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Abstrac.

The purpose of this paper is to investigate and describe the fuel reformation by diesel
piston compression to change the ignitability of commercial fuels for marine engines. The
engine operational conditions were first investigated by CHEMKIN Pro with n-heptane
as a fuel, an HCCI engine with port fuel injection was operated by n-heptane based on
simulation results, and the production of reformed gases (hydrogen, carbon monoxide,
methane, and ethylene) were measured by emission analyzers. The fuel reformation
becomes active above a 2.0 equivalence ratio and higher intake air temperature conditions,
and the molar fractions of the reformed gases can be varied by the maximum in-cylinder
average temperature during the reforming processes.

An indirect injection diesel engine was newly introduced and the diesel fuel reformation
characteristics were evaluated.

Further, the fuel decomposition processes were investigated by CHEMKIN Pro. The
results suggest that the hydrogen and carbon monoxide are produced via a number of
production paths in the fuel decomposition into small hydrocarbons and chemical
production controls of hydrogen and carbon monoxide will be difficult. However, the
production paths of methane and ethylene formation are limited by the decomposition of
hydrocarbons and this suggests the possibility of chemical production control of methane

and ethylene.

Keywords: Fuel Reformation, Piston Compression, Diesel Engine, Hydrogen, Carbon
Monoxide, Methane, Ethylene

Nomenclature:

CF ROP Factors contributing to the rate of production

CF Mole Factors contributing to the molar ratios produced
CN Cetane number



EGR Exhaust gas recirculation

FTIR Fourier transform infrared spectrometry
GC/MS Gas chromatography mass spectrometry
HCCI Homogeneous charge compression ignition
HPLC High performance liquid chromatography
IDI Indirect injection

RCCI Reactivity controlled compression ignition
ROC Rate of change

RON Research octane number

Greek symbols:

¢ Equivalence ratio

1. Introduction

The fuel standards, the research octane number (RON) and cetane number (CN), are very
important to avoid engine knocking, however this restricts the developments of high
performance engines, because the engine must be developed along the lines of the
standardized ignitability of marketed gasolines and diesel fuels. To change the fuel
ignitability, RCCI research has been conducted by the Reitz research group in University
of Wisconsin-Madison [1], [2]. The fuel ratio of gasoline and diesel fuel can be changed
depending on the engine speed and load, and they have achieved 1.45 MPa BMEP by the
RCCI operation. The RCCI combustion has the characteristics of a high degree of
constant volume, and more than 50% of indicated thermal efficiency can be attained at
middle load operation [3]. Further, they introduced a catalytic reforming system for the
RCCI engine to generate syngas and succeeded to develop the single fuel RCCI system
[4]. Hwang reported the single-fuel reactivity control by diesel fuel [5], Shudo
investigated the methanol reformation to dimethyl ether [6], [7], and Yap investigated the
natural gas fuel reforming [8] to change the fuel reactivity for HCCI operations. The on-
board fuel reformation is more realistic than dual fuel combustion.

Tartakovsky provided an overview of the research on fuel reforming in internal
combustion engines and introduced the fundamentals of fuel reforming, chemical fuel
reforming, and in-cylinder reforming by piston compression and EGR [9]. In chemical
fuel reforming analysis, Kopasz investigated the fuel reformation by a microreactor [10]
and the results concluded that alcohols are reformed at lower temperatures, less than 600C,
while complex fuels like gasoline and diesel fuel require higher temperatures, above 700C

for maximum hydrogen production.



The catalytic fuel reforming of gasoline [11], [12] and diesel fuels is much investigated
[13]. For passenger car engines, Ashida reported on on-board fuel reforming to avoid
gasoline knocking at high load operation [14], [15]. The gasoline is injected to a catalyst
in the exhaust pipe, the reformed gases of hydrogen (H>) and carbon monoxide (CO) are
recirculated to the intake port, and mixed with fresh air. The anti-knocking performance
of gasoline engines at high loads was improved with the addition of generated syngas,
however the exhaust temperature changes widely depending on the vehicle, and catalyst
damage by sintering and hydrothermal degradation are the issues of concern here.

The main benefit of the in-cylinder reforming is the possibility of using the available
engine hardware and elimination of the need for a fuel reformer. Alger at the SwRI
reported the fuel reforming by a dedicated EGR (D-EGR) concept with 4 cylinder
gasoline engines in 2009 [16], and Sarlashkar showed high thermal efficiency operation
with low emissions in transient conditions [17]. Eyal investigated the energy conversion
in a reforming-controlled compression ignition system, and exergy analysis was
conducted for dimethyl ether reforming [18]. Wiemann reported the partial oxidation of
methane-air mixtures with single cylinder SI and HCCI engines [19], and Hegner
investigated the partial oxidation of dimethyl ether by the combustion analysis of
simulations and rapid compression machine experiments [20].

In this paper, in-cylinder reforming by piston compression of a rich air-fuel mixture is a
subject of the research. The target engine is a multi-cylinder marine diesel engine, which
has two types of cylinders, reformer cylinder and power cylinder. The research concept
is shown in Figure 1. The diesel fuel is injected in the intake port and mixed with the air-
EGR gas, the fuel rich mixture is introduced to the reformer cylinders, and the reformed
gases are produced by the piston compression. The reformed gases are re-mixed with
fresh air, introduced to the power cylinders, and ignited by the compression ignition of a
small amount of diesel fuel injection. In this system, a single fuel is used and the
combustion effects similar to the dual fuel combustion with low emissions and high
thermal efficiency can be achieved.

