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1 Deliverable PART A

1.1 Executive summary

Alternative fuels are making their entrance into the maritime industry, as they are a viable
alternative for complying with current and future engine emission regulations. Examples
of fuels already being used or planned for include liquefied and compressed natural gas
(LNG, CNG), ethane, methanol and liquefied petroleum gas (LPG). Numerical tools and
models for describing and predicting alternative and multi-fuel combustion are crucial
for designing and optimising marine engines capable of exploiting the full potential of
these fuels. Here we will present the development of a chemical kinetic model describ-
ing these fuels, and the experimental work performed to validate the model. We will
also demonstrate its use in engineering tools for ignition, flame speed and combustion
simulations.

A high-pressure flow-reactor is used at DTU to investigate the oxidation properties
of methane, ethane, ethanol, propane, and butane at high pressures (20-100 bar) and in-
termediate temperatures (450-900 K). The experiments reveal the onset of fuel oxidation
at temperatures starting from 600 K up to 825 K, depending on pressure and fuel-air
equivalence ratios. It was found that the oxidation of both methane and ethane starts
around 750 K (100 bar, stoichiometric mixture) while propane and butane are oxidized at
lower temperatures of 600-700 K (100 bar, stoichiometric mixture). Ethanol is oxidized
at 700 K if the pressure is 50 bar.

The data collected from the flow-reactor is used to develop a detailed chemical ki-
netic model for the combustion of aforementioned fuels at pressures and temperatures
relevant to marine engine operating conditions. For instance, Figure shows the gas
composition at the flow-reactor outlet for a methane oxygen mixture under stoichiometric
conditions for different isotherms. The model reproduces accurately the onset of reaction
as well as the relative changes in the fractions of stable components. However, it under-
predicts the conversion of methane and oxygen at high temperatures, accompanied by an
underprediction of COs,.
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Figure 1: Results for methane under stoichiometric conditions ($=1.0) at 100 bar. Sym-
bols mark the experimental results and lines denote the predictions of the developed
detailed chemical kinetic model.



The developed model is further evaluated against existing data in literature. Flame
speed and ignition delay time predictions are especially evaluated due to their importance
for:

- capturing key physics using Computational Fluid Dynamics (CFD) low-dimensional
engineering tools.

- performing accurate multi-dimensional CFD calculations.

In general, the model could predict the oxidation properties of aforementioned fuels rea-
sonably well as shown in Figure [20| for methane ignition delay time.
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Figure 2: Ignition delay times of CHy/air ($=0.5, from Zhukov et al. |1]) and CH,/O,
mixtures (from Levy et al. [2], mix 4: 3.53% CH, in N,, 8 atm, ®=1.01; mix 7: 4.0%
CHy in Ny, 6.9 atm, ®=1.33; mix 11: 1.99% CH, + 3.72% CO, in N,, 7.7 atm, $=0.32).
The simulations are conducted at fixed pressures while the pressure in the experiments
fluctuated within +10%.

This comprehensive evaluation of the model and its application range is described in
this report. The improvement of the model prediction for propane and butane as well as
the evaluation of the model against measured flame data for propane are currently under
further investigations.

This detailed chemical kinetic model is then used as the basis of two engineering tools,
developed at MDT, that allow a quick evaluation of respectively the ignition delay time
and the laminar flame speed of various fuel composition under engine-like conditions.
These tools can also be used to create ignition table for example. They are based on the
open-source software Cantera [3] and Python programming language.

Finally a proof of concept for direct integration of chemical kinetic models into a
multi-dimensional CFD simulation for dual fuel was conducted for a methanol-diesel
configuration as show in Figure[3] Although OpenFOAM is found to be a very good tool
for such study, it was concluded that direct integration of the developed detailed chemical
kinetic model into a multi-dimensional CFD simulation of dual fuel is still found to be
prohibitive and beyond the reach of industrial application without further reduction. A
few conventional methods to reduce detailed chemical kinetic models to skeletal ones are
currently being tested in order to identify the most suitable approach. As part of this
work package extension, other approaches, based on the developed detailed (or skeletal)
chemical kinetic model, are explored in order to simulate accurately multi-fuel combustion
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using multi-dimensional CFD. A strong focus is also given on the charge preparation prior
to combustion and on the overall computational efficiency in manipulating complex engine
meshes. These results will be documented in deliverable D2.4 PART B, with proposed

submission M42.

Iso-surface of temperature (T=1200K)

CH30OH (red spheres)
C7H16 (black spheres)
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Figure 3: Iso-surface of temperature (T=1200 K) at 2.0 CAD for a dual-fuel CH3OH
(red) and C7;H;6 (black) combustion using a two steps reaction chemical kinetic model.
Proof of concept simulation is performed in OpenFOAM.



1.2 Introduction

Climate change has become a serious concern nowadays. The main reason of the current
changes in the climate is believed to be the high emission of greenhouse gases mainly
from human activities. The energy demand has increased exponentially [4] and even
though the fuel efficiency improved globally, the CO, emission has increased consider-
ably [4]. The steady increase in the global energy demand as well as in the release of
carbon dioxide and other harmful pollutants from the combustion of most fossil fuels are
the major motivations to seek alternative sources of energy. In a mid-term prospect, fuels
which produce less pollutants and CO,, and have a higher energy efficiency may relieve
the environmental problems to some extent. For marine applications, alternative fuels
such as Liquefied and Compressed Natural Gas (LNG and CNG), ethanol and Liquefied
Petroleum Gas (LPG) are currently among the most viable options. In a global trans-
portation system, these fuels might be supplied in various compositions and/or purity
which effects should be accounted for. Methane (CH4) and ethane (CoHg) are the ma-
jor components in LNG and CNG. Neat ethane can also be used as an engine fuel for
ships transporting feedstock ethane. Propane (C3Hg) and butane (C4H;o) are the major
component of LPG. Trace amounts of propane and butane can be also found in natural
gas. The variations in CHy, CoHg, C3Hg, and C4Hyy fractions can affect the ignition,
oxidation, and pollutant formation of the given fuels considerably. Experimental study
of the effects of changing fuel in practical conditions are not always economic or even
feasible, which emphasizes the role of modelling in design/optimization of engines. Com-
putational Fluid Mechanics (CFD) modelling approaches can range from engineering low
dimensional tools, typically 0-Dimension (0-D) or 1-Dimension (1-D), as investigated in
this project to multi-dimensional simulations (3-Dimensions). Theoretically, the most
accurate approach to model ignition and combustion in engines is to use 3-D CFD cal-
culations coupled with detailed or simplified chemical kinetic schemes but the computa-
tional requirements are out of rich in an industrial framework. Ignition, as a potentially
challenging issue in the combustion of alternative fuels, is mainly governed by chemical
kinetics. Thus a reliable chemical kinetic model is a critical block for the CFD modelling
used for the design and optimization of combustion devices. Such a model usually con-
sists of a large number of reactions and species and in order to evaluate either detailed
or simplified version of such a model, it is necessary to compare the prediction of chosen
combustion parameters with experimental measurements. For example, the oxidation
properties of propane and butane have attracted research and industrial interests as, for
both of them, oxidation exhibits a non-linear trend to temperature over a certain range
of temperature. To better reveal the chemical details, it is desirable to avoid turbulent
combustion and to simplify the flow field as much as possible [5]. The evaluating param-
eters, combustion characteristics, should be independent from device and configurations.
Species evolution profiles, ignition delay times, and laminar burning velocities are more
frequently used as combustion characteristics. Species evolution profiles can be measured
in flow reactors, jet-stirred reactor, shock tubes, and rapid compression machines (RCM).
To measure ignition delay times, shock tubes and RCM have been used more frequently.
Different configurations of burners and constant-volume test vessels are used to quantify
the flame speed of gas mixtures.

As mentioned previously, detailed models usually consist of a large number of reactions



and species. Despite the rapid growth in computational capabilities, direct implementa-
tion of large chemical schemes in multi-dimensional CFD calculations is prohibitive. The
computational cost will escalate for practical multi-components fuels where their reaction
kinetic models include hundreds of species and thousands of reactions. To address this
problem, several approaches can be considered. A direct integration of a simplified de-
scription of chemistry can be used. Such simple models were expected to fairly reproduce
selected aspects of combustion, e.g. ignition or pollutant emission under a given operating
range. The calculation speed up can be further increased by using an additional strategy
such as Chemistry Coordinate Mapping (CCM). Another approach is to use tabulated
chemistry model in CFD where the tables are generated from a detailed chemistry model.
Within WP2, MDT proposed to significantly boost the multi-fuel modelling capabilities,
by supporting activities with research groups located at two existing partners: Politecnico
di Milano (WP5 partner) and Lund University (already WP2 partner). These results will
be documented in deliverable D2.4 PART B, with proposed submission M42.



1.3 Objectives

The objective is to develop the numerical tools required to exploit new alternative fuels
in future marine engines. In order to operate efficiently on a larger variety of fuels an
increased understanding of ignition, combustion and emissions formation of those novel
or mixed fuels is required. Numerical tools can provide insight in ignition and emission
formation. Detailed chemical kinetic models evaluated against experimental data at
conditions relevant for marine engines are required to develop such tools. Experimental
measurements will be conducted in a high-pressure flow-reactor facility in DTU Chemical
Engineering to facilitate model development and evaluation.

Within the work package extension framework, it is also expected that

e POLIMI is to apply and evaluate methods, mesh handling and models initially de-
veloped for the automotive industry in a large two-stroke marine engine framework.
Especially the mesh handling and turbulence prediction will be complementary to
the support of LUND on detailed chemistry.

e LUND will first evaluate the CCM approach in case of multi-fuels combustion in a
large two-stroke Diesel engine. Then the effect of turbulence chemistry interaction
will be investigated by means of a pdf approach.

e Investigations by all partners on simulation speed-up techniques are expected as
well.



