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Abstract

High-pressure direct-injection (HPDI) of natural gas is one of the most promising solutions for the future ship engines,

for which the combustion process is mainly controlled by the chemical kinetics. However, the employment of detail chemical

mechanisms for the multi-dimensional combustion simulation is significantly expensive due to the large scale of the marine

engine. In the present study, a reduced n-heptane/methane mechanism consisted of 35-step reactions was constructed using

multiple reduction approaches. Then this mechanism was further reduced to include only 27 reactions by the HyChem

(Hybrid Chemistry) method. An overall good agreement with the experimentally measured ignition delay data of both n-

heptane and methane for these two reduced mechanisms was achieved and reasonable predictions for the measured laminar

flame speeds were obtained for the 35-step mechanism. But the 27-step mechanism cannot predict the laminar flame speed

very well. In addition, these two reduced mechanisms were both able to reproduce the experimentally measured in-cylinder

pressure and heat release rate profiles for a HPDI natural gas marine engine, although the engine-out CO emission was over-

predicted and the NOx emission was slightly underestimated. The predicted distributions of temperature and equivalence

ratio by the 35-step and 27-step mechanisms are similar with those of the 334-step mechanism. However, the predicted

distributions of OH and CH,O are significantly different from those of the 334-step mechanism. In short, the developed

reduced chemical kinetic mechanisms provide a high-efficient and dependable method to simulate the characteristics of

combustion and emissions in HPDI natural gas marine engines.
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1. Introduction

In recent decades, the lower pollutant emissions and better fuel economy are the primary research targets to meet the

more and more stringent emission regulations for internal combustion engines (ICEs) and deal with the potential oil shortage

in the near future. Therefore, there is a worldwide interest in looking for clean alternative fuels for ICEs. Natural gas has

attracted more and more attention due to its advantages of worldwide reserves and suitable combustion features in both the

spark-ignited and compression ignition (CI) engines. Loads of research have revealed that high thermal efficiency and low

pollutant emissions can be obtained for the natural gas engines. However, owing to its high-octane number and low reactivity,

the natural gas is difficult to be ignited in CI engines compared to diesel fuel. As a result, when natural gas is taken as the

fuel supply in CI engines, an additional ignition source like a spark plug or high-reactivity fuel should be implemented [1-

6.

Different types of natural gas engines have been summarized in the literature [7]. There are primarily three kinds of

operating modes for natural gas engines, which are pure natural gas engines, low-pressure dual-fuel engines, and high-

pressure direct-injection dual-fuel engines. In pure natural gas engines, natural gas is ignited by a spark plug. Engine knock

occurred at heave loads and misfire may occur at low load. Therefore, for pure natural gas engines, load expansion is an

urgent problem [8]. In low-pressure dual-fuel engines, the engine operates with premixed natural gas and direct-injection

pilot diesel, and the natural gas is typically introduced through the intake port during the intake stroke. Although knock and

misfire are inhibited significantly by the pilot diesel, the power output and thermal efficiency are still limited by knock, and

the low-load condition also meet with the instability problem [9]. In high-pressure direct-injection (HPDI) dual-fuel engines,

both natural gas and pilot diesel are injected into cylinder near the top dead center. Pilot diesel is injected into cylinder prior

to natural gas, when natural gas is injected into the cylinder, pilot diesel has been spontaneously ignited. The natural gas is

entrained into the pilot flame and ignited. For HPDI dual-fuel engines, the performance can even match conventional diesel

engines, while the emissions are lower. However, the original emissions of NOx and soot in the cylinder are still higher than



the limited values of regulations [10, 11].

Experiment methodology plays an important role in improving performance and emissions in natural gas engines.

However, due to the complex combustion process in ICEs, the metal engine experiment is not able to explore the detailed

combustion processes within the engine chamber, such as the ignition process, emission formation process, and combustion

kinetics process [12, 13]. Therefore, the computational fluid dynamic (CFD) approach is usually adopted. There has been a

continuous interest in the development of a better understanding of the detailed combustion process in ICEs, for which the

CFD is frequently employed owing to its effectiveness and low expenses. In order to better predict the spray-combustion

process occurring in engines, the chemical kinetic mechanism should be adopted in the CFD modeling study. However, the

detailed combustion kinetic mechanism is typically consisted of hundreds of species and reactions, making it difficult to be

directly coupled with the CFD codes. In addition, for the real fuels like diesel, it has hundreds of compositions, ranging from

alkanes, alkenes, cyclic alkanes and alkenes, aromatics, and other stuff. Therefore, in order to better represent the chemical

reactivity of diesel, researchers usually employ n-heptane as the surrogate fuel, due to its simple molecular structure and

similar ignition/combustion feature with diesel [14, 15]. For natural gas, which is primarily composed of methane and

minimal fractions of hydrogen, ethane, propane, or other mixtures depended on the sources and refinement methods,

researchers usually adopt methane to predict the combustion process of natural gas. Many efforts have been devoted to

studying the ignition process of n-heptane and methane in laboratory devices such as shock tubes [2, 16-22], flow reactors

[23-25], rapid compression machines [26-29], and engines [30-32].