Tests with two engines were conducted in this present research: fundamental reformation
tests by an HCCI engine (Nissan SC-77) with n-heptane, and applied reformation tests by
an indirect injection (IDI) diesel engine (Yanmar TF 120V-E) with n-heptane and diesel
fuel.

In the fundamental reformation tests, n-heptane, which has an ignitability similar to diesel
fuel, was used to avoid the effects of vaporization characteristics on the fuel reforming.
The decomposition and oxidation processes of n-heptane were analyzed by CHEMKIN

Pro, computed chemistry dynamics software, and the reformed gas production conditions



were first investigated. The intake air temperature before compression, equivalence ratio,
and compression ratio are the parameter variables, and the production of hydrogen (H>),
carbon monoxide (CO), methane (CH4), and ethylene (C;Hs) were calculated. The
ignitability of those chemicals is lower than that of diesel fuel, however as the H> induces
pre-ignition in high load engine operation with the increase in the equivalence ratio of Hz
[21], [22], the production of CO, CH4, and C;Hs were measured and evaluated as
alternatives to Ha. Then the HCCI engine was operated according to the calculation results,
and the results of the reformed gas production in simulations and engine tests were
analyzed.

In the applied reformation tests, the indirect injection (IDI) diesel engine (Yanmar TF
120V-E) was operated with n-heptane as a fuel, and the characteristics of the reformed
gases were compared with those of the HCCI engine (Nissan SC-77) to confirm the
similarities of the reformation results in the HCCI and IDI operation. Following this, the
engine was operated with diesel fuel, and the diesel fuel reformation characteristics were
evaluated.

Further, the elementary reactions of the reforming process were analyzed by CHEMKIN
Pro, and the contributions of the elementary reactions for H>, CO, and CH4 production

are investigated and discussed.

2. Test Methods

2.1 Calculations by Computed Chemistry Dynamics (Simulation)

2.1.1 The Analysis of Reforming Conditions for Fundamental Reformation Tests

To investigate the fuel reforming conditions of temperature and equivalence ratios, the
calculations of the computed chemistry dynamics were conducted by CHEMKIN Pro.
The calculation conditions are shown in Table 1. A single cylinder HCCI engine (Nissan
SC-77), 85 mm bore, 88mm stroke, and compression ratio of 18.0, was used in the
fundamental reformation tests as the initial setup for the calculations. The n-heptane is
used as an alternative to diesel fuel to avoid the effects of vaporization characteristics on
the fuel reformation in the calculations. In the simulations, the reformed gas production
conditions were first investigated. The intake air temperature before the piston
compression, equivalence ratio, and compression ratio were changed as parameter
variables, and the production of hydrogen (H>), carbon monoxide (CO), methane (CHs),
and ethylene (C2Hs) were calculated. Then the HCCI engine was operated according to

the calculated results.

2.1.2 Reaction Analysis of the Reformation Processes by CHEMKIN Pro. (Simulation)



To investigate the reforming processes of the fuel (n-heptane), a sensitivity analysis of
the reactions was conducted. The reformed gases, H>, CO, CHas, and C2Hy4, are produced
and consumed through numerous reactions during the reformation, and the important
reactions are selected by the contributing factors of the rate of production (CF ROP) and
production molar ratio (CF Mole) by CHEMKIN Pro as shown in equations 1 and 2 below,
because both the production (and consumption) speed and production amounts are related.
The contribution factor expresses the contribution ratio of the elementary reaction j for
all the elementary reactions (the number of elementary reactions is Ni) to produce or
consume a certain chemical i (H2, CO, CH4, or C2Hs) in the process at time 7. The
elementary reactions where CF' ROP; ;  and CF Mole; ; ; are higher than 1.0% were
selected.

Then the sensitivity analysis was conducted as shown in equation 3. For example, in the
case of carbon monoxide (CO), the extracted reactions by the evaluation of the
contributing factors are all deleted from the reactions in CHEMKIN Pro, the CO
production is re-calculated, and the sensitivities of the extracted reactions are evaluated
as the rate of change (ROC).

The calculation conditions are shown in Table 2. When the initial temperature is 500K,
the production of H>, CO, CH4, and C,Hj4 are the highest at equivalence ratios (¢) of 2.5,
2.5, 5.0, and 8.0 respectively, and the reaction analysis of the reformation processes is

conducted for each condition.