1.4 Detailed chemical kinetic models
1.4.1 The laminar flow reactor

The experimental setup was a laboratory—scale, high—pressure laminar flow reactor de-
signed to approximate plug flow. It has been described in detail elsewhere [6] and only
a brief description is provided here. The system was used to investigate fuels oxidation
chemistry at 20-100 bar pressure and temperatures up to 900 K. The reactions took place
in a tubular quartz reactor (inner diameter of 8 mm), enclosed in a stainless steel tube
that acted as a pressure shell. Using a quartz tube and conducting the experiments at
high pressure ensured a minimal contribution from heterogeneous reactions at the reactor
wall. The steel tube was placed in a tube oven with three individually controlled electrical
heating elements that produced an isothermal reaction zone (6 K) of 37-43 cm. A mov-
ing thermocouple was used to measure the temperature profile inside the pressure shell
wall after stabilizing the system. The system was pressurized from the feed gas cylinders.
The reactor pressure was monitored upstream of the reactor by a differential pressure
transducer and controlled by a pneumatically actuated pressure-control valve positioned
after the reactor. The pressure fluctuations were less than 0.2 % during the experiments.
The reactant gases were premixed before entering the reactor. Downstream of the reactor,
the system pressure was reduced to atmospheric level prior to product analysis, which was
conducted by an on-line 6890N Agilent Gas Chromatograph (GC-TCD/FID from Agilent
Technologies). All Gas Chromatograph (GC) sampling and measurements were repeated
at least twice to reduce uncertainties in measurements. For gaseous compounds the GC
peak areas were related to concentrations by calibration against certified gas mixtures (£
2% from AGA A/S). A general uncertainty of 6% is estimated for measurements by GC.
Figure [4] shows the measured temperature profiles for different isotherms with a flow of
pure nitrogen. The uncertainty in the gas temperature due to the effect of heat release

9004 % 900
{ & 851
8004 o 774
{1 0 699
7004 = 598
3 1 %+ 526
— 6004 % 450
500 - A
X
400 - %
¥

T T T T
20 40 60 80 100 120
Length in reactor (cm)

Figure 4: Temperature profiles along the reactor length for different isotherms with ni-
trogen flow.

from combustion was limited by a high level of dilution. Because of the fast heat transfer
from the hot gases to the pressure shell, augmented by the small dimensions of the reac-
tor, we estimate the deviation of the gas temperature from the measured temperature to
be negligible. Measurement of the wall temperature in real experiments did not reveal



any deviation beyond +2 K.

1.4.2 Methane

Oxidation mechanisms for methane are available [7-11], but they have mostly been ver-
ified at lower pressure and/or higher temperature. In shock tubes, ignition delays for
CH,4 have been obtained over a wide pressure range |1, 2, 12-14], but shock tube stud-
ies are generally restricted to temperatures above 1100 K. Even at high temperatures,
autoignition depends not only on chemical processes at the time of ignition, but also on
the earlier, lower temperature chemistry creating the necessary conditions for ignition
[15]. The relatively long residence times, which are required to study combustion at high
pressures and temperatures of 600-1100 K can be realized in static reactors and flow
reactors.

In the present work we conduct methane oxidation experiments in a laminar flow
reactor at 700-900 K and 100 bar. A detailed chemical kinetic model is established,
drawing on the previous high-pressure work [6} |7, [16-19], and modeling predictions are
compared with the present measurements as well as data from shock tubes and flames at

the highest pressures reported. Details of the methane oxidation model can be found in
[20].

Oxidation in the flow reactor

The developed model for methane has been evaluated against experimental data mea-
sured in the DTU’s high-pressure flow-reactor. Figure [5| shows the gas composition at
the reactor outlet under stoichiometric conditions for different isotherms. Under these
conditions, the fuel conversion starts at a temperature of 750 K. The model reproduces
accurately the onset of reaction as well as the relative changes in the fractions of stable
components. However, it underpredicts the conversion of methane and oxygen at high
temperatures, accompanied by an underprediction of COs.

The experiments were repeated for fuel-rich (reducing conditions, $=19.7) and fuel-
lean (oxidizing conditions, $=0.06) mixtures. The model generally agrees well with the
measurements. Further details of the comparison can be found in [A]
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Figure 5: Results of experiments under stoichiometric conditions (0.31% O, and 0.16%
CH, in Ny, ®=1.0) at 100 bar pressure. Symbols mark the experimental results and lines
denote the predictions of the present model. The temperature profile was implemented
in the simulations. Considering only the isothermal zone of the reactor (4 6 K, residence
time=9586/T [s]) deteriorates slightly the agreement.

Ignition delay time in shock tubes

The oxidation of methane has been investigated extensively in shock tubes |1, 2, 12,
14], [21H32]. In Fig. [ modeling predictions are compared to selected ignition delay data
obtained at very high pressure by Zhukov et al. [1]. As shown the modeling results agree
well with the measured data at 156 and 456 atm. The figure also includes ignition delays
measured at much lower pressures (6.9-8.0 atm) by Levy et al. [2]. Detailed comparison
of the results of the present model with the literature data can be found in [A]
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Figure 6: Ignition delay times of CHy/air ($=0.5, from Zhukov et al. [1]) and CH4/Ox
mixtures (from Levy et al. [2], mix 4: 3.53% CHy in N,, 8 atm, ®=1.01; mix 7: 4.0%
CHy in Ng, 6.9 atm, ®=1.33; mix 11: 1.99% CH, + 3.72% CO, in N,, 7.7 atm, $=0.32).
The simulations are conducted at fixed pressures while the pressure in the experiments
fluctuated within +10%.

Flame speed

The laminar burning velocity of methane has been measured in several studies [33-39],
but most of the published data are limited to low pressure. Figure[7|compares simulations
with the experimental data. As expected, the flame speed decreases at elevated pressures.
The predicted flame speeds agree well with the measurements at pressures of 1, 5, and
10 atm.
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Figure 7: Laminar burning velocity of methane/air mixture at 1, 5, and 10 atm and
initial temperature of 298-300 K. Symbols mark experimental results from Gu et al. [33],
Dirrenberger et al. [34], Rozenchan et al. [35], Varea et al. [36], Goswami et al. [37],
Tahtouh et al. [38], and Lowry et al. [39]. Lines denote the model prediction at specified
pressures. The dashed line corresponds to modeling without inclusion of the prompt
dissociation of HCO.
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1.4.3 Ethane

From a fundamental perspective, the oxidation of CoHg plays an important role in the
hierarchical structure of the reaction mechanisms of hydrocarbon fuels. To develop and
verify these chemical kinetic models for hydrocarbon oxidation, measurements of the
combustion characteristics at high pressure are essential.

While hydrocarbon ignition even at high temperatures relies on intermediate temper-
ature chemistry, this range of temperature, particularly at high pressure, has only been
sparsely studied. However, pressures investigated in these studies are still below those
relevant for modern internal combustion engines.

To extend the available data toward conditions relevant to engines, this work reports
the results of ethane oxidation experiments in a laminar flow reactor at pressures of 20—
100 bar and temperatures of 600-900 K under a wide range of stoichiometries. A chemical
kinetic model for ethane oxidation at increased pressure was established. Details of the
developed model can be found in [40].

Oxidation in the flow reactor

The flow-reactor tests were carried out at pressures of 20, 50, and 100 bar to survey the
effects of pressure-dependent reactions. The mixture composition has been changed from
extreme fuel-rich conditions to stoichiometric and then fuel-lean conditions to represent
the wide range of stoichiometries observed in engines. Here, the results from stoichio-
metric tests are presented while data for fuel-lean and fuel-rich mixtures can be found in
Bl

For near-stoichiometric mixtures (¢=0.81-0.91), the onset of fuel oxidation is at tem-
peratures of 825, 775, and 750 K for pressures of 20, 50, and 100 bar, respectively (Fig. .
The major products are CO, CO, and C,H,, with C,H, disappearing at increased tem-
perature. The model predictions agree very well with the measurements. From the
experiments, it can be seen that when pressure is increased, the fuel oxidation starts at
lower temperatures.

Ignition delay time in shock tubes

The ignition delay time of ethane has been measured at pressures greater than 10 atm in
several shock tube studies [25, [4143]. Figure [J] shows the measured ignition delay times
and the predictions by the present model. The modelling predictions compare reasonably
well with the measured values.

Flame speeds

For ethane/air mixtures, the flame speed has been measured at pressures up to 10 atm
[39, 44-49]. Figure compares modelling predictions with measurements at 1, 5, and
10 atm. The model overpredicts the flame speed by up to about 5 cm s=! for fuel-lean
and stoichiometric mixtures, but its accuracy improves for fuel-rich mixtures.
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Figure 8: Results (molar fractions) of experiments under stoichiometric conditions at
20 bar (¢=0.82, 511,/2194 ppm of C,H4/0,), 50 bar (¢=0.81, 542/2328 ppm of C,H/0,),
and 100 bar (¢=0.91, 580/2228 ppm of C,Hy;/O,). All mixtures are diluted in nitrogen.
Symbols mark experimental results and lines denote predictions of the present model
using the temperature profiles in the supplementary materials. Approximating the gas
residence time by 7=2580/T [K] s (20 bar), 7=6170/T [K] s (50 bar), and 7=12830/T
[K] s (100 bar) may deteriorate the model predictions slightly.

