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A B S T R A C T

The medium-speed dual-fuel engine has become popular in the marine industry for its advantages of fulfilling the
stringent emission regulations and relative affordability of natural gas. In such engines, the ignition process
importantly influences the subsequent combustion processes and engine performance. This work developed a
phenomenological micro-pilot ignition model with a minimal number of tuning parameters aiming to improve
the understanding of the ignition event and enable better control of the dual-fuel engine. The model comprises of
a spray and a chemistry submodel to accurately capture the interaction between the direct injection of a small
amount of diesel fuel (called micro-pilot) and a two-stage ignition of the diesel fuel mixed with the surrounding
reactive charge in relatively low temperature. A 1D transient spray model is adapted to reproduce the micro-
pilot spray characteristics by assuming a realistic trapezoidal fuel injection profile and the varying discharge
coefficient during the transient spray period. The chemical reactions are modeled with a 0D transient flamelet
approach based on an opposed flow reactor. The model is validated using three sets of experimental data, namely
ECN Spray A (constant volume chamber), RCEM with optical accessibility, and finally, medium-speed dual-fuel
engine. Quantitatively good predictions of the spray formation, ignition delay, and ignition location over broad
conditions ranging from the conventional diesel ignition to the micro-pilot ignition in the dual-fuel engine are
demonstrated. Finally, the developed model is used to explore the characteristics of micro-pilot ignition under
conditions relevant to the medium-speed dual-fuel engines.

1. Introduction

In recent years, the medium-speed dual-fuel(DF) engine has become
popular in the marine industry. DF engines can be operated with either
diesel or natural gas fuel, which brings various advantages in terms of
emissions, fuel economy, and redundancy [1]. In particular, using
natural gas can significantly reduce CO2, NOx, SOx, and particulate
matter emissions without using any additional after-treatment system
helping fulfill the stringent emission regulations. However, this com-
bustion mode also faces challenges with CH4 and UHC emissions, which
are higher than those of diesel engines [2,3].

Most medium-speed DF engines are developed based on the diesel
engine. Therefore, these engines can usually operate in diesel mode
with similar combustion characteristics as conventional diesel engines.

On the other hand, the gas mode exhibits unique combustion char-
acteristics. The combustion in gas mode is a highly complex phenom-
enon as it includes characteristics of both diffusion and premixed
combustion. The ignition of the premixed main charge containing the
gaseous fuel (more than 98% of the total fuel energy) takes place
through the direct injection of a small amount of diesel fuel (usually 0.5
to 2% of the total fuel energy), which is often called micro-pilot (MP)
injection. This MP injection of diesel fuel initiates the autoignition and
the initial diffusion combustion, while the subsequent combustion of
the surrounding charge occurs in a premixed mode.

The ignition process is crucial in DF engines since it governs the
subsequent combustion processes and the engine performance [4].
Despite the numerous studies on conventional diesel ignition, the ig-
nition in DF engines still needs further investigations since it is different
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in many aspects. The compression ratio of DF engines is typically re-
duced to suppress abnormal combustion, such as knocking and pre-ig-
nition [5]. As shown in Fig. 1, this results in a low in-cylinder gas
temperature of less than 800 K during MP injection in typical medium-
speed DF engines. In this temperature range, the diesel ignition is
known to be profoundly affected by low temperature (LT) reactions,
and thus often called two-stage ignition [6,7]. Also, several studies have
shown that the background methane mixture is inhibiting the ignition
[8,9]. Thus, contrary to the conventional diesel engines, the ignition
delay in the DF engine is usually longer than the MP injection duration.
This adds to the complexity of the ignition phenomena in DF engines
since the ignition is affected by not only the chemical reactions but also
the spatial distribution of the transient diesel spray [4,10–12].

These specific characteristics of ignition in DF engines highlight the
need for a sophisticated MP ignition model to improve the under-
standing of the underlying processes and to enable better control of the
combustion event. There have been several modeling studies of MP
ignition recently. The most involved models use a multi-dimensional
(CFD) analysis to calculate the spray distribution on a fine-mesh using
well-known spray models. Then, ignition is calculated by using either
detailed chemical mechanisms for each cell [14–16], pre-tabulated ig-
nition progress along with the mixture conditions [17], or a tuned Ar-
rhenius type correlation with average temperature and equivalence
ratio terms [18]. The less involved models use a quasi-dimensional
analysis and, various MP ignition models have been developed. The
empirical Wiebe model based on measured data is often used for its
simplicity [13,19]. For specific cases, such as low-speed 2-stroke en-
gines, a tabulated ignition delay model based on homogeneous reactor
calculation is often employed neglecting MP spray conditions [20].
While in other models, the 1D transient spray model [21] is employed
to deal with the transient MP injection because of the particularly short
injection duration. In some of these models, the ignition delay is cal-
culated only at the spray tip, assuming that the richest region is the
most reactive [22], or the ignition delay is estimated by tracking the
reactivity propagation within the whole spray envelope [23]. Yet an-
other approach to the MP ignition model applies the spray parcels.
Here, ignition integrals based on tabulated ignition delay of each parcel
are used to calculate the ignition delay [24–26]. Despite the recent
advantages in computational power, the multi-dimensional CFD ana-
lysis is still expensive for multi-objective DF engine optimization or
combustion control in particular. This is further exacerbated by the
more numerous operating parameters in DF engines relative to the
conventional diesel engines. Hence, quasi-dimensional analysis is still
needed for DF engine optimization [27] and parametric studies of op-
erating conditions [28].