ROP; ;
ij,t Z;V:llROPi_j,t .
Mole; i
CF Mole; ; , = —2bt % 100 2
-Motej ¢ X, Mole ¥

CF _ROP; ; . Contribution of the reaction speed of the elementary reaction j at time ¢ to
produce or consume a specific chemical i [%]

CF Mole; j . Contribution of the mole number of the elementary reaction j at time 7 to
produce or consume a specific chemical i [%]

ROP; ; +. Production or consumption speed of elementary reaction j at time ¢ for a
specific chemical i [mol/(m’s)]

Mole; j, +. Production or consumption of the number of moles of the elementary
reaction j at time ¢ for a specific chemical i [mol]

Ni: Number of elementary reactions for production and consumption of

chemical i [-]



ROCL — llui,after_qli,before X 100 (3)

llui,before

ROC;: Rate of change in chemical i [%)]
¥, before: Molar ratio of chemical i before removal of key reactions [-]

¥, aier: Molar ratio of chemical i after removal of key reactions  [-]

2.2 Experimental Setup and Engine Test Conditions

Two types of engine tests were conducted in the present research, a fundamental
reformation test by the HCCI engine with n-heptane (Test 1) and applied reformation tests
by the indirect injection (IDI) diesel engine with n-heptane and diesel fuel (Tests 2-5).
2.2.1 Fundamental Reformation Tests with the HCCI Engine (Test 1) (Fuel: n-Heptane)
A single cylinder four stroke HCCI engine (Nissan SC-77) with an intake port fuel
injection system was used to eliminate the effects of air-fuel mixture inhomogeneity on
the fuel reforming characteristics. The engine specifications are shown in Table 3 and the
engine setup is shown in Figure 2. In the experiments, pure nitrogen is used instead of
EGR to eliminate the effects of the hydrocarbon contents in the EGR. Intake air is mixed
with nitrogen in the surge tank, introduced into an intake pipe, and heated by a heater. In
the experiments, n-heptane, which has an ignitability similar diesel fuel, was used to
verify the simulation results. The n-heptane is injected into the intake pipe 700 mm
upstream from the intake valve, well-mixed with the air-nitrogen gas, and introduced into
the reformer cylinder. Then, the mixture is compressed by the piston and the reformed
gases of Hz, CO, CO,, CHs, and CoH4 are analyzed by Fourier transform infrared
spectrometry (FTIR) (HORIBA: MEXA-4000FT) and emission analyzers (SHIMADZU:
CGT 7000, TYK: NOTORP-GH). The CO, CO,, and CH4 are measured by both the
HORIBA MEXA-4000FT and the SHIMADZU CGT7000. The measurement errors of
CO and CO; are below +0.02% and the measurement error of CHy is below +0.01%. The
C,Hs is measured by the HORIBA MEXA-4000FT and calibrated by high performance
liquid chromatography (HPLC), and the measurement error is below +0.01%. The error
in the TYK NOTRP-GH, the hydrogen analyzer, is below +0.1%, calibrated by the
HORIBA MSHA-1000L.

The engine speed is maintained at 1000 rpm. The compression ratio, intake air
temperature, and intake oxygen concentration (or equivalence ratio) were the parameter

variables, as shown in Table 4 and the engine experiments were repeated five times and



averaged in each test condition. The equivalence ratio is changed by the air/nitrogen ratio

maintaining the fuel injection quantity.

2.2.2 Applied Reformation Tests with the IDI Diesel Engine (Tests 2-4) (Fuel: n-Heptane)
The achievement of diesel fuel reforming is one of the objects of the research here and a
single cylinder engine (Yanmar TF 120V-E in Table 3) was newly introduced. This engine
can be operated by direct injection (DI) or indirect injection (IDI) by the change of
cylinder heads, and the fuel reformation by DI and IDI operations were first investigated
separately. To make a uniform air-fuel mixture, the fuel must be injected at early timings,
however the results in DI operation showed an increase in engine oil dilution by the fuel
because much fuel impinged on the cylinder walls. If the fuel injection timing is retarded
to earlier than 30 CA BTDC, the smoke emissions increase. Based on the pre-tests of DI
and IDI engine operations, we concluded that the DI diesel engine is not suitable for fuel
reformation and the experiments in the applied reformation tests were conducted by the
single cylinder IDI diesel engine. The IDI diesel engine has a low pressure (20MPa) two
hole injector to prevent fuel spray penetration from sub-chamber to main-chamber. The
engine setup is the same as that in Figure 2. The injection timing and injection pressure
of the n-heptane were maintained at 40 CA BTDC and 20MPa respectively.

The IDI diesel engine was operated with n-heptane and the reformed gas production
characteristics are compared with those of an HCCI engine (Nissan SC-77) to ensure the
similarities of the reformation results in the HCCI and IDI operation. The test conditions
in Test 2 are shown in Table 5. In Test 2, the equivalence ratio is changed by the air
quantity maintaining the fuel injection quantity.

In Test 3, 1.5 times of the base fuel in Test 2 were injected and the equivalence ratio was
changed according to the conditions of the air/nitrogen quantity with the basic conditions
in Test 2, as show in Table 6, and the production of H2, CO, CH4, and C2Hs were analyzed.
In Test 4, the engine speed was changed from 800 to 1200 rpm to investigate the effects
of the reaction duration on the reformed gas production. The test conditions are shown in
Table 7.

2.2.3 Effects of Fuel Injection Timing on the Reformed Gas Production by the IDI Diesel
Engine (Test 5) (Fuel: Diesel Fuel and n-heptane)

In Test 5, the reformation characteristics of the diesel fuel were investigated with the IDI
diesel engine. The diesel fuel properties used in the experiments are shown in Table 8. As
the diesel fuel vaporization characteristics affect the reformation efficiency, the fuel
injection timing (-130, -100, and -70 CA ATDCs) and equivalence ratio (4.0-8.0) were



the parameter variables in Test 5, as shown in Table 9.