14



. QQQQ - ‘\\. O (D:O-SAUI etal.
)] A \.\ O ---Huetal
2 TN A —-—--Zhang et al.
GE> VAY
i~ \QQQ E
z ..
(0] S -
2]
o N =] Aul et al. : .l
5 AQ { © - - Huetal 2 sk\ \9 -
_-E j % —-—--Panetal é\ g T~ ®
> RGN
- »=2.0 S
® ----Huetal
,\Q T T T
1000 1200 1400
T (K)

Figure 9: Ignition delay time of C,Hg/O,/Ar mixtures calculated by the present model.
Symbols mark experimental results from Aul et al. [25] (85% Ar, 16 atm), Zhang et al.
[41] (95% Ar, 21 atm), Pan et al. [42] (95% Ar, 16 atm), and Hu et al. [43] (1% C,H in

Ar, 20 atm).

S, (cm s'1)
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[46], Dyakov et al. [47], Goswami [48], and Ravi et al. [49].
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1.4.4 Propane

Propane oxidation exhibits a non-linear trend to temperature over a certain range of
temperature; the oxidation is inhibited by increasing temperature. This behaviour, more
frequent in heavier fuels, is called NEGATIVE TEMPERATURE COEFFICIENT (NTC). The
NTC trend increases the complexity of reaction mechanism and ignition modelling. The
temperature range at which NTC is observed in propane oxidation depends on pressure
and mixture composition, but generally NTC is found at T<1200 K. Flow reactors are one
of the suitable devices to investigate combustion chemistry at intermediate temperatures.
However, propane oxidation experiments in flow reactors have been limited to [50, 51|
with P<15 atm. The ignition delay time of propane has been investigated to a larger
extent due to its complex behavior. Data collected at relatively high pressures are those
reported in |26} 52-57] for P<40 atm, which is still away from pressures in engines.

In the present work we conduct propane oxidation experiments in a laminar flow
reactor at 450-900 K and 100 bar. A detailed chemical kinetic model is established,
based on previous high-pressure work [6, |7, [16-20, 40|, and modelling predictions are
compared with the present measurements as well as data from shock tubes and flames at
the highest pressures reported. Details of the model for propane oxidation can be found
in [58].

Oxidation in the flow reactor

Figure 11| shows the results of propane oxidation for a stoichiometric mixture. The fuel
conversion started around 725 K, where a small fraction of propane disappeared while
trace amounts of C;H; and C,H, were detected. Propane was oxidized almost completely
at T>750 K. The model captured the onset temperature of ignition accurately. However,
it seems that CO oxidation to CO, at high temperatures was not precisely captured by
the model.

The experiments were repeated for fuel-rich (reducing conditions, ®=12.5) and fuel-
lean (oxidizing conditions, ®=0.02) mixtures. The model generally agrees well with the
measurements. Further details of the comparison can be found in [C|
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Figure 11: Results of experiments under stoichiometric conditions (547 ppm O and 121
ppm C3Hg in No, ®=1.1) at 100 bar pressure. Symbols mark the experimental results
and lines denote the predictions of the present model. The temperature profile was
implemented in the simulations.

Ignition delay time in shock tubes

Ignition delays of propane have been measured in shock tubes at P<40 atm [52], |53]. The
prediction of the present model is compared with literature data in Fig. [12] Although
the model overestimates ignition delays at T<1100 K, its prediction improves at higher
temperatures. The deviation of the model might be due to large uncertainty of ignition
delays measured at 7 >1 ms in shock tubes due to pre-ignition pressure rise. This problem
has been discussed in 20, |59]
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Figure 12: Ignition delay times of propane/oxygen/nitrogen mixtures (2.1% CsHg +
20.6% O in Ny, ®=0.5) at 10-40 bar. Symbols mark experimental results from Herzler
et al. [53] and Cadman et al. [52] and lines denotes the predictions of the present model.

1.4.5 Butane

Butane ignition was investigated at pressures up to 45 bar [60-62], which is still below
the pressure in modern engines.

In the present work we conduct butane oxidation experiments in a laminar flow reactor
at 450-900 K and 100 bar. A detailed chemical kinetic model is established, based on
previous high-pressure work [6, |7, [16-19], and modelling predictions are compared with
the present measurements as well as data from shock tubes and flames at the highest
pressures reported. Details of the model for butane oxidation can be found in [59].

Oxidation in the flow reactor

The developed model for butane (normal butane) has been evaluated against experimen-
tal data measured in the DTU’s high-pressure flow-reactor. The mixture composition
has been changed from extreme fuel-rich condition to stoichiometric and then fuel-lean
conditions to represent the wide range of stoichiometries observed in engines. Figure
shows the result for a stoichiometric mixture. A slight NTC trend can be observed be-
tween two inflection points in butane profile at 625 and 675 K. This trend is also reflected
in oxygen profile. Even though the model underestimates slightly the concentrations of
oxygen and butane between the inflection points, it predicts the onset of oxidation at
100 bar precisely. A major problem in the model prediction is due to the considerable
underprediction of COs fraction.
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Figure 13: Results of experiments under stoichiometric conditions at 100 bar pressure

(478 ppm Oy and 70 ppm nCyH;jo in Ny, ®=0.95). Symbols mark the experimental

results and lines denote the predictions of the present model. The temperature profile

was implemented in the simulations.

1.4.6 Ethanol

The reaction mechanism of ethanol is a crucial part in models for heavier alcohols of-
ten found in complicated biofuels [5]. Despite its importance, detailed data for ethanol
oxidation at high pressures and intermediate temperatures are scare.

In this work we report species concentration profiles from ethanol pyrolysis and ox-
idation in a flow reactor at high pressure and intermediate temperatures. A detailed
chemical kinetic model based on earlier studies from our laboratory [6}, |7, |17, (18} 20, 40,
63, 64] is further developed and evaluated against the data from the present work as well
as from literature. Details of the ethanol oxidation model can be found in [65].

Oxidation in the flow reactor

Under stoichiometric conditions, ethanol oxidation starts around 725 K. The major de-
tected products are CO and CO,, as shown in figure [[4 The CO concentration peaks
around 750 K and drops gradually at higher temperatures. Aldehydes are detected around
725 K, but they disappear at higher temperatures. Ethene, detected in a few ppm, shows
a non-monotonic behaviour toward temperature.

The model reproduces fairly well the onset of fuel conversion as well as the concen-
tration of major products. Notwithstanding CO is overestimated at high temperatures,
the non-linear changes in aldehydes and ethene profiles are well predicted by the model.

The experiments were repeated for fuel-rich (reducing conditions, $=43) and fuel-
lean (oxidizing conditions, ®=0.1) mixtures. The model generally agrees well with the
measurements. Details of the comparison to the flow-reactor data as well as ignition
delays and flame speed from literature can be found in
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Figure 14: Results of experiments under stoichiometric conditions (0.3467% ethanol and
1.01% O, in N,, ®=1.0) at 50 bar. Gas residence time is given by 7[s]=3840/T[K] (£8%).
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1.4.7 Summary

This comprehensive evaluation of the model and its application range is summarized in
Table [l

Table 1: Evaluation conditions of the developed mechanism.

Evaluation conditions

Model No. of No. of Fuel Evaluated Range of  Range of
Spec.  React. Parameter T [K] P [atm]
DTU-C2 68 665 Methane Components evolution ¢ 600-900 100
Ignition delay (RCM) 800-1250 15-80
Ignition delay (Shock tube)  900-1800 7-456
Flame speed 1-10

Ethane Components evolution ¢ 600-900 20-100
Components evolution ° 1000-1500  40-613

Ignition delay (RCM) 900-1025 10-80
Ignition delay (Shock tube) 1000-1500 1621
Flame speed 1-10
Ethanol Components evolution ¢ 600-900 50

Ignition delay (RCM) 800-1000 10-50
Ignition delay (Shock tube)  1000-1600 10-77
Flame speed 1-12

DTU-C3 133 1114 Propane Components evolution ¢ 500-900 100
Ignition delay (Shock tube)  900-1400 10-40

DTU-C4 236 1626 Butane Components evolution 500-900 100

¢ measured in DTU high-pressure flow-reactor
b measured in shock tubes
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1.5 Using detailed chemical kinetic models
1.5.1 Engineering tool for ignition delay time evaluation

An engineering tool based on Cantera [3] and Python programming language has been
created for ignition delay time calculations of various fuel mixture under various con-
ditions. This tool makes direct use of the detailed chemical mechanisms developed by
DTU in this work package. Figure[L5|presents an example of such calculation for methane
where the ignition delay time is evaluated for a given range of temperature and equiv-
alence ratio at 100 bar. This tool can be used to create ignition table of various fuel
(depending of the mechanism used) for CFD application.

Ignition delay time in [ms] at 100.0 [bar]

1600

1400

1200

1000

Temperature [K]

800

600

Equivalence ratio [-]

Figure 15: Example of calculation of ignition delay time for methane (CHy) at 100 bar
as a function of equivalence ratio (®) and temperature (without EGR)

1.5.2 Engineering tool for laminar flame speed evaluation

Similarly, a tool was developed in order to evaluate the laminar flame speed (Sl) under
various conditions and mixtures. As shown in Table [2] it was first used to evaluate the
difference in Sl calculation between between DTU and GRI3.0 mechanisms for methane at
1 bar and 300K (far from engine like conditions). It is worth noticing that the simulation
time is significantly increased with the mechanism size as it takes about 10 min for GRI3.0
per ® while it takes about 60 min for DTU per ®. Despite the differences observed at
low pressure and temperature, it is found that the DTU-C2 model performance at high
pressure and temperature is good and validated. This tool currently requires manual
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input to improve the stability of the calculations at high temperature or high pressure
conditions.