In this paper, a novel phenomenological MP ignition model for a
medium-speed DF engine is developed, and its performance is assessed

in three steps. First, the MP ignition model composed a 1D transient
spray submodel, and a novel chemistry submodel is introduced. The
spray submodel is tailored to accurately capture the behavior of the
short MP spray with particular attention. For that purpose, the realistic
trapezoid fuel injection profile, the transient evolution of the discharge
coefficient, and a term for the momentum-dissipation due to turbulence
are introduced to the spray model. The chemistry submodel using the
0D flamelet model based on the opposed flow reactor is adapted, which
is often used for the combustion analysis using CFD [17,29]. This model
is novel for simulating the MP ignition since it can account for the in-
teraction between the spray and chemistry, which is especially im-
portant in the short MP spray. Second, the developed model and sub-
models are validated using a set of experimental data ranging from the
conventional diesel ignition (ECN Spray A), the MP ignition in an op-
tically accessible rapid compression and expansion machine (RCEM),
and finally, an MP ignition in medium-speed DF engines. The MP ig-
nition model requires tuning for the injector nozzle related coefficients
only, which are reflecting the geometric characteristics of the specific
injector nozzle. Other parameters are set to constant values even for
different cases from the relatively simple ECN spray A to the more so-
phisticated medium-speed DF engine. The developed MP ignition model
with a minimal number of tuning parameters shows good agreements
with the various measurement campaigns, especially for the ignition
delay and ignition location. Finally, the validated MP ignition model is
used to investigate the characteristics of ignition in medium-speed DF
engines for numerous parametric variations such as the start of injec-
tion (SOI), the duration of injection (DOI), and the air-to-methane ratio
of background mixture.

2. Model description

The MP ignition model consists of a spray model and a chemical
reaction model. First, the calculation domain is determined. Since the
primary purpose of the MP ignition model is to predict the ignition
delay and location precisely, the temporal calculation range is set from
the start of MP injection until the model predicted ignition. The spatial
calculation range is determined based on the preliminary estimation of
the spray penetration using a relatively simple steady-state spray model
from Naber and Siebers [30] using the conditions at SOI. The model
domain length of 1.5 times the preliminary penetration distance from
the injector orifice is assumed. The time step and mesh size are de-
termined to keep the Courant number below 0.5. The inputs required
for the ignition model are the conditions within the combustion
chamber (temperature, pressure, composition, turbulence intensity)
and the MP spray properties (rate of injection, injector specifications,
injection timing, injection duration, injection pressure). A well-estab-
lished 1D transient spray model from Musculus and Kattke [21] is
employed as the base model. Various improvements are applied to the
spray model to accurately predict the spray characteristics with a par-
ticular focus on the MP spray, as described in section 2.1. The chemical
reaction model employs a 0D flamelet model designed for the opposed
flow reactor with the appropriate detailed chemical mechanisms, which
is chosen in section 2.2. The submodels are coupled through the inputs
to the 0D flamelet calculation, which are obtained from the spray
submodel and combustion chamber conditions. The outputs of the
model are the ignition delay and ignition location.

2.1. Spray model – Formulation

The two most significant differences in spray formation between
diesel and DF engines are that the MP spray in the DF engine is injected
into lower ambient temperature, and it has a significantly short injec-
tion duration. This causes MP ignition to behave quite differently from
diesel ignition. In diesel engines, the mean spray temperature dis-
tribution along the spray axis before ignition is similar to the long in-
jection duration case shown in Fig. 2. The mean spray temperature is

Fig. 1. Pressure and temperature traces of a typical medium-speed DF engine
(see the specifications in [13]).

H. Park, et al. Fuel 285 (2021) 118955

2



lowest at the nozzle exit where the injected fuel evaporates, and the
spray temperature gradually increases toward the spray tip as the fuel is
mixed with the surrounding charge. Therefore, the ignition, mostly
affected by temperature and residence time, is known to occur in the
spray tip region.

On the other hand, in the DF engine, the temperature distribution
along the spray axis before ignition follows the evolution like in the
short injection duration case in Fig. 2. Since the ignition delay in DF
engines is usually longer than the fuel injection duration, the mixing of
fuel with the surrounding charge accelerates immediately after the end
of fuel injection in the trailing edge of the spray near the nozzle exit
[21]. Therefore, the highest temperature region of the spray can be
either the nozzle exit or spray tip, while the middle of the spray along
the axis has a lower temperature. In such temperature distribution, the
MP ignition can occur not only at the spray tip but also at the appro-
priate point upstream of the spray tip. Consequently, the MP ignition
model requires a spray model showing the spray characteristics not
only at the spray tip but also the entire spray envelope.