3. Results and Discussion

3.1 Fuel Reformation Conditions of the Temperature and Equivalence Ratio (Simulation)
To determine the fuel reformation conditions of the temperature and equivalence ratio,
calculations by the computed chemistry dynamics, CHEMKIN Pro, were conducted. In
the research here, we focused on the four reformed gases, hydrogen (H), carbon
monoxide (CO), methane (CH4), and ethylene (C2H4). The ignitability of those gases is
lower than diesel fuel, however as the H> induces pre-ignition in high load engine
operation with the increase in the equivalent ratio of H», the production of CO, CH4, and
C2H4 were evaluated as alternatives to H». In the reforming processes, water (H20) and
carbon dioxide (CO») are produced and monitored to evaluate the production balance with
H> and CO. The soot emissions were not evaluated by simulations here, however it will
be evaluated by the engine experiments below.

The calculated results are shown in Figure 3. The ordinate and abscissa show the intake
air temperature before piston compression and equivalence ratio respectively. The gray
area in each figure shows the non-reactive equivalence ratio and temperature (¢#-7) areas.
As the air-fuel mixture becomes richer, the reformation occurs at higher temperatures.
Under the 1.5 equivalence ratio condition, much of CO; and H>O are produced and fuel
reformation to Hz, CO, CoHs, and CH4 does not occur because the n-heptane combusts
well here. For Hz and CO, the equivalence ratio of 2.0-4.0 is suitable and the production
increases with the increase in the initial temperature, however for CoHs and CHa4, the
equivalence ratios for reformation are much richer than those for H» and CO. An
equivalence ratio higher than 5.0 is necessary for CH4 and an equivalence ratio higher

than 8.0 is necessary for CoHa.

3.2 Fundamental Reformation Tests by the HCCI Engine (Test 1) (Fuel: n-Heptane)
Based on the simulation results in section 3.1, the HCCI engine was operated. As the
temperature is an important factor to change the yields of reforming gases, the
compression ratio and the intake air temperature by pre-heating were changed in the
engine experiments especially in Tests 1 and 2. (Here, the intake air was heated by an
electric heater, however if it is applied to marine engine systems, the pre-heating can be
achieved by a heat exchanger in the exhaust in the power cylinder, as shown in Figure 1.)
Further, it was found that the soot emission level is the highest at the 2.0 equivalence

ratio, however if the equivalence ratio is higher than 2.5, soot is not emitted. From these



test results, the engine was generally operated under the conditions of 2.0-3.3 equivalence
ratios for compression ratios of 16.0 and 18.0 (for the compression ratio of 20, the engine
tests were conducted at 2.5-5.0 equivalence ratio conditions) and 400-500 K initial
temperature, as listed in Table 4.

The HCCI engine tests were conducted under three different compression ratio conditions
(16,0, 18.0, and 20.0), and the intake air temperature and oxygen concentration
(equivalence ratio) are the test parameter variables. The ignitability of Ha, CO, CH4, and
C2Hy4 is lower than that of diesel fuel, however as the H is a cause of preignition in high
load operation of the power cylinder, the production of CHs and CoHs4 are used as
alternatives to Ho.

The test results are shown in Figure 4. The reformed gas production of H,, CO, CH4, and
C2H4 can be arranged by the maximum in-cylinder average temperature during the
reformation processes. Figure 4 (a) shows the Hz production characteristics and there is a
linear relation with the maximum in-cylinder average temperature. Figure 4 (b) shows the
production characteristics of CO and COz, there is an inflection point around 1200-1250
K because the CO starts to be oxidized to CO; above this temperature range. In Figure 4
(c), the peak production temperatures of CH4 and Co:Hs were observed at 1200 and 1000K
respectively, and these results suggest that the CH4 and CoHy production increases with
the increase in the maximum in-cylinder average temperature, however these two
compounds decompose into Hz> and CO above the peak temperatures. The reason why the
peak temperature of CH4 is higher than that of C2Hy is because of the stiffness of the
tetrahedral structure of CHa.

The reformed gases were analyzed by Fourier transform infrared spectrometry (FTIR),
gas chromatography mass spectrometry (GC/MS), and high performance liquid
chromatography (HPLC), and the gas compositions are shown in Figure 5. The total molar
fraction of CO,, H>O, CO, H;, and hydrocarbons (CH4-C7 HCs) increases with the
increase in intake oxygen concentration (decrease in equivalence ratio), however each
reformed gas production characteristic is different. Much H», CO, and CO: is produced
at the conditions of the higher intake oxygen concentrations, and the CHs and
hydrocarbons at conditions of lower intake oxygen concentrations. These tendencies are
similar to the simulation results in Figure 3.

Figure 6 shows the composition of hydrocarbons in the reformed gases in Test 1. The
underlined numbers in the columns represent the total hydrocarbons, and the composition
is shown with the pie chart. With the decrease in oxygen concentration, the total
hydrocarbon increases, the production ratio of CHs4 decreases, and the ratio of CoHy

increases with the initial gas temperature.