Table 2: Example of laminar flame speed calculation for methane (CHy4) at 1 bar as a
function of equivalence ratio (®) and temperature (without EGR)

Mixture composition

Model Pressure Temperature CHy O AR Ny Sl

[bar] (K] [mole] [mole] [mole] [mole] [m/s]
DTU-C2 1 300. 0.8 2 0 7.52  0.213
GRI3.0 1 300. 0.8 2 0 7.52  0.272
DTU-C2 1. 300. 1. 2 0 7.52 0.316
GRI3.0 1 300. 1. 2 0 7.52  0.378
DTU-C2 1 300. 1.3 2 0 7.52  0.223
GRI3.0 1 300. 1.3 2 0 752  0.234

1.5.3 Direct CFD integration: proof of concept

A detailed chemistry solver with multi-fuel injections was build in OpenFOAM allowing
to read any chemical kinetic model as well as different liquid fuel specifications. The
solver was tested in a simple setup involving combustion of methanol (CH3OH) and n—
heptane (C;Hyg) as Diesel surrogate. The reaction was modelled with a two steps reaction
mechanism as described below:

CyHig + 1109 — 7TCO9 + 8H,O (1)

The chemical reaction rates (mainly for Reaction (1)) were tuned to roughly reproduce the
ignition delay time of a given mixture under the engine conditions at start of injection.
However it should be noted that this simplified approach does not intend to reproduce
the combustion process as it is far too simplified and inaccurate. It is a proof of concept.

The simulation was performed from -10 CAD up to 60 CAD. Figure shows the
methanol and n-heptane mass fraction at TDC as well as temperature iso-surface at 2
CAD and 4 CAD. Within this proof of concept framework, the results of the simulation
seemed qualitatively acceptable. Moreover OpenFOAM is found to be an appropriate
tool for such work and a simulation process was defined for future multi-fuel combustion
simulation.
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Figure 16: Top figures: Mass fractions at TDC for a dual-fuel CH30H (red) and C;H;6
(black) combustion using a two steps reaction chemical kinetic model. Bottom figures:
Iso-surface of temperature (T=1200 K) at 2.0 CAD and 4.0 CAD. Simulation is performed
in OpenFOAM.

The computation time is found to be prohibitive even for such a simplified chemical
kinetic model, involving only 6 species and 2 reactions, as it took more than a day to
complete on 20 cores. Running such a case accurately with a direct integration of the
DTU-C2 model which involves alone about 68 species and 665 reactions and an n—heptane
model (even if neglecting the turbulence chemistry interaction) is obviously currently out
of reach in an industrial framework. State of the art alternatives such a model reduction
together with chemistry coordinate mapping or tabulated chemistry are to be explored
in the extension of this work package.
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1.6 Conclusions

The oxidation of methane, ethane, ethanol, propane, and butane have been investigated
by tests in a laminar-flow reactor at intermediate temperatures (450-900 K) and high
pressures (20-100 bar). The provided data extend the oxidation benchmark at high pres-
sures and intermediate temperatures. A detailed chemical kinetic model was developed
with particular attention to the oxidation chemistry at high pressures relevant to engine
conditions. The model was evaluated against present data as well as other characteris-
tics data from literature. In general, the model could predict the oxidation properties of
aforementioned fuels reasonably well. Models validated against such data can be more
confidently used in engineering tools for ignition delay time calculation and tabulation
or laminar flame speed calculation as developed in this work package. As observed in a
proof of concept, the direct use of such model in multi-fuel CFD simulations is compu-
tationally prohibitive and it therefore requires alternatively a mechanism reduction with
chemistry coordinate mapping approach or a tabulated approach. These techniques will
be explored in the extension of this work package (PART B).
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2 Deliverable PART B

2.1 Executive summary

In addition to the findings on detailed chemical kinetic models reported in PART A of
this deliverable , the present PART B focuses essentially on 3-Dimensional Compu-
tational Fluid Dynamics (CFD) simulations. Within the OpenFOAM framework, an
advanced mesh handling and dynamic solver developed by POLIMI, initially used in au-
tomotive applications, has been enhanced and tailored for large two-stroke marine engine
simulations. As shown in Figure [I7] the simulations of such engine especially during the
scavenging process (charge preparation) requires complex meshes that accounts for valve
and piston movements.
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Figure 17: Example of mesh definition in the large two-stroke marine engine.

The improvements in the algorithm for dynamic attach/detach of mesh boundaries
and in the formulation of a transient solver for compressible turbulent flows as well as
others not mentioned here have allowed the correct operation of the combined use of
topology modifiers leading to faster and more accurate simulations. These developments
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and methodology have been validated on a motored cycle and can be used to study the
charge preparation prior to the combustion process.

The combustion process modeling using detailed chemical kinetic model has also been
the main focus of this work package both in zero- and multi-dimensional CFD. In 3-
dimensional CFD simulation in engines, such models, are necessary for having a correct
prediction of ignition delay time and flame structure. However to overcome the com-
putational cost of direct integration of large chemical kinetic models, such as the one
developed in this work package and reported in PART A of this deliverable, additional
modeling is required. Two approaches are evaluated in this report; a direct integra-
tion method accelerated by means of cell clustering referred to as Chemistry Coordinate
Mapping (CCM) developed by LUND and a tabulated kinetics method in which off-line
look-up table developed by POLIMI are used. In both cases, the aim have been to keep
enough complexity in the chemical kinetic model so it remains predictive over a relevant
range of conditions. In collaboration with work package 2.2 [67], a series of experiments
has been performed in a large two-stroke test engine at MDT with the objective to sup-
port the validation of the combustion process modeling with high quality data for diesel
and multi-fuel operations. The test engine was fitted with three high speed cameras and
it was operated on both Diesel and gas fuels. The use of cameras limited the number
of Diesel and gas fuel atomizers to one each. Figure (18] presents an example of such
validation for a given Diesel operating condition using the two modeling approaches.

1.2 4 r15
== =Experimental

Pressure variation T17038 —Computed

LOH - - Experiment

— OpenFOAM-CCM

o
®

e
@
Plpmax,exp
HRRHRR a4 exp

Norm. Pressure
o
-

0.2+

20 40

0.0 . . . . .
~60 —40 -20 20 40 60 -20

0 0
CAD [deg] Crank Angle [deg]

Figure 18: Comparison between computed and experimental data of in-cylinder pressure
(and heat release) for diesel combustion modeling using chemistry coordinate mapping
(left) and tabulated kinetics (right).

The results obtained in Diesel mode were found very promising for the two approaches.
The tabulated kinetics was further applied to dual fuel mode with good results.

In the remaining months of the project, these approaches will be further investigated
and evaluated in terms of robustness, accuracy and computational efficiency.
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2.2 Introduction

Climate change has become a serious concern nowadays. The main reason of the current
changes in the climate is believed to be the high emission of greenhouse gases mainly
from human activities. The energy demand has increased exponentially [4] and even
though the fuel efficiency improved globally, the CO, emission has increased consider-
ably [4]. The steady increase in the global energy demand as well as in the release of
carbon dioxide and other harmful pollutants from the combustion of most fossil fuels
are the major motivations to seek alternative sources of energy. In a mid-term prospect,
fuels which produce less pollutants and CO,, and have a higher energy efficiency may
relieve the environmental problems to some extent. For marine applications, alternative
fuels such as Liquefied and Compressed Natural Gas (LNG and CNG), methanol and
Liquefied Petroleum Gas (LPG) are currently among the most viable options. In a global
transportation system, these fuels might be supplied in various compositions and/or pu-
rity which effects should be accounted for. Methane (CH4) and ethane (CyHg) are the
major components in LNG and CNG. Neat ethane can also be used as an engine fuel for
ships transporting feedstock ethane. Propane (C3Hg) and butane (C4H;o) are the major
component of LPG. Trace amounts of propane and butane can be also found in natural
gas. The variations in CHy, CoHg, C3Hg, and C4Hyy fractions can affect the ignition,
oxidation, and pollutant formation of the given fuels considerably. Experimental study
of the effects of changing fuel in practical conditions are not always economic or even
feasible, which emphasizes the role of modelling in design/optimization of engines.

As documented in deliverable D2.4 PART A [66], a high-pressure flow-reactor was used
at DTU to investigate the oxidation properties of methane, ethane, ethanol, propane, and
butane at high pressures (20-100 bar) and intermediate temperatures (450-900 K). The
experiments revealed the onset of fuel oxidation at temperatures starting from 600 K
up to 825 K, depending on pressure and fuel-air equivalence ratios. It was found that
the oxidation of both methane and ethane starts around 750 K (100 bar, stoichiometric
mixture) while propane and butane are oxidized at lower temperatures of 600-700 K (100
bar, stoichiometric mixture). Ethanol is oxidized at 700 K if the pressure is 50 bar.

The data collected from the flow-reactor was used to develop a detailed chemical ki-
netic model for the combustion of aforementioned fuels at pressures and temperatures
relevant to marine engine operating conditions. For instance, Figure shows the gas
composition at the flow-reactor outlet for a methane oxygen mixture under stoichiometric
conditions for different isotherms. The model reproduces accurately the onset of reaction
as well as the relative changes in the fractions of stable components. However, it under-
predicts the conversion of methane and oxygen at high temperatures, accompanied by an
underprediction of COs.
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Figure 19: Results for methane under stoichiometric conditions (®=1.0) at 100 bar.
Symbols mark the experimental results and lines denote the predictions of the developed
detailed chemical kinetic model.

The developed model was further evaluated against existing data in literature. Flame
speed and ignition delay time predictions were especially evaluated due to their impor-
tance for:

- capturing key physics using Computational Fluid Dynamics (CFD) low-dimensional
engineering tools.