The MP spray formation is modeled using the 1D transient spray
model by Musculus and Kattke [21]. This model assumes a fully de-
veloped spray with a conical shape, as shown in Fig. 3. Governing
equations for mass conservation (1) and momentum conservation (2)
are solved along the spray axis discretized into cone-shaped 1D control
volumes. This well-established model is extended to capture the mo-
mentum dissipation due to turbulence characteristic of engines (term in
Eq. (2), further described in the following). In addition, particular at-
tention is paid to the model inputs to capture the specific characteristics
of the MP spray accurately as well as to minimize the number of tuning
parameters. Therefore, the spray cone angle (θ) is estimated using an
empirical correlation (3) [31] and tuned via the appropriate value (Csa)
for each injector nozzle, making the Csa the only tuning parameter in
the model. The velocity and fuel volume fraction distributions are as-
sumed to be fully developed, and they are modeled as in Eq. (4) [32]
with the value of α set to 1.5 (for this value, β is given as 2.02). Also,
the central value of the assumed profile can be expressed by Eq. (5).
Further details of the spray model can be found in [21,33].
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The remainder of this section describes the spray model validation.
The rate of injection and spray penetration are measured in a constant
volume chamber experiment under the non-reactive DF engine-like
conditions [34]. The spray measurements are done using an MP injector
from a medium-speed DF engine under test conditions that resemble
those at the MP SOI, the ambient density of 25 kg/m3, the injection
pressure of 1000 bar, and injection duration of 1msec. In diesel engines,
the rate of injection (ROI) is often modeled as a rectangle due to its
relatively long injection duration. However, due to the short injection
duration, the MP spray is thoroughly affected by the transition periods
at the start and end of injection, which are often called ramp-up and
ramp-down transients. Therefore, the approximation of the ROI with a
rectangle may distort the measured ROI [34] over the entire injection
duration, as shown in Fig. 4. Eventually, this leads to poor predictions
of the spray penetration and temperature distribution by the spray
model, as shown in Fig. 5 and Fig. 6, respectively. This influences the
model prediction of the ignition event as well. That is why the ROI of
MP spray is approximated to have a trapezoid shape to catch the spray
characteristics during the transition period.

The boundary conditions at nozzle exit should be set carefully to
estimate the spray characteristics during the transition period correctly.
The model calculates the injection velocity and injection area at the
injector nozzle exit according to the Bernoulli equation. To capture the
transient injection rate, either the velocity coefficient (Cvelocity) (6) or
contraction coefficient (Carea) (7) can be tuned considering the actual
flow through the nozzle. In the absence of a specific evolution model of
these coefficients, the transition period can be handled by either
keeping the contraction coefficient with a constant value and varying
the velocity coefficient according to the ROI or vice versa.

=A C A·exit actual area exit, (6)

=u C u·exit actual velocity exit, (7)

During the transition period, when the needle of the injector opens
or closes, a high-velocity gradient of fuel is formed at the nozzle inlet

Fig. 2. Volume averaged spray temperature distribution along the axis from the
nozzle exit for different injection durations.

Fig. 3. Schematic description of 1D transient spray model drawn over the vi-
sualized MP spray.
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leading to cavitation often occurring inside the nozzle. This reduces the
effective nozzle exit area while keeping the nozzle exit velocity above a
specific value [35,36]. Therefore, the spray model adopts a method of
fixing the velocity coefficient to a constant value and varying the
contraction coefficient according to the ROI. With this assumption, the
model reproduces the measured spray penetration with better accuracy,
as in Fig. 7. However, the other method shows the lower spray pene-
tration at SOI since it estimates nozzle exit velocity almost equal to zero
in this region.

The spray model is further extended by a term accounting for tur-
bulence effects on spray mixing and ignition in (2). Unlike the constant
volume chamber, the flow within the combustion chamber of an engine
is turbulent due to the intake flow, squish flow, and compression. This
turbulent flow is known to have an impact on spray characteristics
[37]. 3D CFD is used to quantify the effect of turbulence and validate
the 1D spray model predictions. In CFD, the KH-RT spray breakup
model and standard k-ε turbulence model are employed, And the tur-
bulence is diversified by changing the values of initial turbulent kinetic
energy (TKE). As shown in Fig. 8, higher TKE decreases spray pene-
tration by dispersing the momentum of the spray. Thus, the momentum
loss term due to the turbulence is added at the momentum conservation

Fig. 4. Rate of injections for medium-speed DF engine measured in constant
volume chamber under the conditions of ambient density of 25 kg/m3, injection
pressure of 1000 bar, and injection duration of 1msec, compared to the rec-
tangle and trapezoid estimations.

Fig. 5. Spray penetration predicted using different approximations of the rate
of injection shapes, compared to experimental data measured in constant vo-
lume chamber under the conditions of ambient density of 25 kg/m3, injection
pressure of 1000 bar, and injection duration of 1msec.

Fig. 6. Mean spray temperature prediction by the developed spray model for a
different rate of injection shapes.

Fig. 7. Spray penetration comparison for a different interpretation of flow
coefficient on 1D spray model (measured in constant volume chamber under
the conditions of ambient density of 25 kg/m3, injection pressure of 1000 bar,
and injection duration of 1msec).

Fig. 8. Spray penetration for different turbulent kinetic energy levels (simu-
lated under the conditions of ambient density of 25 kg/m3, injection pressure of
1000 bar, and injection duration of 1msec).
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Eq. (2). The term is designed to have a higher loss value when the
turbulence gets stronger, and the velocity gradient in the radial direc-
tion gets higher. The term has a tuning parameter (CTKE,loss), which is
tuned to 0.75 to match the CFD predictions. The spray model with
turbulence loss term predicts the spray penetration with precision, as
shown in Fig. 8.