The sum of the lower heating values of reformed gases is shown in Figure 7. With the
decrease in intake oxygen concentration in the intake air temperature, the total heating
value of Hz and CO decreases, however the heating value contribution of CH4, C2Ha4, and
higher hydrocarbons (C3-C7 and over) increases and the total heating value increases.
Under the same conditions of intake oxygen concentration, the sum of the H> and CO
heating values is constant at the 400 K, 450 K, and 500 K conditions, however the sum
of the CH4 and C>H4 heating values increases with the decrease in intake air temperature.
The previously published research in [16], [17] suggests the yield of the different gases
by in-cylinder reformation and this was confirmed in our engine tests. More of H and
CO are produced when the intake oxygen concentration is higher, however more of CHs4
and C;Hs4 are produced when the intake oxygen concentration and intake air temperatures

are lower, as shown by Figure 7.

3.3 Applied Reformation Tests with the IDI Diesel Engine (Tests 2-4) (Fuel: n-Heptane)

3.3.1 Fuel Reformation by the IDI Engine (Test 2)

In the applied reformation tests, a single cylinder indirect injection (IDI) diesel engine
(Yanmar TF 120V-E) was newly introduced to enable fuel reformation by diesel fuel. In
the tests here, the IDI diesel engine was operated with n-heptane fuel and the production
characteristics of the reformed gases are compared with those of the HCCI engine (Nissan
SC-77) to confirm the similarities of reformation results in the HCCI and IDI operations.
The test conditions are shown in Table 5. There were no soot emissions because the
equivalence ratio is higher than 2.5 for all test conditions, the extremely high-fuel-rich
mixture.

The test results are shown in Figure 8. There is no difference in the H> production of the
HCCI and IDI engines (Figure 8 (a)), however as in Figures 8 (b)-(e), the fuel reformation
to CO, CO., CH4, and CoHy in the IDI engine occurs at higher temperatures than those in
the HCCI engine, and the production peaks of the production of CH4 and C>Hy are higher
than those of the HCCI engine. The quantitative tendencies of the CO, CO,, CH4, and
C:H4 formation in the HCCI and IDI engines are not the same, however the qualitative
tendencies are very similar for both engines. As the higher production of CH4 and C2Hg4
were shown by the IDI engine with n-heptane, the diesel fuel reformation in Test 5 was

conducted with the IDI engine.

3.3.2 Effects of Fuel Injection Quantity on Reformed Gas Production (Test 3)
In Test 3, 1.5 times of the base fuel in Test 2 was injected and the equivalence ratio

changed according to the conditions of the air/nitrogen quantity with the base conditions

10



in Test 2, as detailed in Table 6, and the production of H>, CO, CHas, and C;H4 as shown
in Figure 9 were analyzed.

In Figure 9, the open plots show the test results of the base fuel injection and the solid
plots show the test results with the 1.5 times base fuel injection. In Figure 9 (a)-(d), the
production of reformed gases, the H, CO, CH4, and C;Ha, were all higher with the

increases in fuel injection quantity.

3.3.3 Effects of Engine Speed on Reformed Gas Production (Test 4)

The engine speed was changed from 800 to 1200 rpm to investigate the effects of the
reaction duration on the reformed gas production in Test 4. In this test, 1.5 times of the
base fuel in Test 2 were injected. The test conditions and results are shown in Table 7 and
Figure 10 respectively. The high temperature retention time becomes shorter with the
increase in engine speed, however there is no effect of engine speed on the produced
amounts of the reformed gases, and this shows that the reformed gas reaction is fast
enough and completed even at the 1200 rpm engine speed. This result suggests that the
produced amounts cannot be increased by engine rotation speeds below 1200 rpm. The
engine experiments were not conducted above 1200 rpm, because the maximum engine
speed of the target marine engine is lower than 1200 rpm. If the engine speed were higher
than 1200 rpm, the chemical reaction speed is still high enough, however the air-fuel
mixing is not sufficient and the mixture inhomogeneity will also affect the production of

reformed gases, especially for CHs and C2Ha.

3.4 Effects of Fuel Injection Timing on Reformed Gas Production by the IDI Diesel
Engine (Tests 5) (Fuel: Diesel Fuel and n-Heptane)

The reformation characteristics of diesel fuel were investigated with the IDI diesel engine
in Test 5. The test conditions are shown in Table 9. As it is considered that the diesel fuel
vaporization characteristics affect the reformation efficiency, the fuel injection timings (-
70, -100, and -130 CA ATDC) were chosen as a parameter variable in Test 5 and the
reformation characteristics of n-heptane and diesel fuel are both plotted in Figure 11, and
the test data is shown in Tables 10 and11. Tables 10 and 11 show that the maximum in-
cylinder temperature of diesel fuel is always higher than that of n-heptane at the same test
conditions of fuel injection timing and intake O concentration, and the H> production of
diesel fuel is higher than that of n-heptane. However, if the data is arranged by the
maximum in-cylinder temperature as in Figure 11 (a), the produced quantity of H> from
the diesel fuel is smaller than that of n-heptane. In Figure 11 (b), the production of CO

from diesel fuel and n-heptane were similar. The results of H> and CO suggest that the
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fuel distillation and H/C ratio may change the combustion characteristics of each fuel and
affect the reformation characteristics of H> and CO.