It is known that marine engines typically have much larger sizes compared to conventional automobile engines. As a

result, the three-dimensional CFD modeling of the spray-combustion process for marine engines is significantly more

expensive especially when coupled with the detailed chemical kinetics mechanism. Therefore, the development of reduced

mechanisms with compact size but high reliability is urgently required. Lots of efforts have been made in the development

of reduced n-heptane mechanisms. Seshadri et al. [33] developed a skeletal n-heptane mechanism with 23 species and 34



reactions and applied this mechanism to study the structure of premixed n-heptane flames. Peters et al. [34] developed a

skeletal mechanism for n-heptane oxidation with 30 species based on a 56-step mechanism, which includes both the low-

and high-temperature chemistries. Furthermore, this mechanism reproduced ignition delay times at various pressures and

temperatures reasonably well. Tanaka et al. [28] developed a reduced mechanism for primary reference fuels and validated

it with experimental data measured in a rapid compression engine (RCM) under a lean mixture condition. In this mechanism,

the intermediate reactions involving species with carbon numbers from 2 to 5 were omitted and alkylketoperoxide were

considered to undergo a single oxidation reaction to formCO. The mechanism was able to well predicted the ignition delay

measured in the RCM but significantly underestimated the ignition delay measured in the shock tube. Li et al. [35] developed

a reduced n-heptane mechanism composed of 20 species and 29 reactions. This mechanism not only describes the two

oxidation stages of heptyl, the chain branch, as well as the chain propagation processes but also includes the peroxidation

process of small alkyl radicals. Su and Huang [36] proposed a reduced n-heptane mechanism with 40 species and 62 reactions,

which reproduced the two-stage ignition process of n-heptane and the performance of this mechanism generally agreed well

with those of the detailed mechanism. Although the above mechanisms reproduced ignition delay times of n-heptane

reasonably well, the methane sub-mechanism was not included or validated.

Patel et al. [37] et al. also constructed a reduced n-heptane mechanism consisted of 29 species and 52 reactions, in

which the methane sub-mechanism was also included. This mechanism exhibited a similar predictive performance for the

combustion of n-heptane with the detail mechanisms, while the ignition delays of methane were underestimated. Maroteaux

and Noel [38] developed two reduced n-heptane mechanisms, including 61 and 26 reactions, respectively, and the methane

sub-mechanisms were also included, which however, failed to well predict the ignition delays for methane. Lapointe et al.

[39] developed an 8-step core sub-mechanism for n-heptane coupled with a Cy-C4 sub-mechanism, which was consisted of

hundreds of species and reactions, making it difficult to be adopted in the three-dimensional modeling study.

Based on the literature review, there has not been a reduced n-heptane/methane mechanism that is compact enough



(containing less than100 reactions) and is able to predict the experimentally measured ignition delays for both n-heptane and

methane simultaneously well, which limits its application in an efficient and accurate simulation of large-size dual-fuel

marine engines.  Therefore, in the present study, firstly, a 35-step reduced chemical kinetic mechanism for n-

heptane/methane was constructed by using various mechanism reduction approaches, including the reaction pathway analysis,

sensitivity analysis, decoupling methodology, and chemical lumping methods. Then, based on the 35-step mechanism, a 27-

step mechanism was also developed by using the HyChem (Hybrid Chemistry) approach, specially aimed at the high-

temperature regime. Both of these two reduced mechanisms were validated against the experimentally measured ignition

delays, species concentration profiles, and laminar flame speeds. Finally, these two reduced mechanisms were coupled with

the CFD code to predict the engine combustion and emissions for a marine engine.

2. Model development

2.1 Development of the 35-step model

The reduced mechanism is primarily based on the detailed n-heptane mechanism developed by Curran et al. [14]. In

this mechanism, the oxidation process of n-heptane is composed of two primary pathways, i.e. the low-temperature

combustion (LTC) and high-temperature combustion (HTC) processes. Based on the reaction pathway analysis, CH,O, HO»,

and H,O, were identified as the most important intermediate species for the LTC reactions of n-heptane, which dominated

its ignition process. During the LTC period, much H,O> was generated, which was then decomposed just before the HTC

period, leading to the rapid growth of OH and laying the foundation for the high-temperature ignition. Although the

combustion of methane does not exhibit an obvious LTC feature, these species like CH,O, HO», H,O,, and OH are also the

most significant species for its ignition and heat release, which must be included in the reduced mechanism.