In the next stage, the 1D spray model is extended to calculate the
scalar dissipation rate (SDR), which is a required input for the chemical
reaction model besides the mixture fraction (Z). The mixture fraction
can be obtained from the modeled fuel mass fraction through (8) by
applying the fuel mass fraction at the fuel side (Yfuel

0) equals one in the
engine condition and using (11). The SDR is modeled by (12) assuming
unity Lewis number [38]. Here, the local gradient of mixture fraction is
calculated as (13) for the axial direction and as (14) for the radial di-
rection. Then, the area-averaged SDR along the stoichiometric
boundary of the spray for each time is calculated using (15). Finally, the
area-averaged SDR for each mixture fraction is modeled using (16) by
applying the stoichiometric SDR obtained from (15) [39].
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The model performance is validated against the CFD results. For this
purpose, the maximum mixture fraction (Zmax) and area-averaged SDR
at stoichiometric locations (χst.,avr) within the spray plume are com-
pared. Three MP spray conditions with different injection timing or
injection duration in medium-speed DF engines are used for validation.
For each condition, Zmax and χst.,avr are well-matched with the CFD
result, as shown in Fig. 9 and Fig. 10, except for the period just after the
start of injection where the 1D spray model shows higher values than
the CFD. These deviations are because the 1D spray model assumes the
injected liquid fuel is fully evaporated just after the SOI. However, the
liquid fuel needs time for evaporation in the CFD. Also, the reason for
the highly fluctuating SDR in Fig. 10 is that the mesh used in the 1D
spray model is coarser than the CFD mesh.

2.2. Chemical reaction model

The chemical reaction is modeled employing the transient flamelet
approach [40], assuming the ignition in an MP spray can be modeled as
a non-premixed opposed flow reactor. In addition, the interaction be-
tween the turbulence and chemical reaction also can be captured using
flamelet equations (17), (18), which are solved in the mixture fraction
space to predict the ignition delay and ignition locations. The boundary
conditions are set as follows: for the oxidizer side, average pressure,
temperature, and charge composition conditions within the cylinder are
used. For the fuel side, fuel temperature is set constant. The cooling
effect of the fuel evaporation is assumed negligible, especially for DF
engines, since the injected fuel amount is tiny, and the ignition delay is

long enough to make fuel over-mixed with the surrounding charge. The
transient values of the area-averaged SDR obtained from the spray
model is used as a boundary condition characterizing the interaction
between the turbulence and chemical reaction. The ignition events are
defined based on the temperature increase for simplicity. The low-
temperature (LT) ignition is defined as a 100 K temperature increase at
each mixture fraction; this threshold value is found to correspond well
to the sudden increase of CH2O species. The high-temperature (HT)
ignition is defined as a 500 K temperature increase for each mixture
fraction, which corresponds to the sudden increase of OH species.
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The gaseous fuel in the charge mixture is modeled as pure methane,
while n-heptane and n-dodecane are considered as surrogates for diesel

Fig. 9. Comparison of CFD and 1D spray model prediction of the maximum
mixture fraction within the spray envelope for various MP SOI and MP DOI
(simulated under the conditions of ambient density of 25 kg/m3, and injection
pressure of 1000 bar).

Fig. 10. Comparison of CFD and 1D spray model prediction of the area-aver-
aged scalar dissipation rate at the stoichiometric location within the spray
plume for various MP SOI and MP DOI (simulated under the conditions of the
ambient density of 25 kg/m3, and injection pressure of 1000 bar).
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fuel. Various chemical kinetic models for each diesel fuel surrogate
candidate are tested to determine the chemical kinetic scheme most
suitable for the MP ignition model developed. For n-heptane, chemical
mechanisms of LLNL [41], Pitsch [42], and Polimi [43] are compared.
For n-dodecane, chemical mechanisms of LLNL [44], CSU [45], and
Polimi [43] are compared. Finally, the N-dodecane modeled by the
chemical mechanism of LLNL is chosen for efficiency and its compact
size (163 species and 887 reactions) based on the precision of the ig-
nition delay prediction when compared to the measurement, as shown
in Fig. 11.

3. Model validation and discussion

This section presents the MP ignition model validation using various
test data. Additionally, the ignition characteristics of each case are in-
vestigated with the MP ignition model to highlight the underlying
processes governing the ignition. First, the conventional diesel ignition
is investigated using the data from the ECN Spray A tests. Then, the MP
ignition is investigated using the data from ETH RCEM tests. Both ex-
perimental datasets include optical measurement data, which are
compared to the model predictions as well. Finally, the MP ignition
model is validated using the data from the multi-cylinder medium-
speed DF engine test data.

Before validation, the MP ignition model requires tuning for the
injector nozzle related coefficients only for each case, such as the spray
cone angle coefficient, nozzle contraction coefficient, and nozzle velo-
city coefficient. These coefficients are reflecting the geometric char-
acteristics of the specific injector nozzle and tuned based on the spray
measurements like ROI and spray penetration length. Other parameters
are set to constant values even for different cases from the relatively
simple ECN spray A to the more sophisticated medium-speed DF engine.
Also, a sensitivity analysis of the MP ignition model to charge tem-
perature is performed, considering that the experimental data for va-
lidation originate from several different test rigs with different
boundary conditions. This analysis shows the relationship between the
temperature at IVC and ignition delay, which put the precision of the
model prediction into perspective with the experimental uncertainties.
It is shown that ignition delay is highly sensitive to temperature at IVC
since as little as 5 K temperature difference at IVC, which corresponds
to roughly 10 K temperature difference at SOI, induce approximately
0.25msec difference in ignition delay, as shown in Fig. 12. In engines,
temperature estimation at IVC is quite tricky because of the high tur-
bulent intake flow, heat transfer between wall and charge mixture, and

residual burned gas fraction. For this analysis, the tolerance range of
ignition delay prediction by the model is set to ± 0.25msec for vali-
dation, which indirectly reflects the uncertainty of temperature at
IVC ± 5 K.