In Figures 11 (c¢) and (d), the production of CHs and C>H4 from diesel fuel is lower than
from n-heptane. Compared with n-heptane, the volatility and molecular size of diesel fuel
are higher and longer, and the differences in the vaporization characteristics may affect
the production of CHs and CoHs. The fuel injection timing with n-heptane affects the
production of the CH4 and C,H4 reformed gases slightly. In Figures 11 (¢) and (d), the
production of CH4 and CoHs from n-heptane decreases with the delay in the fuel injection
timing. The histories of the pressure and tumble ratios during the compression stroke is
shown in Figure 12. The tumble ratio is defined as the number of in-cylinder gas tumble
rotations in the sub-chamber per engine rotation. The in-cylinder pressures at -130, -100,
-70, -40, and -10 CA ATDCs during compression are 0.13, 0.18, 0.32, 0.90, 3.81 MPa
respectively and the tumble ratio increases as the piston approaches the TDC. If the fuel
is injected at the -100 or -130 CA ATDC condition, the air tumble rotation speed in the
sub-chamber is slow and the air-fuel mixing is not sufficient for a complete mixing. In
the experiments of diesel fuel reformation, more soot was emitted in the exhaust than with
n-heptane and the maximum temperature of the diesel fuel is higher than that of n-heptane,
as shown in Tables 10 and 11. This suggests that the diesel fuel adheres to the walls and
forms a fuel film on the surface of the sub-chamber, as shown in Figure 13, and the diesel
fuel combusts in a leaner state than the n-heptane. The distillation of diesel fuel affects
the heterogeneity of the air-fuel mixture in the cylinder.

There is an optimum fuel injection timing for n-heptane at -70 to -40 CA ATDC, for the
production of CH4 and C2H4. In the experiment, if the fuel injection is later than -40 CA
ATDC, the performance of the fuel reformation worsens and the soot production increases,
because there is not sufficient time for the reformation. These results suggest that a high
tumble ratio in the sub-chamber and a sufficient time for air-fuel mixing are necessary for

the fuel reformation in IDI diesel engines.

3.5 Reaction Analysis of the Reformation Processes by CHEMKIN Pro.

The elementary reactions whose CF' ROP; j, ; and CF Mole; ; ; in equations 1 and 2 are
higher than 1.0% were selected. The main reactions of calculated results are discussed
here, and the details of production and consumption reactions are shown in Appendix 1.
3.5.1 The Main Reactions of Production/Consumption of Hydrogen (Hz)

The basic reaction is shown in R1, dehydrogenation by the hydrogen radical (H), and the
R2-R5 are examples of the main reactions. The dehydrogenation commonly occurs in the

reforming processes and contributes to the production of H, and H>O. The R2 and R3 are
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H: production reactions, and the R4 and R5 are H> production and consumption reactions.

RH+H < R+H, (R1) (Basic reaction)

H,+OH < H+ H,0 (R2) (Production)

CH,0 +H - HCO+ H, (R3) (Production)

C,H,+H < C,H; + H, (R4) (Production and consumption)
CH,+H < CH; + H, (R5) (Production and consumption)

3.5.2 The Main Reactions of Production/Consumption of Carbon Monoxide (CO)

The basic reaction is shown in R6, that is the dissociation reaction of the carbonyl radical
(-CO), and R7-R10 are examples of the main reactions. The dissociation reaction also
commonly occurs in the reforming processes and contributes to the productions of CO.
The reaction proceeds to CO2 under high temperature and Ox rich conditions. The R7, R8,

and R9 are the CO production reactions, and R10 is the CO consumption reaction.

RCO < R+ CO (R6) (Basic reaction)
HCO+M & H+ CO+M (R7) (Production)
CH;CO+M - CH; +CO+ M (R8) (Production)
CH,CO+H < CH; + CO (R9) (Production)
CO+0H < CO,+ H (R10) (Consumption)

3.5.3 The Main Reactions of Production/Consumption of Methane (CHa)
The basic reaction is shown in R11, dehydrogenation by the methyl radical (CHs), and
R12-R16 are examples of the main reactions. The reactions in R12-15 are the CH4

production reactions, and the R12 and R15 are dominant. The R16 is a CH4 consumption

reaction.

RH + CH; & R + CH, (R11) (Basic reaction)
CH,+H < CH; + H, (R12) (Production)
CsHg + CH; & CyHs + CH, (R13) (Production)
C,H, + CH; & C,H; + CH, (R14) (Production)
CH, + OH < CH; + H,0 (R15) (Production)
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CH,+H < CH; + H, (R16) (Consumption)

3.5.4 The Main Reactions of Production/Consumption of Ethylene (C2Ha)
The basic reaction is shown in R17, the thermal decomposition of higher hydrocarbons,
and R18-R27 are examples of the main reactions. The R18-R23 are C;H4 production

reactions and the R24-R27are CoH4 consumption reactions.

R CH, +R' (R17) (Basic reaction)
C,H,s & CsHyy + C,H, (R18) (Production)
CsHy, & C3H, + C,H, (R19) (Production)
C3H, & C,H, + CH, (R20) (Production)
C,Hy & C,Hs + C,H, (R21) (Production)
C,Hs+M o H+CH, + M (R22) (Production)
CsHs + 0, & HO, + C,H, (R23) (Production)
C,H, + 0 < CH; + HCO (R24) (Consumption)
C,H, + 0 < CH,CHO + H (R25) (Consumption)
C,H, + OH < C,H; + H,0 (R26) (Consumption)
C,H, + CH; & C,H; + CH, (R27) (Consumption)

The ethylene (C2Hs) is produced from C7His (R18), CsH7 (R20), CsHo (R21), and C2Hss
(R22 and R23), and when the C7His, CsH7, CsHo, and C2Hs are produced, hydrogen (Hs)

and carbon monoxide (CO) are produced as shown in the R28-32 reactions.