A schematic diagram of the model is shown in Figure 1. Fuel consumption is initiated by the abstraction of H from n-

heptane by O, to form C;H;s and HO, (R1). Due to the symmetric molecular structure of n-heptane, there are four heptyl

isomer products. Based on the lumping reduction approach, only C;7H;s is employed in the reduced mechanism to represent



the four isomers. After the initial reaction stage, a small amount of H, HO,, and OH are formed, which will dominate the
further consumption of n-heptane by the H-abstraction reactions R2, R3, and R4. The sensitivity analysis demonstrates that
R2 is less important for the ignition process of n-heptane in comparison to R3 and R4. Therefore, R2 is ignored in the reduced

mechanism.
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Fig. 1. Reaction pathway of n-heptane/methane fuel blends oxidation.C;H¢, + O, — C;H;5 + HO, (R1)

C;Hj6 + H— C;Hys + H, (R2)

C;H;¢ + HO, — C;H 5 + Hy0, (R3)

C7H16+OH—>C7H 1 5+H20 (R4)

C7H;s is then combined with O, to form C;H;50; (RS), which reaction is significantly sensitive to temperature. C;H;50,

is primarily consumed via the isomerization process, generating C;H1sOOH (R6). After the second O-addition reaction (R7),

OO0C7H1400H is produced and then consumed by the decomposition reaction (R8), generating OC;H;300H and OH.

C;H;s5 + 0, — C;H 50, (RS)

C7H15 g C7H14OOH (R6)



C7H14OOH + 02 — OOC7H14OOH (R7)

00C,H,,00H — OC,H,;00H + OH (RS)

At a higher temperature, OC;H;300H is further decomposed into CsH;;CO, CH,0, and OH in which CsH;;CO will

also be consumed by the decomposition reactions, forming the smaller hydrocarbon products. To simplify this process, the

decomposition reactions of OC7H;300H and CsH;;CO are lumped into one reaction (R9).

OC7H13OOH g C3H7CO + CH20 + OH (R9)

At the high-temperature condition, the pyrolysis reactions become important. In the present study, only the B-

decomposition reactions of C;H;s and C7H1400H are considered, and the corresponding pyrolysis reactions are lumped into

R10 and R11.

C;H;5s — CHy + CHs + C3Hg (R10)

C7H14OOH—>C3H6+C3H7CHO+OH (Rl 1 )

The skeletal C,-C4 sub-mechanism is taken from the works of Gustavsson et al. [40] and Zheng et al. [41] as the bridge

between the n-heptane and methane sub-mechanisms, based on which a 16-step methane sub-mechanism was constructed as

the base model. Finally, a reduced n-heptane/methane mechanism composed of 33 species and 35 reactions was developed

and the reaction rate coefficients of some reactions were optimized based on the approach proposed by Ra and Reitz [42] to

better predict the experimental results, the detailed n-heptane model and experimental data measured by Ciezki et al. [16]

and Heufer et al. [43] were used to optimize the reaction rate coefficients. The final reduced model is shown in Table 1.

Table 1. The 35-step reduced mechanism and rate coefficients.

Number Reaction A B E Ref
R1 NC7H16+02=C7H15+HO2 7.00E+15 0 47380 [37], modified
REV/ 4.62E+11 03  172.0/ [37]

R2 OH+NC7H16=>C7H15+H20 1.00E+14 0 3000 [35], modified
R3 C7H15+02=C7H1502 1.50E+12 0 0 [35], modified
REV/ 2.51E+13 0 27400.0/ [35]

R4 C7H1502=C7H1400H 8.94E+11 0 19000 [35], modified
REV/ 1.00E+11 0 11000.0/ [35]

RS C7H1400H+02=00C7H1400H 2.20E+10 O 0 [35], modified



REV/ 251E+13 0 27400.0/ [35]
R6 OOC7H1400H=>0OC7H1300H+OH 1.20E+11 O 17000 [35]
R7 OC7H1300H=>C3H7CHO+CH20+C2H3+OH 9.00E+14 0 41100 [37], modified
R8 C7H1400H=>C3H6+C3H7CHO+OH 1.00E+13 0 25000 [35], modified
R9 C3H7CHO+OH=>C3H7CO+H20 1.66E+12 0 0 [35]
R10 C3H7CO+02=>CO+C3H6+HO2 6.03E+16 0 15000 [40]
R11 C7H15=>C2H4+C2H5+C3H6 7.04E+13 0 34600 [37], modified
R12 C3H7=>C2H4+CH3 9.60E+13 0 30950 [40]
R13 C2H5+02=>C2H4+HO2 2.00E+10 0 -2200 [40]
R14 C2H4+OH=>C2H3+H20 6.02E+13 0 5955 [40], modified
R15 C2H3+02=>CH20+HCO 4.00E+13 0 -251 [40]
R16 C3H6+OH=>C3H5+H20 3.12E+06 2 -298 [40]
R17 C3H5+02=>CH3+CH20+CO 4.00E+12 0 0 [40]
R18 CH3+HO2=>CH30+OH 5.00E+13 0 0 [40]
R19 CH3+O=>CH20+H 8.00E+13 0 0 [40]
R20 CH4+02=CH3+HO2 2.02E+07 2.1 53210 [42], modified
R21 CH4+OH=CH3+H20 1.83E+05 2.6 2190 [42], modified
R22 CH4+0O=CH3+0OH 1.O2E+09 1.5 8604 [42], modified
R23 CH4+HO2=CH3+H202 1.13E+01 3.7 21010 [42], modified
R24 CH30+02=>CH20+HO2 241E+14 O 5017 [41]
R25 CH20+OH=>HCO+H20 347E+09 12 477 [41]
R26 HCO+02=>CO+HO2 1.35E+13 0 400 [40]
R27 CO+O+M=>CO2+M 417E+14 0 3000 [41]
R28 CO+OH=CO2+H 351E+07 12 69 [41]
REV/ 9.45E+13 0 26089.0/ [41]
R29 H202+M=>20H+M 1.20E+17 O 45500 [41]
R30 HO2+HO2=>H202+02 2.00E+12 O 0 [41]
R31 H+02=0+0OH 2.63E+16  -0.7 17040 [41]
REV/ 7.87E+13  -0.3 -278.0/ [41]
R32 H+O2+M=HO2+M 2.80E+18 -09 0 [41]
REV/ 4.66E+18  -0.9 48023.0/ [41]
R33 H2+OH=H20+H L.I7E+09 13 3626 [40]
REV/ 1.24E+10 1.2 19092.0/ [40]
R34 O+H2=0OH+H 5.06E+04 2.7 6290 [40]
REV/ 237E+04 2.7  4287.0/ [40]
R35 HO2+OH=>H20+02 7.50E+12 0 0 [40]

