatment has to be considered in the Lagrangian spray modelling. Lagrangian parcels can either
create a wall film or rebound and slide during contact with a wall. Rebounding would significantly
influence the flow field and the ammonia-related scalar fields, and also this is not representative of
the considered physical behaviour. Considering wall film require the involvement of other submodels
to determine film properties and account for its evaporation. In this study, O’Rourke film splash
model has been employed, and the splashing was determined using criteria based on Weber number,
film thickness, and viscosity. Additionally, evaporation of the film was allowed to ensure complete
ammonia evaporation.
Figure 16 show the amount of evaporated ammonia and diesel mass for the three different ammonia injection timings. It takes about 20-25 CAD to evaporate all the ammonia mass for all the
injections, however, as shown in the right plot of Fig. 16 evaporation rate for SOI at -20 CAD aTDC
is higher, and the process is shorter compared to the two earlier injections whose evaporation rate
profiles are very similar. However, at the beginning of the early injection at -60 CAD aTDC the
evaporation rate is much steeper than for the medium injection timing due to the flash boiling presence. The dotted black vertical line on the left plot in Fig. 16 denotes -15 CAD aTDC when diesel
pilot fuel is injected, and arrows point out the amount of ammonia mass at the gaseous phase at
that time. For the two early injections, all the mass is evaporated at the time of pilot fuel injection,
and for the case with SOI at -60 CAD, there is enough time for premixing the ammonia prior to
its combustion. Ammonia is completely vaporized for the medium injection time just after the pilot
fuel injection; thus, no full premixing can be achieved. On the other hand, for the late injection
case, only 19% of the ammonia mass has evaporated, and the two fuels injections overlap, and fully
non-premixed combustion mode is foreseen driven by mixing and diffusion.

Figure 16: Evaporated mass of fuel for the three different ammonia injection timings (left). Colour
lines denote evaporated mass of ammonia whereas black dashed line stands for evaporated pilot fuel.
Right plot shows rate of ammonia evaporation as a function of CAD after start of injection.
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3.4

Mixture formation

Presented in Sec. 3.1 average time scale provides some global information about the turbulence-driven
mixing process but does not say much about mixture homogeneity itself. Here, the ammonia mass
fraction results are presented to show how the mixture is formed and how it looks like during pilot fuel
injection. The result should show how well mixed is the ammonia within the cylinder and the piston
bowl during early injections and how the mixture is formed during later injections. These results can
also help adjust the pilot fuel injection timings but also its direction. Much smaller pilot fuel portions
must be injected during the operation at a high ammonia fraction than regular operation. Therefore,
the electronically controlled common rail diesel injector may have to be modified by welding some
of the nozzles to provide lower mass flow rates. Consequently, the decision must be taken on which
nozzle should be closed and which should remain open. It is known that for pure ammonia, leaner
mixtures show higher reactivity [11]. However, for ammonia blends with other fuels, ignition delay
time dependence on equivalence ratio may differ. With this information, one may target certain
regions with a pilot fuel injection to more effectively promote ignition.

Figure 17: Isocontours of ammonia mass fraction at the level of 0.08, 0.15 and 0.25 (purple, green
and yellow, respectively). Screenshots consider case with ammonia SOI at -60 CAD aTDC and the
time of -13 CAD shortly after diesel injection (black points represent spray parcels) for exhaust side
view (top left), intake side view (top right), bottom view (bottom left) and top view (bottom right).
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Figures 17 - 19 show isocontours of ammonia mass fraction at the values of 0.08, 0.15 and 0.25
(purple, green and yellow, respectively) for the three injection timings at different views at the
time of -13 CAD aTDC during the pilot fuel injection. Assuming that all the remaining mass
fraction is air, these values correspond to the equivalence ratios of approximately 0.5, 1, and 2,
respectively. In these simulations, we have 405 mg air and 15 mg NH3 (global φ=0.22). Note that
the colour surfaces are isocontours, so e.g. in late ammonia injection, there are rich regions inside the
spray. Black dots representing Lagrangian parcels are shown to visualize the pilot fuel single spray
plumes directions. Additionally, it should be pointed out that as mentioned in the milestone report
M3.1, liquid penetration length has not been validated, and not all the ammonia spray modelling
aspects are resolved. Therefore, it should be kept in mind that ammonia spray behaviour may differ.
However, compared to the experimental results of Pelé et al. [5], we somewhat underestimated liquid
penetration length, but still, we experienced spray wall interaction inside the engine’s combustion
chamber.