- performing accurate multi-dimensional CFD calculations.

In general, the model could predict the oxidation properties of aforementioned fuels rea-
sonably well as shown in Figure [20| for methane ignition delay time.
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Figure 20: Ignition delay times of CHy/air ($=0.5, from Zhukov et al. [1]) and CH,/O5
mixtures (from Levy et al. [2], mix 4: 3.53% CHy in N,, 8 atm, ®=1.01; mix 7: 4.0%
CHy in No, 6.9 atm, ®=1.33; mix 11: 1.99% CH, + 3.72% CO, in N,, 7.7 atm, $=0.32).
The simulations are conducted at fixed pressures while the pressure in the experiments
fluctuated within +£10%.

This comprehensive evaluation of the model and its application range are described
in PART A of this deliverable[66]. The improvement of the model prediction for propane
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and butane as well as the evaluation of the model against measured flame data for propane
are currently under further investigations.

This detailed chemical kinetic model was then used as the basis of two engineering
tools, developed at MDT, that allow a quick evaluation of respectively the ignition delay
time and the laminar flame speed of various fuel composition under engine-like conditions.
These tools can also be used to create ignition table for example. They were based on
the open-source software Cantera [3] and Python programming language.

Using a detailed chemical kinetic models into a multi-dimensional CFD simulation
in engine is necessary for having a correct prediction of ignition delay time and flame
structure. It is important to notice that the two possible approaches are either the use of
direct integration or to generate an off-line look-up table. A proof of concept for direct
integration of chemical kinetic models into a multi-dimensional CFD simulation for dual
fuel was conducted for a methanol-diesel configuration in [66]. Although OpenFOAM was
found to be a very good tool for such studies, it was concluded that direct integration of
the developed detailed chemical kinetic model into a multi-dimensional CFD simulation
of dual fuel is prohibitive and beyond the reach of industrial application without further
reduction. A direct integration of a simplified description of chemistry can be used. Such
simple models were expected to fairly well reproduce selected aspects of combustion, e.g.
ignition or pollutant emission under a given operating range. Within WP2, MDT pro-
posed to significantly boost the multi-fuel modelling capabilities. First the computation
time could be further decreased without reducing the chemical kinetic model dramat-
ically by using an additional strategy such as Chemistry Coordinate Mapping (CCM)
developed by Lund University (LUND). Second, the off-line look-up approach referred to
as tabulated kinetics developed in the Lib-ICE code by Politecnico Di Milano (POLIMI)
is investigated. Finally computational efficiency and accuracy for the charge preparation
i.e. scavenging process is critical in such a complex geometry. This aspect is covered in
collaboration with POLIMI. These results are documented in this report.
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2.3 Objectives

The objective is to develop the numerical tools required to exploit new alternative fuels
in future marine engines. In order to operate efficiently on a larger variety of fuels an
increased understanding of ignition, combustion and emissions formation of those novel
or mixed fuels is required. Numerical tools can provide insight in ignition and emission
formation. Detailed chemical kinetic models evaluated against experimental data at
conditions relevant for marine engines are required to develop such tools. Experimental
measurements will be conducted in a high-pressure flow-reactor facility in DTU Chemical
Engineering to facilitate model development and evaluation (PART A). Within the work
package extension framework (PART B), it is expected that

e POLIMI is to apply and evaluate methods, mesh handling and models initially de-
veloped for the automotive industry in a large two-stroke marine engine framework.
Especially the mesh handling and turbulence prediction will be complementary to
the support of LTH on detailed chemistry.

e LTH will first evaluate the CCM approach in case of multi-fuels combustion in a
large two-stroke Diesel engine. Then the effect of turbulence chemistry interaction
will be investigated by means of a pdf approach.

e Investigations by all partners on simulation speed-up techniques are expected as
well.
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2.4 Engine test data

In collaboration with work package 2.2 , a series of experiments has been performed
in a large two-stroke test engine at MDT. The objectives were to support the current
work package with high quality data for model development and calibration for diesel
and multi-fuel combustion as well as to investigate new measurement techniques. The
test engine was fitted with three high speed cameras as shown in Figure [21] and it was
operated on both Diesel and gas fuels.

Figure 21: Multiple (x3) high speed cameras mounted on the cylinder cover (left) and
schematic showing the camera insert, diesel and gas atomizer in the cylinder (right).

Initial image processing results were presented in and the complete analysis will
be documented in deliverable reports D2.5 and D2.6. At this stage of the project, the
operating points presented in Table [3] have been used for CFD.

Table 3: Simulated operating points in Diesel and dual-fuel mode

Point Engine Speed Load  Mode

[rpm]
1 78 - motored
2 78 low Diesel
3 111 high Diesel
4 78 low  Dual-fuel
5 111 high  Dual-fuel

More experimental data, including the image processing, is intended to be used in this
work package. The synergy between high quality measurements, state of the art optical
diagnostic techniques (in-situ) as well as CFD is believed to provide significant insight
for this study on multi-fuel ignition and combustion process.
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2.5 Mesh handling and dynamic solvers
2.5.1 Motivations

As evidenced in [69], one of the current bottlenecks limiting CFD code performance in
IC engine simulation is related to dynamic mesh handling and in the coupling between
the moving mesh strategy and the compressible solver. The aim of this Work Package
(WP) was stating its ambition in the context of the following recent and past advances,
with particular attention to the optimization of an advanced technique for dynamic mesh
handling based on topological changes together with fast and accurate dynamic solvers, to
be implemented in a set of dynamic C++ libraries to link to the open-source OpenFOAM
CFD code. The resulting framework has been used as a tool for the simulation of the
physical processes occurring in the large bore two-stroke marine engines. An already
existing methodology [70-73] developed at POLIMI has been extended and generalized
to perform fast and reliable parallel simulations in such engines. This methodology
and the associated libraries are currently validated by weekly regression tests and daily
checks and are maintained onto two on-line GIT repositories. These repositories allow
being aligned to OpenFOAM releases by OpenCFEFD and to the OpenFOAM-dev version
by the OpenFOAM Foundation.

2.5.2 Code development

Among all the approaches available for the mesh handling for scavenging process simu-
lation, a strategy based on block-structured grids (to discretize the cylinder region, the
exhaust duct and the cylinder ports respectively) sharing non conformal Arbitrary Mesh
Interfaces (AMI) and Arbitrary Coupled Mesh Interfaces (ACMI) has been chosen. The
strategy, shown in Figure 22| has been successfully combined with the dynamic addi-
tion/removal (layerAR) of layers of hexahedral cells occurring during the piston and the
valve motion and with the capability to attach and detach mesh regions on-the-fly. Dur-
ing the simulation, a prescribed motion is set for the piston and the valve boundaries,
which rigidly translate. Almost no cell deformation and remeshing are present in the
scavenging simulation therefore mesh quality away from the boundaries is fully preserved
and it can still be controlled near moving walls. As a result, a single mesh is moved by
the automatic mesh motion during the simulation of the whole scavenging process.
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Figure 22: Example of mesh definition in the large two-stroke marine engine.

The described strategy, initially implemented at POLIMI and described in [70-72] has
been applied, optimized, extended and improved to simulate of large-bore two-stroke ma-
rine engines. In this work package, some significant enhancements have been implemented
as extensions to the already existing code:

- the robustness of the algorithm for dynamic attach/detach of mesh boundaries has
been improved (Figure , as well as the conservativeness of the solver in multiple-
region problems;

- extensions to the class for dynamic addition and removal of cell layers have been em-
ployed to ensure a correct operation of the dynamic layering technique in combination
of the Arbitrary Coupled Mesh Interfaces (ACMI), that are used to model the partial
overlap between the piston and the intake ports during scavenging.

- An improved formulation of a transient solver for compressible viscous and turbulent
flows, based on a merged PISO-SIMPLE algorithm has been updated to work with the
latest OpenFOAM releases. Specific modifications/improvements to the solver have
been employed during this project, to reduce the vector operations and to enforce
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conservation of interface fluxes when dynamic addition of cell layers is applied. As a
result, a further speed-up of the code has been obtained;

- code developments for post-processing at runtime (functionObjects);

- support for crankNicolson second order time scheme with dynamic layering.

L. L.

Figure 23: Example of attach/detach of the exhaust valve during a full-cycle simulation.

The employed modifications have allowed the correct operation of the combined use
of the topology modifiers, which is not currently supported by OpenFOAM releases. The
advantages of the work carried out have been proved to be multiple:

- the approach allows to preserve the initial mesh quality (skewness, non-orthogonality
and aspect ratio) during the whole engine cycle (or, more in general, during all the
simulation), since grids at different time steps differs only for layers of fully orthogonal
hexahedral cells, favouring a very fast convergence of the solution over a multi-block
grid;

- during cylinder compression, as the piston is moving towards the Top Dead Center
(TDC), the number of cells decreases together with the overall computational load;
if this is combined to an efficient algorithm for domain decomposition providing ac-
ceptable load balancing.

In order to simulate a complete cycle, it has been combined with a closed cycle
simulation strategy (closed valve and closed ports). The overall mesh motion strategy
adopted and the turbulence modeling used were the same for two sets of simulations:

1. one single mesh was used from the beginning of the scavenging until the exhaust valve
closure (see Fig. . Dynamic addition of cell layers was applied during piston and
valve motion.