2.2 Development of the 27-step model

In the HPDI natural gas engines, which typically have the higher compression ratio, the temperature at the top dead

center is high (around 1000 K) than the conventional engines. As discussed in Section 2.1, during the HTC process, the LTC

reaction pathway is less significant and n-heptane is primarily consumed by the decomposition reactions, converting into



small hydrocarbons. Therefore, the 35-step mechanism was further reduced for the HTC regime by using the HyChem

approach. which employs a physics-based understanding of the primary reaction pathways in fuel combustion, the more

detailed introduction can be found in Ref. [44]. During the reduction, the O-addition reactions and the following LTC

reaction pathway were removed, forming a new reduced n-heptane/methane mechanism consisted of 23 species and 27

reactions. Since the LTC reactions for n-heptane were removed, the reaction rate parameters were further optimized based

on the sensitivity analysis. Noted that there was no change in the methane sub-mechanism. The final reduced model is shown

in Table 2.
Table 2. The 27-step reduced mechanism and rate coefficients.
Number Reaction A B E Ref
R1 NC7H16+02=C7H15+HO2 1.00E+16 0 47380 [37], modified
REV/ 4.62E+11 0.3 172.0/ [37]

R2 OH+NC7H16=>C7H15+H20 5.00E+13 0 3000 [35], modified
R3 HO2+NC7H16=C7H15+H202 9.0IE+13 0 16000 [35], modified
REV/ 6.31E+10 0 8000.0/ [35]

R4 C7H15=>C2H4+C2H5+C3H6 7.04E+13 0 34600 [37], modified
RS C2H5+02=>C2H4+HO2 2.00E+10 -0.9 -2200 [40], modified
R6 C2H4+0OH=>C2H3+H20 6.02E+14 0 5955 [40], modified

R7 C2H3+02=>CH20+HCO 4.00E+13 0 -251 [40]
RS C3H6+OH=>C3H5+H20 3.12E+06 2 -298 [40]
R9 C3H5+02=>CH3+CH20+CO 4.00E+12 0 0 [40]
R10 CH3+HO2=>CH30+0OH 5.00E+13 0 0 [40]
R11 CH3+0=>CH20+H 8.00E+13 0 0 [40]
R12 CH4+02=CH3+HO2 2.02E+07 2.1 53210 [42], modified
R13 CH4+OH=CH3+H20 1.83E+05 2.6 2190 [42], modified
R14 CH4+0=CH3+OH 1.02E+09 1.5 8604 [42], modified
R15 CH4+HO2=CH3+H202 1.13E+01 3.7 21010 [42], modified
R16 CH30+02=>CH20+HO2 241E+14 0 5017 [41]
R17 CH20+OH=>HCO+H20 347E+09 1.2 -477 [41]
R18 HCO+02=>CO+HO02 1.35E+13 0 400 [40]
R19 CO+O+M=>CO2+M 4.17E+14 0 3000 [41]
R20 CO+OH=CO2+H 351E+07 1.2 69 [41]
REV/ 945E+13 0 26089.0/ [41]
R21 H202+M=>20H+M 1.20E+17 0 45500 [41]
R22 HO2+HO2=>H202+02 2.00E+12 0 0 [41]
R23 H+02=0+0OH 2.63E+16  -0.7 17040 [41]
REV/ 7.87E+13  -0.3 -278.0/ [41]
R24 H+02+M=HO2+M 2.80E+18 -09 0 [41]