Hydrogen production
C,H,y + H & C;Hs + H, (R28) (Production)
C3Hg + H < C3H, + H, (R29) (Production)

Carbon monoxide production

C3H,CO < C3H, + CO (R30) (Production)
C,HyCO & C,Hy + CO (R31) (Production)
C,HsCO < CyHs + CO (R32) (Production)

3.5.5 Possibility for Active Production Controls of Reformed Gas Amounts
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The sensitivity analysis expressed in equation 3 above was conducted. For instance, with
the CO, the main reactions of CO production and consumption in Figures AP-2, are all
removed from the reactions in CHEMKIN Pro and the production of CO is re-calculated.
According to equation 3, the rate of change in CO was 7.8% as shown in Figure 14. This
suggests that the CO is easily produced from other elementary reactions even if the
elementary reactions in Tables AP-2 in Appendix are all removed. In the case of Ha, the
rate of change was 31.6%, higher than CO but lower than the rates of change in CHs4
(85.1%) and CoHs (92.7%). This suggests that there are many production paths for CO
and Hz, however for CHs and C;Hy, the elementary reactions in Tables AP-3 and AP-4 in
Appendix are the main reactions for the production of CH4 and C>Ha.

A diagram of the detailed reaction paths were analyzed by CHEMKIN Pro. As shown in
Figure 15, there are four reaction stages: low temperature oxidation (LTO), pre-thermal
ignition (PTI), thermal ignition (TI), and after-thermal ignition (ATI). The CF ROP and
CF Mole in equations 1 and 2 were calculated for H>, CO, CH4, and CoHy, as shown in
Figures 16-19. Figures 16 and 17 shows the H> and CO production and consumption. The
production and consumption of H> and CO start from low temperature oxidation (LTO)
and end at the end of the after-thermal ignition (ATI). In the LTO duration, the H> and CO
are produced from higher hydrocarbons, and as the fuel reforming proceeds to PTI, TI,
and ATI, the size of the hydrocarbons become smaller and the Hz and CO are produced
from small and medium hydrocarbons; CO is simultaneously consumed by the R10
reaction. For the H; production, the R2 and R28 are the governing reactions, and the R7-
10 and R30-31 are the governing reactions for CO.

Figure 18 and 19 show the CH4 and C2H4 production and consumption. The production
of CH4 and C;Hj4 starts from pre-thermal ignition (PTI) and ends after-thermal ignition
(ATT). The fuel, n-heptane (C7H1s), mostly breaks down into smaller hydrocarbons in PTI
and TI, and the CH4 and C,H4 are produced. For the CH4 productions, the R12, R14, R15,
and R16 are the governing reactions. For the CoHa, the R18-23 are production reactions,
however the consumption of CoHs in the R 24-27 are the rate-determining reactions
Figure 20 summarizes the reforming processes of the fuel. At the LTO and PTI periods
before ignition, the H radical in n-heptane first reacts with the radicals (OH, H, O», and
others.), and the n-heptane decomposes into small and medium sized hydrocarbons
through oxidation reactions and scissions of molecules, and H> and CO are produced.
Once the pre-thermal ignition starts, the C1-C3 hydrocarbons including CH4 and C>H4
are produced and the C1-C3 hydrocarbons are decomposed into H» and CO in the thermal
ignition process (T1). There are many production paths for H> and CO, however, the CoHa4

and CH4 production occurs after the low temperature oxidation processes with limited

15



production paths. This result suggests that the chemical production controls of H> and CO

are difficult and the production of H> and CO must be physically controlled by the

temperature and equivalence ratio, however this does offer the possibility of chemical

production control for CH4 and C;Ha.

4. Conclusions

In this research, the fuel reformation by piston compression in diesel engines was

investigated with both calculations and experiments. The hydrogen (H:), carbon

monoxide (CO), methane (CH4), and ethylene (C2H4) were mainly analyzed as reformed

gases. The conclusions may be summarized as follows:

1.

The fuel reformation can be controlled by the intake oxygen concentration and intake
air temperature. The yields of H> and CO become highest when the equivalence ratio
is 2.0, and a higher intake air temperature maximizes the yield of H> and CO. The
yields of CH4 and CoHy increase as the intake air temperature and equivalence ratios
increase, however the equivalence ratio cannot be lower than 2.5 because of smoke
emissions.

At all compression ratios and engine speeds, the yields of reformed gases can be
achieved by the maximum in-cylinder average temperature during the piston
compression and expansion strokes. For H2 and CO, the yields increase with increases
in the maximum in-cylinder average temperature, however the CO has an inflection
point at 1200-1250K where the CO oxidization to CO2 starts. The CH4 and C2Hg have
the peak production temperatures around 1000K and 1200K respectively. The CH4
and C,Hj4 start to decompose into H> and CO above the peak temperatures.