Figure 18: Isocontours of ammonia mass fraction at the level of 0.08, 0.15 and 0.25 (purple, green
and yellow, respectively). Screenshots consider case with ammonia SOI at -40 CAD aTDC and the
time of -13 CAD shortly after diesel injection (black points represent spray parcels) for exhaust side
view (top left), intake side view (top right), bottom view (bottom left) and top view (bottom right).

Page 19

Because the ammonia GDI injector enters the chamber at an angle, ammonia air mixture formation is strongly dependent on the fixed spray direction. However, the results of early injection case
with SOI at -60 CAD aTDC show relatively well-mixed ammonia evenly distributed within the piston
bowl with only several rich spots. In such conditions, initiated combustion would result in mixed
mode, i.e. kinetically controlled for ammonia and classical diffusion flame for diesel. On the other
hand, for the case with SOI at -40 CAD aTDC, ammonia has also already completely evaporated
and is spread over the piston bowl; however, a distinct rich region is located where the ammonia
spray hit the piston wall. When ammonia is injected at -20 CAD aTDC, the liquid spray is still
present at -13 CAD aTDC, and a wide spectrum of the mass fraction is present, with the visible
lean region in the outer side at the top of the spray (three top plumes) and the massive rich region
at the tip of the piston bowl visible from the bottom view (see Fig. 19), where the spray collides
with the wall. If leaner mixtures are easier to ignite, one may think of north/east-north/west or
south/east-south/west (looking at the top view) nozzles of the GDI injector are good candidates to
remain open.

Figure 19: Isocontours of ammonia mass fraction at the level of 0.08, 0.15 and 0.25 (purple, green
and yellow, respectively). Screenshots consider case with ammonia SOI at -20 CAD aTDC and the
time of -13 CAD shortly after diesel injection (black points represent spray parcels) for exhaust side
view (top left), intake side view (top right), bottom view (bottom left) and top view (bottom right).
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4

Summary and conclusions

In this report, we have presented a process of building a CFD model of a single-cylinder Hatz engine.
The example thermodynamic conditions have been analysed to identify superheated conditions for
ammonia. In order to account for flash boiling in the spray simulations, relevant models have been
selected based on findings from the previous M3.1 report. To reproduce ammonia spray shape full
outer spray angles were assigned based on the experimental measurements of Pelé et al. [5] and
propositions of Duronio et al. [6] for flash boiling and non-flash boiling conditions. Three cases with
different start of ammonia injections have been selected and further analysed. Presented results
consider mixing time scale as an essential input parameter to the 0D Stochastic Reactor Model
simulations. Additionally, the ammonia evaporation process and its cooling effect have been assessed.
Finally, mixture formation for the selected injection timings has been studied to provide initial ideas
about expected combustion modes and provide guidelines on which diesel injector nozzles should
remain open to ignite ammonia effectively.
The main observations and conclusions that can be drawn from the analysed results are as follows:
• The mixing time drops down to the similar value for both NH3 and diesel injections regardless
of ammonia SOI;
• Even for ammonia SOI at -60 CAD aTDC mixing time does not come back to the non-injection
profile prior to diesel injection, and in general, all three profiles differ until diesel injection and
the compression stroke when they become similar;
• Although liquid ammonia spray - head wall interaction has been excluded, the ammonia liquid
spray will hit the piston bowl walls. The piston is made of aluminium so no corrosion is
expected;
• Ammonia injection decreases the mean in-cylinder temperature and pressure at TDC by 120
K and 5 bar, respectively;
• For the late ammonia injection, pilot diesel fuel dose enters the combustion chamber when the
mean gas temperature is the highest;
• Temperature field is inversely proportional to ammonia mass fraction field, thus ammonia is
concentrated in the low-temperature regions what indicates a featured problem of ammonia
ignition without pilot fuel injection or another type of ignition promotion;
• Ammonia completely evaporates prior to the pilot fuel injection at -15 CAD aTDC if injected
between -60 and -40 CAD aTDC;
• Ammonia evaporation rate for early injection at flash boiling conditions is similar to the one
at medium injection time, but the highest evaporation rate is during late fuel injection;
• Premixed combustion mode is expected at the two early injections where the early injection
provides a relatively homogeneous mixture, and for the medium injection, a distinct rich region
is located in the piston bowl. The late injection is expected to lead to non-premixed combustion
as it overlaps with the diesel injector and ammonia still evaporates;
• Mixture formation analysis gave guidelines on which diesel injector nozzles should remain open.
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