REV/ 4.66E+18  -0.9 48023.0/ [41]
R25 H2+OH=H20+H LI7TE+09 13 3626 [40]
REV/ 1.24E+10 12 19092.0/ [40]
R26 O+H2=0OH+H 5.06E+04 2.7 6290 [40]
REV/ 237E+04 2.7 4287.0/ [40]
R27 HO2+OH=>H20+02 750E+12 0 0 [40]

2.3 Validations of the 35-step and 27-step models

Validation of the reduced mechanism was performed by comparing with the experimental data and the prediction of a

79 species and 334-step reactions n-heptane/methane mechanism [7]. The modeling target was a zero-dimensional

combustion reactor under the constant-volume and adiabatic condition based on the SENKIN code. Figure 2 compares the

experimental and calculated ignition delays for n-heptane under a wide range of ambient pressures from 13 atm to 55 atm

and ambient temperatures from 700 K to 1200 K [19, 43, 45]. It is seen that the 35-step mechanism demonstratesa better

agreement with experimental data than that of the 334-step mechanism under 13 atm and 38 atm, especially under the low

and intermediate temperature region. The 27-step mechanism can well reproduce the ignition delay times for n-heptane

under high temperatures and all the research pressures. Figure 3 compares the calculated and measured ignition delays for

methane [20] under an ambient pressure of 10 atm and an initial temperature from 1300 K to 1700 K. The result demonstrates

that there is no obvious negative temperature combustion region for the methane combustion. The predicted ignition delay

times of methane for the 35-step and 27-step mechanisms show better agreement with the experimental data compared to the

334-step mechanism under high equivalence ratio conditions, whereas the 334-step mechanism performs better under low

equivalence ratio conditions. In general, both of the two reduced mechanisms (35- and 27-step models) exhibited the good

agreement with experimental data.
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Fig. 2. Comparison of the predicted and measured ignition delay time for n-heptane/air mixture at =1 (the black line
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Fig. 3. Comparison of the predicted and measured ignition delay time for methane/air mixture under ®=1 (The square

symbol is experimental data).

Figures 4 and 5 compare the predicted species concentration profiles for the main species by the three reduced kinetic

mechanisms in a constant volume chamber. Compared to the 334-step mechanism, the generally lower n-heptane

consumption rate and peak C;H4 concentration were predicted by the 35-step mechanism. The consumption rate of methane

for the 35-step mechanism is also slightly slower than that of the 334-step mechanism. However, the CH,O profile of the 35-

step mechanism is much higher than that of the 334-step mechanism. It is because that a part of CH3 for the 334-step

mechanism is oxidized to form CH, species, while for the 35-step mechanism, CH»O is the only oxidation species.
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Fig. 4. Comparison of the predicted species concentration profiles for the n-heptane/air mixture under @=1.0, initial
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Fig. 5. Comparison of the predicted species concentration profiles for methane/air mixture under @=1.0, initial
temperature of 1500 K, and pressure of 10 bar.

Comparisons between the calculated and experimental laminar flame speeds [46-57] of the n-heptane/air and
methane/air mixtures at 1 bar are shown in Figs. 6 and 7, respectively. The predicted laminar flame speeds for the n-
heptane/air mixture of the 334-step mechanism are in good agreement with the experimental data measured by Kumar et al.
[46] and Dirrenberg et al. [50]. For the 35-step mechanism, it can reasonably reproduce the experimental data at the
equivalence ratio of less than 1.3 for the n-heptane/air mixture. However, it significantly over-predicted the flame speed at

the equivalence ratio of more than 1.3. The 27-step mechanism cannot reproduce laminar flame speeds of the n-heptane/air



mixture at all research equivalence ratio. For the methane/air flame as shown in Fig. 7, it is seen that the predicted laminar

flame speed by the 334-step mechanism agrees well with the experimental values, except those measured by Bradley et al.

[52], which is higher at the lean-fuel side and lower at the rich-fuel side. Whereas the predicted laminar flame speed by the

35-step and 27-step mechanisms are in good agreement with experimental data obtained by Bradley et al. [51] at the

equivalence ratio less than 1.0, but they both significantly over-predict the experimental values at rich conditions.
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Fig. 6. Comparison of the predicted and measured laminar flame speeds for n-heptane/air mixtures under an initial

temperature of 358 K and pressure of 1 bar (The square symbol is experimental data).
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Fig. 7. Comparison of the predicted and measured laminar flame speeds of the methane/air mixture under an initial

temperature of 298 K and pressure of 1 bar.



3. Mechanism validation in a marine engine

The final purpose of the reduced mechanisms is to be employed for the multi-dimensional CFD modeling studies. For

the dual-fuel HPDI natural gas engine, it usually operates at around the stoichiometric- and lean burn conditions. As a result,

it is preferably the reduced n-heptane/methane is able predict the ignition delay of n-heptane and laminar flame speed of

methane well under such conditions. Based on the previous validations, it is seen that these two newly developed reduced

mechanisms can reasonably predict the experimental results under the stoichiometric- and lean-burn conditions. In this

section, they are further adopted for the 3D CFD modeling validations.