3.1. ECN spray A: conventional diesel ignition

The MP ignition model is validated using the spray and ignition data
measured at the widely accepted and validated Engine Combustion
Network (ECN) Spray A conditions and its parametric variations [46].
The ambient conditions tested are similar to charge conditions in diesel
engines at the time of injection. The variations of the experimental
parameters used for validation in this study include the injection set-
tings (such as injection pressure, injection duration, nozzle exit dia-
meter) and the charge conditions (such as charge density, pressure,
temperature, and oxygen concentration), as presented in Table 1.

The spray model input parameters, such as the velocity coefficient
and contraction coefficient, are taken from the measured values for the
specific injector. Only the model parameter for the spray cone angle is
used for tuning. The MP ignition model predicts ignition delay rea-
sonably well for a total of 20 test conditions, as shown in Fig. 13.
However, the ignition delay is predicted longer than the measured
values for the cases with low charge temperature around 750 K. These
deviations come from the charge temperature used for prediction is
lower than the actual temperature. In ECN Spray A, the charge tem-
perature corresponds to the local temperature 20 mm away from the
nozzle exit in the axial direction. However, these cases have longer
spray penetration length before ignition due to the longer ignition
delay. As Meijer et al. pointed out, the local temperature within the
constant spray chamber of ECN Spray A is varied ± 0.6% compared to
the mean temperature due to the wall heat transfer and convection
[47]. For instance, it corresponds to the temperature difference of 9 K
maximum, which may induce the ignition delay error about 0.5msec.

Fig. 11. Ignition delay comparisons for different surrogate fuels and chemical
mechanisms (conditions relevant to the base case of the medium-speed DF
engine – PSOI: 49 bar, TSOI: 725 K, DOI: 1msec, λCH4: 1.9, see section 3.3).

Fig. 12. Ignition delay prediction for a variation of the in-cylinder temperature
at IVC (calculations are conducted for the base case of the medium-speed DF
engine – PSOI: 49 bar, TSOI: 725 K, DOI: 1msec, λCH4: 1.9, see section 3.3).

Table 1
Test conditions for ECN Spray A and its parametric variation.

Injection Pressure 1400–1600 bar
Injection Duration 1.5/6 msec
Nozzle Exit Diameter 84/91 μm
Liquid Fuel n-dodecane
Charge Density 7–23 kg/m3

Charge Pressure 20–80 bar
Charge Temperature 750–1200 K
O2 Concentration 13/15/21%
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To highlight the sensitivity of ignition to ambient conditions, Fig. 14
shows the ignition delay dependence on the charge temperature and
mixture fractions within the spray plume. It clearly shows that higher
temperatures reduce the ignition delay significantly. Two-stage diesel
ignition is observed for all cases, and it shows a clearer staged ignition
for lower temperature cases. LT ignition starts at the leaner condition.
On the other hand, high temperature (HT) ignition starts at slightly
richer conditions.

The prediction of the ignition location in the conventional diesel
engine is validated using optical measurements [48] under the test
conditions of charge density 23 kg/m3, charge temperature 900 K, and
injection duration of 1.5msec as shown in Fig. 15. The modeled spray
boundary is drawn according to the predicted diesel fuel distribution at
the contour of diesel equivalence ratio exceeding 0.1. Contours for LT
and HT ignition are drawn along the minimum and maximum ignitable
mixture fraction at the specified time. These results being compared to
the optical measurements. The LT ignition is detected by CH2O PLIF
and, the fuel-jet extent is shown through Schlieren. Schlieren images
also indirectly indicate ignition. In the experiment, the LT ignition is
identified at 0.24msec aSOI as blurring of the spray boundary since the
heat release due to the low-temperature reaction reduces the density
difference of fuel-mixture to the surrounding. The HT ignition is iden-
tified at 0.39msec aSOI as the Schlieren contrast increases due to the
increased density difference between the fuel-mixture and surrounding
charge caused by the temperature increase. The model predictions of

both the LT and HT ignition are in good agreement with the experiment
data, indicating that the model can predict both the spray penetration
length and ignition quantitatively well, while it also provides the in-
formation about the ignition location. The LT ignition is predicted to
start from 0.19msec aSOI along the spray boundary with a specific
mixture fraction. Contrary to experimental results, the MP ignition
model shows that LT ignition also occurs near nozzle exit since it as-
sumes immediate evaporation of liquid fuel after injection. While this
assumption is wrong for long injections, it is believed to be a reasonable
assumption for MP ignition because of the short injection duration and
long ignition delay. This could be rectified by introducing a liquid part.
The liquid length of spray is estimated separately using Elkotb’s cor-
relation [49] and demonstrated by the dashed line in Fig. 15. If as-
suming the liquid part of the spray to be inert, the 1D model would
predict LT ignition at 13 mm from the nozzle exit, which is in good
agreement with the experimental data. After the start of LT ignition, the
LT ignited area rapidly expands within the spray envelope. Next, the HT
ignition is observed at 0.34 msec aSOI along the specific mixture
fraction boundary within the LT ignited spray envelope, after which it
also expands into the rest of the LT ignited spray envelope. However,
these ignition areas cannot propagate over the entire spray envelope.
The outer boundary becomes too lean to ignite due to over-mixing with
the surrounding air, and the inner boundary is too rich to ignite due to
the high equivalence ratio of diesel fuel attributed to the long injection
duration exceeding the short ignition delay.