2. a mesh strategy based on point stretching and/or mesh-to-mesh interpolation has
been used for the closed-cycle simulation such in [74].
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2.6 Simulations of charge preparation

In the following, the validation of the modeling strategy is performed using the motored
cycle simulation from Table[3] It is supported by the comparison between the experimen-
tal and the calculated in-cylinder pressure trace. Figure [24]| shows a very good agreement
between the in-cylinder pressure simulated and measured for the complete cycle.
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Figure 24: In-cylinder pressure trace of the full-cycle simulation of the two-stroke large
bore engine employed at MAN Diesel & Turbo .

In Figure [25426| the contour plot of the instantaneous flow field is reported at dif-
ferent crank angles. The following figures are referred to full-cycle simulations of engine
operating under motored run conditions.
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Figure 25: Simulation of the scavenging process. One single mesh is used from the intake
port opening up to the Exhaust Valve Closure (EVC).
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Figure 26: Simulation of the closed cycle (compression and expansion). Multiple grids
are used.

This modeling strategy can be applied to generate the initial conditions i.e. charge
preparation for all cases reported in Table [3]
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2.7 Simulations of combustion process
2.7.1 Modeling strategies
Chemistry coordinate mapping

The idea behind Chemistry Coordinate Mapping (CCM) is to cluster the cells in CFD
domain with respect to their composition and thermodynamic state and map them to
chemistry state and compute the reaction rate source terms in this a low dimensional
manifold. These source terms then are mapped back to the physical coordinate in which
the transport equations are solved. To cluster the cells in physical space domain, three
parameters are chosen; temperature, elemental mass fraction of hydrogen atom, and scalar
dissipation rate. In addition to these three parameter, the mass fraction of fuel and N2
are also included. The model accepts as many parameters as the user requires to build
the chemistry state manifolds. The reasons behind this selection of chemistry coordinate
dimensions are presented in the original paper with details [75, [76]. Temperature is
used as a progress variable, elemental mass fraction of hydrogen atom takes into account
the differential diffusivity and scalar dissipation rate reflects on turbulent mixing. After
clustering the cells into the chemistry coordinate, the chemistry is solved based on the
fractional step methods with smaller time step compared with that of the flow. Then the
reaction source terms are mapped back to the CFD domain and for the second fractional
step for solving flow transport equations. Figure 27| shows the region of the CFD domain
involved in the reaction at three different crank angle degrees. The cluster of the grid cells
which is growing by the crank angle degree represents the active cells that are mapped
into the chemistry coordinate. The number of cells in the CFD is around 650000 while
the number of zones in the chemistry coordinate is below 10000 cells, representing an
speed up factor of around 65.

S ZoneNumber_0
A 7.959e+03

ZoneNumber_0 ZoneNumber_0
7.959e+03 7.959e+03
i : i

-5969.2 5969.2 & 5969.2

=39795 39795 39795

~1989.8 -1989.8 —1989.8

0.000e+00 0.000e+00 0.000e+00

CAD: 0.000000 CAD: 10.000000 CAD: 15.000000

Figure 27: The regions of the CFD domain involved in the reaction at three different
crank angle degrees.

For what concerns the chemical kinetics, Diesel fuel is assumed to be n-dodecane
while the IDEA surrogate properties were used to describe its behaviour (density, vapour
pressure, surface tension, heat capacity, viscosity) in the liquid phase. A skeletal mech-
anism with 54 species and 269 reactions for n-dodecane combustion was used in these

simulations )
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Tabulated kinetics

In the tabulated kinetics approach, reaction rates and chemical composition are stored
in a lookup table which is generated from a chemical mechanism and the assumption
of a certain flame structure like a perfectly stirred reactor or laminar diffusion flame.
Figure (a) summarizes the way chemistry is tabulated in the proposed approach. The
user specifies a chemical mechanism and a range of initial conditions for calculations of
a homogeneous constant-pressure reactor in terms of:

- Mixture fraction Z
- Ambient pressure p
- Initial reactor temperature 7T,

- Residual gas fraction, or Exhaust Gas Recirculation (EGR)

Based on such quantities, initial chemical composition is computed and the reactor
calculation is started. For any specified condition, chemical species equations are solved
according to:

dY;

dt

with reactor temperature T computed directly from the initial enthalpy value. After

every time step, the progress variable C is evaluated together with the computation of

the chemical composition by means of the virtual species approach. The progress variable

C is equal to the heat released by combustion, computed as the difference between the

current and the initial value of the reactor formation enthalpy, also known as hggg. At the

end of each reactor calculation, progress variable reaction rates, chemical composition,

minimum and maximum progress variable values (C,,;, and C,,,;) are stored as function
of the discrete values of the normalized progress variable c, specified by the user:

=w(T,p,Y1,....,Y,) (3)

N (Cmaz - Cmm)

To avoid excessive memory consumption, only seven virtual species are tabulated for
any value of the progress variable c¢. Their mass fractions are computed in order to pre-
serve the main thermochemical properties of the full set used in the detailed mechanism.
The table also includes the mass fractions of chemical species which are of interest for the
user (Y, in Figure (a)), either for post-processing purpose or because they are relevant
for the formation of the main pollutants required for the related sub-models.

(4)
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Figure 28: (a) Generation of the chemistry table based on the homogeneous reactor
assumption; (b) Operation of combustion models based on tabulated kinetics.

In this work, the homogeneous reactor table is directly employed in the CFD solver
(see Figure[28((b)), directly providing reaction rates and chemical composition with the so-
called “tabulated well-mixed” (TWM) approach. Other approaches including turbulence-
chemistry interaction are also possible including presumed PDF or tabulated flamelet
progress variable. Such models will be tested hereinafter. To model dual-fuel combustion,
a simplified approach was developed where ignition is governed by local thermodynamic
conditions and progress variable diffusion. In this way, it is possible to use separate ta-
bles for any fuel without the need to use too complex mechanisms. Air is assumed to be
equally distributed between the two fuels and this makes possible to consider only the
global cell mixture fraction for the computation of reaction rates and chemical composi-
tion. Both progress variable reaction rate and chemical composition are computed as the
weighted average of the corresponding mixture fraction values for the two fuels. Figure
summarizes how tabulated kinetics was employed for the simulation of dual-fuel com-
bustion: in any cell there is only one progress variable which makes possible to account
for both the effects of local conditions and flame propagation (due to progress variable
diffusion) on the ignition process.
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Figure 29: Tabulated kinetics for dual fuel combustion modeling.

In the present work, natural gas is assumed to be methane and its oxidation is modeled
using the GRI mechanism with 53 chemical species. Due to the very similar cetane
number, Diesel fuel is assumed to be n-heptane and the LLNL mechanism with 159
species was used. The IDEA surrogate properties were adopted to describe the Diesel
fuel spray behaviour.

2.7.2 Modeling Diesel mode
Mesh and boundary conditions

Simulations were carried out for part of compression and combustion phases. Start of
the simulation was set at 60 CAD BTDC and initial conditions in terms of in-cylinder
pressure, temperature, velocity field and chemical composition were provided by MDT
and come from 1D and 0D calculations as well as from measurements. The computational
mesh represents the full combustion chamber and was provided by MDT. Mesh motion is
handled by deforming the grid in the cylinder and keeping it fixed inside the cylinder head
region where the spray evolves. This allows a proper description of the spray evolution
and fuel-air mixing process. Figure [30|reports the computational mesh at -60 CAD (start
of the simulation) and at TDC.
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Figure 30: Computational mesh at -60 CAD (left) and TDC (right).

Chemistry coordinate mapping
A good agreement was achieved between the predicted pressure trace in the cylinder and

the measured one as shown in Figures
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Figure 31: Comparison between computed and experimental data of in-cylinder pressure
for the simulated operating points 2 and 3 (Table (3).

Tabulated kinetics

First, tabulated kinetics was assessed with conventional Diesel combustion and Table
reports the simulated operating points which are characterized by different loads and
speeds. Figure |32| reports a comparison between computed and experimental in-cylinder
pressure and heat release rate profiles. The adopted combustion model correctly captures
both location and magnitude of in-cylinder peak pressure which is slightly overestimated
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(mainly for point 3 condition) due to the lack of turbulence-chemistry interaction. More-
over, for both the simulations the consistency with respect with energy conservation was
also verified: at least 99.5% of the fuel lower heating value was released. The consis-
tency of the results achieved on conventional Diesel combustion represents a fundamental
pre-requisite for a successful dual-fuel combustion process simulation.
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Figure 32: Validation of the combustion model with tabulated kinetics for conventional
Diesel combustion for the simulated operating points 2 and 3 (Table [3)).

For the sake of completeness, Figures |33H34] report details of the mixture fraction and
temperature fields during the conventional Diesel combustion process.

(a)

Time: 4 CAD Time: 7 CAD Time: 10 CAD Time: 13 CAD

Time: 4 CAD Time: 7 CAD Time: 10 CAD Time: 13 CAD

Figure 33: (a) mixture fraction and (b) temperature evolution for the simulated operating
point 2 (Table (3)).
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Figure 34: (a) mixture fraction and (b) temperature evolution for the simulated operating
point 3 (Table (3)).

2.7.3 Modeling dual fuel mode
Mesh and boundary conditions

Simulations were carried out for compression and combustion phases. Start of the simu-
lation was set at 60 CAD BTDC and initial conditions in terms of in-cylinder pressure,
temperature, velocity field and chemical composition were provided by MDT and come
from 1D and 0D calculations. The computational mesh represents the full combustion
chamber and was provided by MDT. Figure shows that the mesh also includes the
last part of the natural gas injector geometry. To include such details the grid was gen-
erated by suitable scripts combining the two mesh generators available in OpenFOAM:
blockMesh and snappyHexMesh. During motion, layers of cells are added above the
piston, making possible to keep an almost constant mesh resolution in the combustion
chamber region which is important for a correct prediction of the air-fuel mixing process.
Mesh size is 800000 cells at 60 BTDC which is reduced to approximately 20000 at TDC.
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Figure 35: Combustion chamber computational mesh at TDC.