The engine combustion experiment was conducted on a Man Diesel & Turbo 4TS0ME-GI engine, which was a low-

speed and two-stroke marine engine. The main specifications of the engine can be found in Table 3 and the detailed

parameters can be found in Ref. [7]. The computational study was performed using the Converge code [58]. A whole mesh

with the highest cell number of about 1.5 million was adopted. The SAGE solver was adopted to simulate the detailed

combustion chemistry. The extended Zeldovich model [59] and Hiroyasu soot model [60] were used to simulate the NOx

and soot emissions, respectively. Detailed descriptions of the related sub-models used in the simulation can be found in Ref.

[61]. It should be noted that all the boundary conditions in simulations were the same for the three reduced mechanisms.

Table 4 lists the CPU-hour using the three mechanisms. Comparatively, it demonstrates that both the 27- and 35-step

mechanisms can significantly reduce the computational expenses. Note that the current engine is in a large size, which needs

more grids for simulations. With a higher grid number, the computational expenses will be further increased.

Table 3. Main specifications of the 4T50ME-GI research engine.

Parameters Value
Type 4T50ME-GI
Number of cylinders 4
Bore/stroke 500 mm/2200 mm
Connecting rod 2885 mm
Geometric compression ratio 18.14
Engine speed @ MCR 123 rpm
Power @ MCR 7050 kW
IMEP @ MCR 20 bar

Turbocharger MAN TCAS55-VTA




Table 4. The CPU-hour of the three CFD models.
334-step 35-step 27-step
CPU-hour 96 49 47

Figure 8 shows the measured and calculated pressure and heat release rate (HRR) profiles. The calculated pressure

profiles of the three reduced mechanisms are all in good agreement with the experimental data. Comparatively, the calculated

HRR profiles of the 27- and 35-step mechanisms are slightly higher than that of the experimental data and the 334-step

mechanism, indicating that the combustion rates of both the 27- and 35-step mechanisms are also slightly higher. The

previous study demonstrated that the combustion process for the HPDI natural gas engine was categorized into five stages,

including the ignition delay period of the pilot-fuel, premixed combustion period of the pilot-fuel, rapid combustion period

of methane, mixing-controlled combustion period, and the post-combustion period [62]. It is noticed that the premixed

combustion stage for the pilot fuel of the 27-step mechanism is more intense than the other two mechanisms, owing to its

predicted lower reactivity of n-heptane and thus the longer fuel-air mixing process. However, the pilot-fuel ignition timing

of the 27-step mechanism is closer to the experimental data. Therefore, the maximum pressure (Pmax) for the 27-step

mechanism is in better agreement with experimental data.
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Fig. 8. Comparison of the predicted and measured for in-cylinder pressure and HRR profiles.

Comparisons of the predicted and measured primary parameters on combustion and engine performance are presented



in Table 4. For the key combustion parameters, the calculated CA10 and CA50 (CA10 and CA50 are defined as the crank

angles that releases 10% and 50% of the heat.) for the three mechanisms are all in good agreement with the experimental

data, and the highest error is less than 6.5% for both the 35- and 27-step mechanism compared with the experimental data.

In addition, both the 35- and 27-step mechanisms are able to reproduce the maximum combustion pressure (Pmax) and the

corresponding phase (Pmax phasc), and the 27-step mechanism showing a better prediction performance. For the key engine

performance parameters, the calculated power outputs and indicated specific fuel consumption (ISFC) of the 27- and 35-step

mechanisms are in good agreement with the experimental data and the errors are less than 0.5%. This indicates that the 35-

and 27-step mechanisms can be applied for the development of marine engines and prediction of important performance

(such as power, fuel consumption) with high credibility, despite some deviations in its chemical kinetics (intermediate species,

laminar flame speed) verification. Meanwhile, the important macroscopic combustion parameters of the engine captured by

the 35-step mechanism are also relatively accurate, which can be applied to the development of the combustion system for

engines.

Table 5. Comparison between the calculated and measured combustion parameters.

27-step (error) 35-step (error) 334-step (error) Experiment
CA10 (°CAATDC) 3.7 (1.08%) 3.8 (3.68%) 4.0 (8.5%) 3.66
CA50 (°CAATDC) 10.8 (5.56%) 10.7 (6.54%) 11.1 (2.7%) 11.4
Prmax (MPa) 16.76 (0.36%) 16.89 (0.42%) 16.73 (0.53%) 16.82
Piax phase ("CA ATDC) 11.2 (2.1%) 11.2 (2.1%) 10.9 (4.72%) 11.44
ISFC (g/kW-h) 164.0 (0.49%) 163.5 (0.18%) 164.6 (0.86%) 163.2
Power output (kW) 5331.8 (0.01%) 5346.7 (0.29%) 5311.6 (0.36%) 5331

Table 6 presents the experimental and predicted engine-out emissions. Overall, the predicted NOx emissions for the

three reduced mechanisms are in good agreement with the experimental data, with the highest predicted errors less than

12.9%. At present, NOx is the only pollutant emission limited in IMO Tier III, thus the present 35- and 27-step mechanisms

can be employed for the NOx emission prediction.