3.2. ETH RCEM: MP ignition in methane-air mixtures

The MP ignition model is validated using the spray and ignition data
measured under various conditions at the ETH RCEM [50]. The con-
ditions tested are similar to ignition conditions in DF engines. The ex-
perimental variations include changes in the injection duration, the air-
to-methane ratio of background mixture and, the temperature at SOI, as
presented in Table 2. The RCEM tests are especially useful for this study
since the experimental conditions include the transient compression
process as in engines and short injection duration. Also, optical mea-
surements of spray and ignition are available for model validation.

The spray model parameters such as velocity, area, and spray cone
angle coefficients are tuned for the employed injector and kept constant
for all experimental conditions. The measured ROI is provided as model
input, and the measured spray penetration length is used for validation.
The tuned MP ignition model predicts ignition delay reasonably well for
a total of 36 test conditions, as shown in Fig. 16. The accuracy of the
prediction of ignition delay is also acceptable, especially considering
the wide range of conditions and resulting ignition delays. Based on the
model results, the effect of the air-to-methane ratio on ignition is
highlighted by comparing the modeled LT and HT ignition delay at a
different air-to-methane ratio, as shown in Fig. 17. When the injection
duration is short, the maximal available diesel fuel concentration ra-
pidly decreases (black line). Therefore, the model shows that the igni-
tion occurs near the maximum mixture fraction line, highlighting the
importance of accurately capturing the MP spray evolution.

Furthermore, the ignition delay is increased as the concentration of
background methane is increased. The presence of background methane
is shown to have two roles in the ignition. First, it increases the LT
ignition delay by consuming the intermediate species for diesel ignition,
as Schlatter et al. [51] and Srna et al. [52] argued. Second, it makes the
propagation of reactions from the ignition spot to fuel-lean mixtures
faster. When there is no background methane, the ignition delay at very
lean conditions is increasing very sharply. However, the ignition delay
shows a smoother increase if the background methane is present. It is
thought that the LT ignited background methane increases the local
temperature in the very lean spray regions since it contains the extra
heating value of methane over the diesel-only case. This effect of me-
thane on the MP ignition is investigated further by model results of LT
and HT ignition distribution, which are compared to the optical

Fig. 13. Ignition delay validation for ECN Spray A.

Fig. 14. Ignition delay plot from MP ignition model in mixture fraction space
for different ambient temperature conditions in ECN Spray A.
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measurements.
First, a case with micro-pilot injection into neat air is investigated

by comparing the simulation and the optical measurement [52], as
shown in Fig. 18. The experimental settings are the injection duration
0.4msec, the temperature at SOI 772 K, and no presence of background
methane. In optical measurements, the optical domain of Schlieren
images starts at 22 mm away from the nozzle exit, and the optical
domain of CH2O PLIF and OH Chemiluminescence images starts at
15 mm away from the nozzle exit due to the limitation of the

experimental test rig. The comparison with the model shows that the
MP ignition model can predict the spray penetration length and ignition
quantitatively well. The LT ignition is predicted to start from 0.74msec
aSOI along the spray boundary with a specific mixture fraction and
extends to the nozzle exit both in simulation and optical measurement.
After the start of LT ignition, the reacted area rapidly expands to the
entire spray envelope, which is aided by the gradual temperature in-
crease due to the compression, unlike in the quasi-stationary ECN spray
A case. The HT ignition is experimentally observed at 1.14 msec after
SOI at the core region of the spray, where the fuel-richest region within
the spray is located. Afterward, combustion rapidly expands into the
spray envelope, as indicated by the consumption of CH2O. However,
the HT ignition cannot propagate over the entire spray envelope since
the outer boundary becomes too lean to ignite due to over-mixing with
the surrounding air. These over-mixing regions also present near the
nozzle exit as the air is entrained after the end of the injection. This is
visible as the remaining weak CH2O signal at the contour of the jet, as
correctly reproduced by the model as well.

Second, the modeled ignition evolution in a case with background
methane is compared to the optical measurement [52], as shown in

Fig. 15. Simulations and optical measurements of ignition in diesel engine relevant conditions at ECN Spray A (the time of the image panels from the optical
measurements and the simulation results correspond to each other).

Table 2
Test conditions for ETH RCEM.

BDC displacement 1.38 dm3

Stroke 236.5 mm ± 1 mm
Compression ratio 20
Pressure at SOI (PSOI) 24 bar
Temperature at SOI (TSOI) 772, 814, 860 K
Injection duration 0.40, 0.58, 0.77 msec
Injection pressure 600 bar
Liquid Fuel n-dodecane
O2 concentration 21%
Air-to-Methane ratio (λ) 1.7/1.9/2.1/Inf.