For all dual-fuel conditions, natural gas is injected after a pilot injection of Diesel fuel
for better flame visualization. Also because of the optical setup, the engine operates with
only one injector for both Diesel and natural gas, respectively.

Tabulated kinetics

Simulation of the dual-fuel combustion process were performed considering two different
operating points which are characterized by different speeds and load, as reported in
Table Bl

Figure reports a comparison between computed and experimental data of in-
cylinder pressure trace annd heat release rate profiles for the dual fuel combustion cases.
It is possible to see that the combustion process is rather well predicted. The profile of
heat release rate can be divided into two phases: the first is characterized by ignition and
combustion of the Diesel fuel. In the second phase there is natural gas combustion.

Figures report details of the fuel-air mixing and combustion process for both
the simulated operating conditions with dual-fuel combustion. The distribution off the
mixture fraction is illustrated in Figures 37|(a){3§(a) where it is possible to see that
liquid fuel evaporation is followed by gas injection. Temperature distribution is shown in
Figures [37(b){38|(b): after Diesel ignition, combustion of natural gas mainly starts due
to diffusion of diesel burnt products towards the natural gas fuel jet.
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Figure 36: Validation of the combustion model with tabulated kinetics for dual-fuel
combustion process for the simulated operating points 4 and 5 (Table [3).
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Figure 37: (a) mixture fraction and (b) temperature evolution for the simulated operating
point 4 (Table (3)).
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Figure 38: (a) mixture fraction and (b) temperature evolution for the simulated operating
point 5 (Table (3)).
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2.8 Current development

The extension of HERCULES-2 project to october 2018 will allow us to pursue the work
presented in this report further. These results will be reported in the final HERCULES-2
report. After a successful calibration and setup against reference Diesel cases in large
two stroke marine engine, the work is focusing on multi-fuel combustion i.e methane and
Diesel pilot. A new set of geometries as well as boundary conditions for a selected set
of experimentally measured cases is being prepared at MAN Diesel & Turbo . In the
remaining 6 months of the project:

- the chemistry mechanism for dual-fuel will be evaluated with the CCM approach
- the effect of turbulence-chemistry interaction will be investigated

- additional experimental optical data will used to evaluate the combustion CFD sim-
ulations.
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2.9 Conclusions

In addition to the findings reported in PART A [66], the second part (PART B) of this
work package "Modeling of multi-fuel ignition” focused essentially on CFD calculations
and their performance. Within the OpenFOAM framework, an advanced mesh handling
and dynamic solver, initially used in automotive applications, has been enhanced and
tailored for large two-stroke marine engine. The new methodology derived allowed to
perform fast and accurate simulation of the charge preparation which is an important
aspect of complete cycle simulation. The combustion process modeling intend to make
use of detailed detailed chemical kinetic model for dual-fuel applications, following the
work carried out in PART A [66]. Two modeling approaches have been investigated. First,
a tabulated kinetics approach with off-line generated tabulation was investigated. The
results obtained both in Diesel and dual-fuel modes were promising in terms of accuracy
and computational cost. Further investigations and validation are necessary in more
practical engine configurations. Second, a direct integration of the chemistry accelerated
by the chemistry coordinate mapping approach. The method showed also promising
results in Diesel mode both in terms of accuracy and computational cost with respect to
non clustered approach. Further investigations in dual-fuel mode as well as on the effect
of turbulence chemistry interaction will be carried out in the remaining months of the
project. In order for these two combustion modeling approaches to perform accurately, it
is important to highlight the need of detailed detailed chemical kinetic, well validated and
well documented within the range of engine operating conditions, as covered in PART A
[66] which illustrate the completeness of the project.
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Appendices

A Methane: further validation

Further evaluation against flow-reactor data: methane

The model is further evaluated against data from experiments in the DTU flow-reactor for
fuel-rich and fuel-lean conditions. Figure [39| presents the gas composition at the reactor
outlet under reducing conditions ($=19.7) for different isotherms. The consumption of
reactants starts at 725 K, and the major product of the partial oxidation of methane is CO
at all investigated temperatures. Upon ignition, considerable amounts of formaldehyde
and methanol are formed but their fractions gradually decline at higher temperatures.
Above 750 K, C,Hy and C,H, are formed to greater extents. At 900 K, the major
products are CO and C,Hg. The model predicts the onset of reaction as well as the
concentrations of CH,, O,, CO, and C,Hy very well. However, CO, and in particular
CH;OH are underpredicted while CH,O is overpredicted. The discrepancies for these
species cannot be explained by the experimental uncertainties (shown as error bars in the
figure). The observed levels of CH3OH are in agreement with the measurements under
similar conditions by Rasmussen et al. [7].

The methane oxidation under very oxidizing conditions (®=0.06) starts at 750 K.
The major products are CO and CO,, (Fig. . The CO concentration peaks at 775 K
but declines gradually at higher temperatures where CO is oxidized to CO,. The model
predicts well the onset of reaction and the methane consumption upon ignition, but above

775 K CO is slightly overpredicted while again CO,, is underestimated.
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Figure 39: Results of experiments under reducing conditions (0.18% Oy and 1.75% CH,
in No, ®=19.7) at 100 bar pressure. Symbols mark the experimental results and lines
denote the predictions of the present model. The temperature profile was implemented
in the simulations. Considering only the isothermal zone of the reactor (£6 K, residence
time=9586/T [s]) deteriorates slightly the agreement.
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Figure 40: Results of experiments under oxidizing conditions (3.96% Oy and 0.11% CH,4
in No, ®=0.06) at 100 bar pressure. Symbols mark the experimental results and lines
denote the predictions of the present model. The temperature profile was implemented
in the simulations. Considering only the isothermal zone of the reactor (4 6 K, residence
time=9586/T [s]) deteriorates slightly the agreement.
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Further evaluation against ignition delays: methane

The oxidation of methane has been investigated extensively in shock tubes [1, 2, |12} |14,
21-32|. Davidson and Hanson [14] measured the ignition delays of methane at pressures
up to 156 atm and temperatures of 1137-1536 K. A selection of their results is shown in
Fig. As expected, the ignition delay decreases with increasing pressure or temperature,
being most sensitive to temperature. The ignition is faster for fuel-lean mixtures although
those mixtures had a slightly higher dilution (77% Ar) compared to the fuel-rich mixtures
(67% Ar). The predictions compare well with the experimental results, especially at
higher pressures. The model is also accurate in simulating the results by Petersen et al.

[32] who measured the ignition delays at pressures up to 261 atm (see Fig. [42)).
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Figure 41: Ignition delay times of fuel-lean (3.8% CH4+19.2% O, in Ar, =0.4) and fuel-
rich (20.0% CH4+13.3% Oy in Ar, ®=3) mixtures. Symbols mark experimental results
from Davidson and Hanson [14] and lines denotes the predictions of the present model.
The simulations are conducted at fixed pressures while the pressure in the experiments
fluctuated within £10%.
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Figure 42: Ignition delay times of fuel-rich (®=3) mixtures of CHy/O, in inert gases
(55-67% of Ar or Ny) . Symbols mark experimental results from Petersen et al. [32] and
lines denotes the predictions of the present model. The simulations are conducted at
fixed pressures while the pressure in the experiments fluctuated within £10%.
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B Ethane: further validation

Further evaluation against flow-reactor data: ethane

Figure presents the results of experiments for fuel-rich mixtures (¢=37-47) at pressures
of 20, 50, and 100 bar. At 20 bar pressure the fuel consumption starts at 775 K. Ethene
and to a lesser extent CO and CH, are the major products. Increasing pressure to 50
and then 100 bar shifts the onset temperatures of the fuel conversion to 750 and 700 K,
respectively.

The results under reducing conditions could indicate that ethane is oxidized in two
stages. The fuel is consumed rapidly in the first stage, while as the temperature increases,
the consumption of ethane becomes slow. This behavior, which is most pronounced at 100
bar, is caused by the depletion of Os and cannot be attributed to NTC type chemistry.

The model predictions for reducing conditions are in satisfactory agreement with
measurements (Fig. . The model predicts the onset temperature of the fuel conversion
accurately and trends are captured well. The major products, CO and CH,, are slightly
overpredicted while the sum of methanol and acetaldehyde is underpredicted. According
to the model, acetaldehyde is formed to a greater extent than methanol, so the sum of
them likely represents acetaldehyde formation.

For fuel-lean mixtures (¢ = 0.034-0.038) (Fig.[44), the fuel oxidation starts at temper-
atures close to those found for stoichiometric mixtures. Here, the major products are CO
and CO,. Similar to stoichiometric conditions, C,H, peaks at intermediate temperatures

and disappears at higher temperatures.

Further evaluation against shock-tube data: ethane

Tranter and coworkers have measured the concentration of stable components behind the
shock in a shock tube at high pressures of 40 78], as well as 340 and 613 bar [79]. The
post-shock composition was measured by a GC. By recording pressure and calculating
temperature accordingly, they were able to simulate the post-shock conditions.