Table 6. Comparison between the calculated and measured emissions.

27-step (error) 35-step (error) 334-step (error) Experiment
NOx (g/kW-h) 10.68 (11.4%) 10.54 (12.9%) 11.37 (4.93%) 11.9




HC (g/kW-h) 0.0045 0.0039 0.0057 --

CO (g/kW-h) 0.0237 (700%) 0.0092 (1900%) 0.0351 (441%) 0.19
CO, (g/kW-h) 415.7 415.0 416.9 -
Soot (g/kWh) 0.243 0.241 0.0238 -

In addition, similar predictions of the HC and CO, emissions are also observed for three reduced mechanisms. However,

the calculated CO emissions are all significantly lower than the experimental values, owing to the predicted higher

combustion rates, as shown in Fig. 5. And the predicted soot emissions of the 27- and 35-step mechanisms are an order of

magnitude higher than that of the 334-step mechanism. Due to the complex combustion processes of engines, it is always

difficult to accurately predict the incomplete combustion products, such as HC, CO, and soot. Further improvement work

needs to be perform in the future.

Table 7 depicts the predicted in-cylinder temperature distributions for different mechanisms. The initial temperature

distribution (0°CA) for the three mechanisms is almost the same. At 5°CA ATDC, the temperature distribution regions of the

three mechanisms are similar, however, the local regions of the 35- and 27-step mechanisms have a higher temperature than

that of the 334-step mechanism. This indicates that the combustion process of the 35- and 27-step mechanisms are more

intense. At 10°CA ATDC, the temperature distributions of the three mechanisms are also similar, however, the local high-

temperature regions of the 35- and 27-step mechanisms become larger than the 334-step mechanism, the intense combustion

process leads to a higher heat release rate (seen in Figure 8).

35- and 27-stepTable 7. The predicted in-cylinder temperature distributions calculated by different reduced

mechanisms.
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800 1200 1600 2000 2400

Table 8 shows the predicted equivalence ratio distributions of the three mechanisms. The equivalence ratio distributions

of the three mechanisms are almost the same at 0°, 5°, and 10°CA ATDC. At 15°CA ATDC, however, the equivalence ratio

distributions of the three mechanisms become different owing to the more significant effect of in-cylinder turbulent flows.

Due to the more intense combustion process of the 35- and 27-step mechanisms, the fuel distributions of the 35- and 27-step

mechanisms are wider. Correspondingly, the high-temperature regions are larger than the 334-step mechanism. Moreover,

the combustion process of the 27-step mechanism is more intense than the 35-step mechanism, hence the high-temperature

regions of the 27-step mechanism are slightly larger than the 35-step mechanism. At 20°CA ATDC, the high-temperature

regions of the 27-step mechanism are larger than those of the 35-step and the 334-step mechanisms, and the fuel distribution

regions are wider than those of the 35- and 334-step mechanisms. The main differences in temperature and equivalence ratio

distributions for the three mechanisms are marked by the black circles.

Table 8. The predicted in-cylinder equivalence ratio distributions calculated by different reduced mechanisms. (The black

line with the arrow represents the airflow motion, from which the contribution of the entrainment of the high-speed gas jet

on the in-cylinder mixing)
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Table 9 shows the OH distributions of the three mechanisms. From 0° to 10° CA ATDC, the OH distributions of the

three mechanisms are almost the same. It is well known that OH is the most important radicals at high-temperature

combustion stage, thus the OH distribution is used to indicate high-temperature combustion region in the present study. As

can be seen in Table 8 that the burning region can be clearly distinguished from the unburning region. According to a previous

study [63], the initial combustion stage of the HPDI engine belongs to the premixed combustion, which can be demonstrated

by the OH distributions at 0° and 5° CA ATDC. At 10° , 15° , and 20° CA ATDC, the OH distributions of the three

mechanisms become different. It is interesting that high OH concentration regions of the 334-step mechanism are larger than

the 35- and 27-step mechanism. It is because that the OH is concentrated on the edge of the high-temperature regions, while

the high-temperature regions of the 35- and 27-step mechanisms are distributed almost throughout the cylinder, thus the high

OH concentration regions are smaller. The main differences of OH distribution for the three mechanisms are marked in the

black circles.