Fig. 16. Ignition delay model validation for ETH RCEM tests.

Fig. 17. Ignition delay plot from MP ignition model in mixture fraction space
for different background air-to-methane ratio under conditions in the ETH
RCEM.
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Fig. 19. The conditions are kept constant as the previous case except for
the presence of background methane with the air-to-methane ratio (λ)
of 1.7. This case can be seen to be quite representative of a medium-
speed DF engine, except there is no turbulence within the combustion
chamber of employed RCEM. One can see that the MP ignition model
can predict the spray penetration length and ignition quantitatively
well. The model predicts the LT ignition to start from 1.34msec aSOI
along the spray boundary with a specific mixture fraction, followed by a
rapid expansion of the reacted area throughout the entire spray en-
velope within 0.2msec, which is faster than in the previous non-me-
thane case. Also, the LT ignition propagates outside of the spray en-
velope with an equivalence ratio of 0.1, which is located between the
nozzle exit and the trailing edge of the spray. This attributed to the
presence of methane. The HT ignition is observed at 1.74 msec aSOI at
the core region of the spray, where the richest region within the spray is
located, and, similarly to the LT ignition, it rapidly expands within the
spray envelope. Unlike the previous case, the HT ignition expands to
the entire LT ignition region. As a consequence, the flame surface area
becomes larger than in the non-methane case, as visible from the

comparison of the optical measurements.

3.3. Medium-speed dual-fuel engine

The MP ignition model is validated using the test data measured at a
medium-speed DF engine with specifications shown in Table 3. During
the gas operation mode, the DF engine is fueled with natural gas (city
gas, more than 98% of the total fuel energy) supplied at the intake port,
which is designed to form a homogeneous charge with a lean air-me-
thane mixture in the cylinder. Then, a small amount of diesel fuel
(MGO, usually 0.5 to 2% of the total fuel energy) is injected directly
into the cylinder through the MP injector for the ignition. The engine
tests are performed under the various test conditions, such as charge
conditions, injection pressure, duration of injection, and air-to-methane
ratios shown in Table 3. In addition, two different compression ratio of
the engine is tested; Configuration A has a compression ratio of 13.5
and, configuration B has a compression ratio of 12.7. The ignition delay
is defined as the time between the injection timing and the start of
combustion. Here, the start of combustion is obtained from the heat

Fig. 18. MP ignition simulation compared
to the optical measurement at ETH RCEM
conditions without background methane (In
optical measurement, the colored contour is
CH2O PLIF images, black dashed line is the
boundary of Schlieren images, and the solid
red line is the boundary of OH images. The
time instants of the image panels of the op-
tical measurements and the simulation re-
sults correspond to each other). (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the
web version of this article.)

Fig. 19. MP ignition simulation compared
to the optical measurement at ETH RCEM
conditions with background methane
(λ = 1.7) (In optical measurement, the co-
lored contour is CH2O PLIF images, black
dashed line is the boundary of Schlieren
images, and the solid red line is the
boundary of OH images. The time instants of
the image panels of the optical measure-
ments and the simulation results correspond
to each other). (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this
article.)
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release rate, which is calculated from the measured combustion pres-
sure. The model is validated for a total of 36 test conditions, as shown in
Fig. 20. The MP ignition model predicts the ignition delay within rea-
sonable accuracy, considering the wide range of the test conditions and
difficulties in estimating the local temperatures within the cylinder.

The ignition delay in the DF engine test ranges from 1 to 5msec,
which corresponds to 4.3 and 21.6CAdeg at a speed of 720 rpm, re-
spectively. These ignition delays are longer and broader than previous
test cases from ECN Spray A or ETH RCEM since the temperature at SOI
in the DF engine is lower and has a broader range (650–835 K). The MP
ignition process is investigated further in Fig. 21. The investigated re-
presentative conditions for the medium-speed DF engine are chosen as

follows: the compression ratio 13.5, the pressure at SOI 49 bar, the
temperature at SOI 723 K, the background air-to-methane ratio (λ) of
1.8, the injection duration of 1msec and the injection pressure of
1000 bar. The MP ignition shows similar characteristics as in the pre-
viously studied ETH RCEM case with the DF engine similar condition.
The LT ignition starts at 2.13msec aSOI along the specific mixture
fraction boundary of the spray. Then, it propagates rapidly into the
entire spray envelope within 0.3msec. The HT ignition starts at
2.39msec aSOI and, it also spread rapidly over the entire LT reacted
region.

4. Parameter studies on DF engine

The MP ignition model is used to investigate the effects of the
various engine operating parameters on the ignition in the medium-
speed DF engine. The base case for the parameter study is the case
presented in Fig. 21, and the parameter studies are performed by
changing one parameter per each case while keeping the other para-
meter values. The injection timing, injection duration, injection pres-
sure, injector nozzle diameter, and air-to-fuel ratio are chosen as
parameters to be varied.