To simulate the data, here a fixed pressure (40, 340, and 613 bar) and a residence
time of 1.7 ms were implemented in the model. As shown in Fig. for 40 bar, the

62



600 700 800 900 600 700 800 900

B o L 0
,\\QQ 1 vV v, -0 AO
— el - 60
£ Q v 1 —
O° - £
g v 20 bar s
T ~Y - B0bar [ =,
S o | G 3 100 bar o
SN 20 bar . N
O ---- 50bar o K3
Vo 100 bar
& 1 : : . : } =9 o = o
{ co CH,OH + CH,CHO 1150
8004 © 20 bar o 20 bar £
{© - S0bar O ---- 50bar s
—_ VAR 1i00bar o7/ | o - @)
£ 600- v 100 bar 1o 2
% v v (@]
= 1 v v -
S 400+ v v z
O v o O v +
] ; .' ocoon8yg 45 I
200 i v . Q
! =
01— A < - 0
1 CH CH, b 16(30
Q 4
D«Q 1 o 20 bar ] 20 bar
O ---- 50bar o 50 bar 4 qus
T o] v o 100 bar v 100 bar e
a . 600 g
= ] AT 2
T o T
5 7 A 1 ¢
Vo
'\00 7 .i' 'I i 6(30
.'-’ V_.
ol oY s NN < B
600 700 800 900 600 700 800 900 ©
T (K) T (K)

Figure 43: Results (molar fractions) of experiments under reducing conditions at 20 bar
(¢p=37.2, 11130/1044 ppm of C,H4/0O,), 50 bar (¢=39.7, 11055/978 ppm of C,Hy/0O,),
and 100 bar (¢=46.6, 10990/834 ppm of C,H,/0O,). All mixtures are diluted in nitrogen.
Symbols mark experimental results and lines denote predictions of the present model
using the temperature profiles in the supplementary materials. Approximating the gas
residence time by 7=2525 / T [K] s (20 bar), 7=6204 / T [K] s (50 bar), and 7=12970/T
[K] s (100 bar) may deteriorate the model predictions slightly.

fuel conversion starts around 1150 K and is accompanied by a gradual increase in the
concentrations of CO and C,H,. Above 1250 K, the C,H, concentration decreases and
it almost disappears around 1400 K. At 340 and 613 bar, the fuel conversion is detected
above 1075 K. The model generally agrees well with the measurements, even though at

340 bar the temperature for onset of oxidation is overpredicted by around 50 K.
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Figure 44: Results (molar fractions) of experiments under oxidizing conditions at 20 bar
(¢=0.035, 538/54035 ppm of C,Hyz/0O,), 50 bar (¢=0.034, 533/54815 ppm of C,Hy/0O,),
and 100 bar (¢=0.038, 570/52335 ppm of C,Hy;/O,). All mixtures are diluted in nitrogen.
Symbols mark experimental results and lines denote predictions of the present model
using the temperature profiles in the supplementary materials. Approximating the gas
residence time by 7=2327/T [K]| s (20 bar), 7=5950/T [K] s (50 bar), and 7=11890/T
[K] s (100 bar) may deteriorate the model predictions slightly.

Further discussion of flame data: ethane

The reason for the overprediction of the ethane flame speed is not clear. The present

model predicts the flame speeds of hydrogen, methane, and acetylene very well |19, 20,
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64]. The calculated flame speeds of ethene and acetylene are shown in figure for
atmospheric pressure and the results are within the uncertainty range of the experimental

measurements.
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Figure 45: Post—shock concentration profiles at different temperatures. Symbols mark
experimental results measured in a shock tube with initial mole fractions of 200 ppm of
C,Hy (=1, in AR) at pressures of Top: 40 bar, from ref [78]; Middle: 340 bar, from
ref [79]; Bottom: 613 bar, from ref [79]. Lines denote the prediction of the present model

implementing a fixed residence time of 1.7 ms.
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Figure 46: The unstretched laminar burning velocity of ethene/air and acetylene/air
mixtures versus normalized equivalence ratio for an initial temperature of 300 K and
at atmospheric pressure. Lines denote the present model predictions and symbols mark
experimental results from Jomaas et al. [46], Ravi et al. [49], Egolfopoulos et al. [80],
Hassan et al. [81], and Kumar et al. [82], and Rokni et al. [83].
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C Propane: further validation

Further evaluation against flow-reactor data: propane

Figure 47| shows the results of propane oxidation for a fuel-rich mixture (reducing condi-
tions). The fuel oxidation started at 700-725 K and the major detected products have
been CO, C3Hy, CH,, and C,H,. The model was able to reproduce the onset of oxidation
as well as the concentrations of intermediate components precisely.

The results of experiment for a fuel-lean mixture (oxidizing conditions) are shown
in figure At temperature above 600 K, propane concentration dropped sharply and
propane vanished from the exhaust at T>725 K. The major detected products were CO
and CO,. The model predicted slower reactivity compared to the experiments, so the

fuel conversion was slightly underpredicted by the model.
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Figure 47: Results of experiments under reducing conditions (1285 ppm C3Hg and 511
ppm O, in No, ®=12.5) at 100 bar pressure. Symbols mark the experimental results
and lines denote the predictions of the present model.

implemented in the simulations.
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Figure 48: Results of experiments under oxidizing conditions (3.405% Oy and 146 ppm
C3Hg in Ny, $=0.02) at 100 bar pressure. Symbols mark the experimental results and lines
denote the predictions of the present model. The temperature profile was implemented
in the simulations.
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D Ethanol: further validation

Further evaluation against flow-reactor data: ethanol

Figure 49 shows the results of the pyrolysis experiments. The ethanol conversion starts
around 825 K and increases with temperature to 18% at 900 K. The major detected
products are CH,, CO, and C,H,. The present model predicts the onset temperature
of ethanol decomposition well, but it slightly overestimates the chemical reactivity of
ethanol at higher temperatures. The acetaldehyde yield from the model agrees well with
the measurements at temperature below 875 K.

The ethanol conversion starts around 700 K for the fuel-rich mixture ($=43, see figure
. Acetaldehyde and CO are the major detected products of ethanol partial oxidation.
The model predicts well the onset temperature of reaction but it marginally underesti-
mates the fuel conversion at high temperatures. Although the model overpredicts the
concentrations of ethane and ethanol, it reproduces well the fractions of O,, C,H,, and
CH,;CHO.

For the fuel-lean mixture ($=0.10), the fuel oxidation is observed at temperatures
above 725 K, similar to the onset temperature for stoichiometric and reducing mixtures.
The model agrees well with to the measurements and the carbon is balanced by a maxi-

mum loss of 21% which occurs at 725 K.

Further evaluation against shock-tube data: ethanol

Figure 52| compares ethanol ignition delays calculated here with those reported in litera-
ture [21], 84188]. The ignition delay decreases monotonically with increasing temperature
and the model can predict the ignition delays fairly well for most of the cases above 900 K.
However, it systematically overpredicts ignition delays measured in shock tube (top fig-
ure) at T<900 K. Meanwhile, the model agrees relatively better with measurements from
RCM (bottom figure) at T<900 K.

The difference between RCM and shock tube data might be due to the pre-ignition
pressure rise in shock tube experiments, as noted earlier |86} 87]. Over long residence

times, pressure and temperature increase gradually behind the shock wave [86], even in
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non-reactive mixtures [89, 90]. These pre-ignition effects are believed to be fuel-dependent
and increase at lower temperatures [86]. In RCM, on the other hand, it is common to
observe decreasing pressure (and temperature) due to heat transfer. In general, it is
required to include those pre-ignition pressure variation in interpreting and simulating
data for long residence time for both shock tubes and RCM. In the RCM data simulated
here, the pre-ignition pressure-drop was reported to be fairly negligible and therefore is not
included in the simulation. For the shock tube data from Cancino et al. [84], simulations
are repeated by considering a pressure rise of 2% (per ms) behind the shock wave. The
results (not shown here) improve but still deviate considerably from the measurements at
T<900 K. We attribute the differences at least partly to device-dependent non-idealities
in conducting experiments. More-controlled experiments in RCM and shock tubes might

help to find the source of the data discrepancy at low temperature and high pressure.

Further evaluation against flame speed data: ethanol

Figure compares the laminar burning velocity of ethanol/air mixtures calculated by
the model with measured data [91-98]. At atmospheric pressure, the model slightly
overpredicts the burning velocity but its prediction improves for fuel-rich mixtures. The
trend of changes as well as the fuel-air equivalence ratio corresponding to the maximum
flame speed are predicted well.

The model is further tested against data obtained at higher pressures of 5-12 bar by
Gulder [91] and Bradley et al. [93]. To avoid ethanol condensation at high pressures, the
initial temperature had to be increased. While the maximum flame speed at 5 and 7 bar
occurred at ®=1.1 according to Gulder [91], it was reported at $=1.2 by Bradley et al.
[93]. This difference shifts the profiles and causes noticeable scattering between the data
in the fuel-rich side. The model overestimates the flame speed at high pressures but its

trend is similar to data from Gulder [91].
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Figure 49: Results of pyrolysis experiments (0.689% ethanol in N,) at 50 bar. Gas
residence time is given by 7[s]=4098/T[K] (£8%).
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Figure 52: Ignition delay time of stoichiometric ethanol/air from Cancino et al. , Lee
et al. [86], and Heufer and Olivier [21]; and ethanol/O,/diluents ($=0.3-1) from Noorani
et al. (1-2.9% ethanol), Mittal et al. (2.1-6.5% ethanol), and Barraza-Botet et al.
(3.6% ethanol). Top fig: measurements from shock tubes. Bottom fig: measurements
from RCM. The lines mark the present model prediction.
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Figure 53: Laminar burning velocity of ethanol/air mixture. Top: atmospheric pressure
and initial temperature of 300 K; Bottom: 5-12 bar pressure and initial temperature
of 358 K (350 K for data from Gulder [91]). Experimental results are from Gulder
[91], Konnov et al. [94], Bradley et al. [93], Lipzig et al. [95], Egolfopoulos et al. [92],
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