Table 9. The in-cylinder OH distributions calculated by different reduced mechanisms.
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The CH,O distributions of the three mechanisms are shown in Table 10. CH,O is an important species at low combustion

stage for n-heptane, and it is also an important species for the oxidation process of methane. At 0° CA ATDC, the CH,O

distributions of the 35- and 27-step mechanisms are much larger than that of the 334-step mechanism. For the 334-step

mechanism, only a small amount of CH,O concentrates near the nozzle. At 5° CA ATDC, the OH distribution of the 334-

step mechanism becomes slightly larger, but it is also much smaller than those of the 35- and 27-step mechanisms, and the

CH>O concentration is also much lower than those of the 35- and 27-step mechanism. At 10° CA ATDC, the combustion

process becomes intense, the formed CH,O is instantly oxidized to HCO, therefore, the CH,O of the 334-step mechanism

disappears, and only a small amount of CH,O concentrates near the nozzle for the 35- and 27-step mechanisms. At 15° CA

and 20° CA ATDC, the CH,O disappears in the cylinder for the 334- and 35-step mechanisms. However, the CH,O

concentration of the 27-step mechanism increases at 15° CA ATDC. The main differences of CH,O distribution for the three



mechanisms are marked by the black circles.

Table 10. The in-cylinder CH;O distributions calculated by different reduced mechanisms.
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Tables 11 and 12 depicts the predicted distribution of NOx and soot in the combustion process. Due to the later ignition

timing of the 27-step mechanism, the NOx formation is lower at 0° CA ATDC. At 10° CA, the NOx distribution regions of

the three mechanisms are similar. Due to differences in high-temperature distribution region, the NOx distribution regions

of the three mechanisms are significantly different at 20° CA and 30° CA ATDC. However, the area of NOx distribution

for the three mechanisms is similar. In general, the soot distribution regions of the three mechanisms are similar at different

crank angles. However, the predicted soot concentration of the 334-step mechanisms is much lower than the 35- and 27-step

mechanisms. The main differences in NOx and soot distributions for the three mechanisms are marked by the black circles.



Table 11. The in-cylinder NOx distributions calculated by different reduced mechanisms.

0° CA

10° CA

20° CA

30° CA

334ste
p

35step

27step

NOx

-0.0000 0.0020 0.0040
[ e ——
0.0010 0.0030

Table 12. The in-cylinder soot distributions calculated by different reduced mechanisms.
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In summary, the 35-step mechanism can reproduce the ignition delay times of n-heptane at all research temperatures,

while the 27-step mechanism gives reasonable predictions of ignition delay times for n-heptane at high temperatures. Both

of these two mechanisms give well predictions of ignition delay times for methane. The main species histories of n-heptane

and methane cannot be well reproduced by both the 27- and 35-step mechanism. In addition, the calculated laminar flame

speeds of methane for the 35-step mechanism are the same as those of the 27-step mechanism, which are higher than

experimental values. The 35-step mechanism can reproduce the laminar flame speed of n-heptane at an equivalence ratio of

less than 0.9, however, the 27-step mechanism fails to predict the laminar flame speeds of n-heptane at all equivalence ratios.

However, for practical application like engine combustion simulation, these two newly developed mechanisms give

reasonabe predictions of ignition timings, in-cylinder pressures, HRRs, CA10, power output, ISFC, and soot emissions in a

HPDI natural gas marine engine model. During the engine design process, efficient and robust CFD simulation is the key

factor. In comparison to the 334-step mechanism, the 27- and 35-step mechanism are sufficient in the predictions of both the

overall engine combustion performance and detailed in-cylinder combustion processes. As a consequence, for the complex

combustion process in engines, whether a precise kinetic model is necessary for the research and development of ICEs

remains to be further explored. After all, the complex mechanism makes it very difficult for engine simulations. Of course,

the 27- and 35-step reduced mechanisms also require to be further validated extensively at other engine operating conditions

4. Conclusions

In the present study, two reduced n-heptane/methane mechanisms were constructed by employing various reduction



approaches, including the reaction pathway analysis, sensitivity analysis, and the HyChem method. In addition, the reaction

rate constants were optimized based on the sensitivity analysis of ignition delays. The reduced mechanisms were validated

against the experimental ignition delays, laminar flame speeds, and engine combustion and emission results.

The 27- and 35-step mechanisms can well predict the experimental ignition delays of the n-heptane/air and methane/air

mixtures. The calculated laminar flame speeds of the n-heptane/air and methane/air mixtures for these two reduced

mechanisms are only in agreement with the experimental data at the stoichiometric and lean mixture conditions.

The applications of the 27- and 35-step reduced mechanisms in the multi-dimensional CFD simulations can

significantly shorten the CPU-hours. Both the 27- and 35-step mechanisms could reasonably predict the experimental engine

combustion process and NOx emissions. And the distributions of temperature, equivalence ratio, OH, CH,O, NOx, and soot

calculated by the 35- and 27-step mechanisms are in reasonable agreement with those calculated by the 334-step mechanism

at 0° CA ATDC. As a result, the present reduced n-heptane/methane mechanisms can be used for the future design of the

HPDI natural gas marine engines.

In the future, owing to the complicated combustion process in engines, whether a precise kinetic model is necessary for

the engine research and design needs to be further explored. After all, the more complicated mechanism makes it more

expensive and time-consuming for engine simulations. Of course, the 27- and 35-step reduced mechanisms also require to

be further validated at more engine-related conditions.
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