The ignition diagrams for each parameter study are shown in
Fig. 22. Advancing the injection timing significantly increases the ig-
nition delay since the temperature and pressure at SOI are decreased
accordingly. Also, advanced SOI decreases the range of ignitable mix-
ture fraction by increasing the time for spray mixing with the sur-
rounding mixture. Longer injection duration secures higher SDR due to
the spray induced turbulence. Consequently, the ignition delay is
slightly reduced since the higher SDR promotes mixing between the
diesel fuel and background mixture. Higher injection pressure keeping
the same mass of diesel fuel shows the slightly longer ignition delay as
it causes the shorter injection duration. Larger nozzle diameter keeping
the same mass of diesel fuel shows the minor effect on ignition delay as

Table 3
Test conditions for a medium-speed DF engine.

Bore/Stroke 350/400 mm Gas Operation - Micro-pilot ignited Otto Cycle
- Main Fuel (99%): City Gas
- Pilot Fuel (~1%): MGO/MDO
- Low-Pressure Gas System

Rated Speed 720 rpm
BMEP 20.8 bar
Pressure at SOI 31–82 bar

Temperature at SOI 650–835 K Diesel Operation - Conventional Diesel Cycle
- Main Fuel: MGO/MDO/HFO
- Conventional Fuel Oil System

Injection Pressure 1000 bar
Injection Duration 0.7–2.2 msec
Air-to-Methane Ratio (λ) 1.8–2.2

Fig. 20. Ignition delay validation for a medium-speed DF engine.

Fig. 21. Ignition delay diagram from the MP ignition model in mixture fraction space (Left) and Spray and ignition contours (Right) for a representative condition in
a medium-speed DF engine.
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it causes the shorter injection duration and the larger spray cone angle,
which are compensating their effect on SDR each other. Though there is
only a slight difference in ignition delay when varying the injection
pressure or nozzle diameter, the spray penetration length can have a
relatively larger difference, and it makes the different ignition locations
that affect the subsequent combustion process. Richer background
methane concentration induces longer ignition delay and more stable
ignition at a very lean spray envelope. However, the ignition becomes
unstable when the background methane concentration reaches stoi-
chiometry as the methane consumes the intermediate products needed
for the HT ignition of diesel fuel.

5. Conclusions

In this paper, a novel phenomenological MP ignition model for a
medium-speed DF engine is developed. The spray submodel is tailored
to deal with the transition period of MP spray by adopting the trape-
zoidal ROI, variable contraction coefficient for the nozzle, and the

turbulence term. The main spray characteristics such as spray pene-
tration length, distribution of fuel fraction, and SDR are predicted with
precision. The chemistry submodel using the 0D flamelet model based
on the opposed flow reactor is adapted with a detailed chemical me-
chanism for n-dodecane. This approach allows the interaction between
turbulence and chemistry, which is essential for the ignition in an MP
spray. The developed MP ignition model requires only three tuning
parameters, which are reflecting the injector nozzle geometry. Other
parameters are set to constant values even for different cases from the
relatively simple ECN spray A to the more sophisticated medium-speed
DF engine.

The model is validated against test data, including the optical
measurements from the ECN Spray A and a rapid compression and
expansion machine, as well as pressure data from the multi-cylinder
medium-speed DF engine. The MP ignition model predicts the ignition
delay and ignition location precisely from the conventional diesel ig-
nition to the MP ignition in DF engines. Calculation results are in-
troduced in two graphical ways for further investigations: Ignition

Fig. 22. Parameter studies for MP ignition in medium-speed DF engine (red: HT ignition delay, blue: LT ignition delay, black: maximum mixture fraction within the
spray plume). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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delay graphs in mixture fraction space, and temporal evolutions of
spray, LT and HT ignition boundaries in 2D crosscut along the axial
direction. These plots are used for the qualitative characterization of
combustion and ignition stability. The MP ignition model identifies the
different ignition processes observed depending on the conditions.

1) Conventional diesel ignition:

The LT and HT ignition cannot be expanded over the entire spray
envelope. The outer boundary becomes too lean to ignite due to over-
mixing with the surrounding air, and the inner boundary becomes too
rich to ignite due to the oversupplied diesel fuel due to the long in-
jection duration and short ignition delay.

2) MP ignition in DF engines without background methane:

The HT ignition starts at the most reactive region within the spray,
the center of the spray tip region, and it expands rapidly into the spray
envelope. However, the reacted region does not expand over the entire
spray envelope since the outer boundary becomes too lean to ignite due
to the overmixing with the surrounding air. Even more, it contracts
toward the spray downstream because of the air entrainment from the
nozzle exit region after the end of injection.

3) MP ignition in DF engines with background methane:

The LT ignition is delayed compared to the non-methane case.
However, the LT ignition spreads over the entire spray envelope faster,
and it even expands outside of the spray envelope due to the presence of
methane. The HT ignition starts at the center of the spray tip region,
and it expands rapidly into the entire LT ignited region. As a con-
sequence, the flame surface area becomes larger than in the non-me-
thane case. The presence of methane is shown to have two roles in the
MP ignition. First, it increases the ignition delay by retarding the LT
reactions. Second, it makes the propagation of reactions from the ig-
nition spots to fuel-lean mixtures faster.

The MP ignition model developed in this study shows good agree-
ment with the various measurement campaigns, especially for the ig-
nition delay and ignition location with minimum tuning parameters.
The model is expected to be utilized for the medium-speed DF engine
development for the design of the combustion system and its operating
ranges, as shown in the parameter studies, for instance. Furthermore,
the model would serve as a sound basis for the development of the
subsequent DF combustion model.
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