The IDI engine experiments with n-heptane and diesel fuel show the in-cylinder
temperature and the heterogeneity of air-fuel mixture in the cylinder affects the fuel
reformation characteristics.

As the reforming reaction speed below 1200 rpm is high, the reformed gas amounts
cannot be controlled by low engine speed. At higher engine speed operation, the air-
fuel mixture inhomogeneity will affect the productions of the reformed gases.

The governing reactions of Hy, CO, CHs4, and C,H4 gases were identified. The basic
reaction of H> generation is the dehydrogenation by H radicals (R1 reaction), and the
basic reaction of CO is the dissociation reaction of the carbonyl radical (R6 reaction).
The production of H> and CO starts from low temperature oxidation (LTO) and ends
after-thermal ignition (ATT).

The basic reaction of CH4 is the dehydrogenation by the methyl radical (CHs) (R11

reaction), and the basic reaction of CoHs is the thermal decomposition of higher
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hydrocarbons (R17 reaction). The production of CHs and CoHy start from the pre-
thermal ignition (PTI).

7. The reaction analysis of the reformation processes shows that the H> and CO react
along numerous elementary reaction paths. This suggests that chemical production
controls for H, and CO are difficult and that the production of H> and CO must be
physically controlled by the temperature and equivalence ratio.

8. The production paths to CH4 and CoHg are very limited and involve the decomposition
of small and medium sized hydrocarbons, suggesting the possibility of chemical

production control.
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Appendix 1 The Main Reactions of Production and Consumption of Hydrogen, Carbon
Monoxide, Methane, and Ethylene

The elementary reactions whose CF' ROP; j, ; and CF Mole; ; ; in equations 1 and 2 are

higher than 1.0% were selected. The calculated results of hydrogen, carbon monoxide,

methane, and ethylene are shown in Tables AP-1, AP-2, AP-3, and AP-4 respectively.
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H+EHO<=>ZH+(S)ZHO
ZH+EHO<=>H+VHO
ZH+OOH<=>H+OZHO
ZOH+ZH<=>H+ZOZH
ZO+ZH<=>H+ZOH
OZH+H<=>ZH+HO
HO+H<=>ZH+O
TH+P-SLHLO<=>H+9LH.LON
TH+E-SLH.LO<=>H+9LH.LON
TH+Z-SLH.LO<=>H+9LH.LON
TH+1-SLHLO<=>H+9LH.LON
TH+G-Z6HGO<=>H+Z-0LHSO
LHEON+ZH<=>8HEO+H
TH+SHZO<=>H+9HZD
TH+EHO<=>H+VHO
ZH+OEHO<=>H+HOEHD
OZH+H<=>ZH+HO
TH+P-SLHLO<=>H+9LH.ON
TH+E-GLH.LO<=>H+9LH.ON
ZH+Z-SLHLO<=>H+9LH.ON
TH+1-SLHLO<=>H+9LH.ON
ZH+EHO<=>H+VHO
ZH+OEHO<=>H+HOEHO
OZH+H<=>ZH+HO

ATI

TI
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ZH4ZHED<=>H+EHED
TH+EHED<=>H+d-VYHED
TH+EHED<=>H+V-VHED
TH+ZHZO<=>H+EHZO
TH+EHZO<=>H+VHZO
ZH+OOOH<=>H+OOZHD
TH+SHZO<=>H+9HZO
H+€HO<=>ZH+(S)ZHO
ZH+EHO<=>H+VHO
ZH+OOH<=>H+OZHO
OZH+H<=>ZH+HO
TH+€-GLHLO<=>H+9LH.ON
TH+Z-GLHLO<=>H+9LH.ON
THH7-LLHYO<=>H+1-8HVO
TH+€-LLHYO<=>H+1-8HVO
ZH+ZHED<=>H+EHED
THHV-SHED<=>H+9HED
ZH+OOEHZO<=>H+OHOEHZO
TH+ZHZO<=>H+EHZO
ZH+EHZO<=>H+¥HZO
00Z+ZH<=HO+000H
ZH+OOOH<=>H+0JZHO
ZH+0OEHO<=>H+OHOEHD
ZH+SHZO<=>H+9HZO
H+EHO<=>ZHH(S)ZHO
ZH+EHO<=>H+VHO
ZH+OOH<=>H+OZHO
ZOH+ZH<=>H+ZOZH
ZO+ZH<=>H+ZOH
OZH+H<=>ZH+HO
HO+H<=>ZH+O
TH+7-GLHLO<=>H+9LH.ON
ZH+€-GLHLO<=>H+9LH.ON
TH+Z-GLHLO<=>H+9LH.ON
TH+1L-GLHLO<=>H+9LH.ON
TH+G-Z6HGO<=>H+Z-0LHSO
LHEON+ZH<=>8HED+H
TH+SHZO<=>H+9HZO
TH+EHO<=>H+VHO
ZH+OEHO<=>H+HOEHO
OZH+H<=>ZH+HO
TH+P-GLHLO<=>H+9LH.ON
TH+€-GLHLO<=>H+9LH.ON
TH+Z-GLHLO<=>H+9LH.LON
TH+L-GLHLO<=>H+9LH.ON
ZH+EHO<=>H+VHO
ZH+OEHO<=>H+HOEHO
OZH+H<=>ZH+HO

o o

Fig. 16 Contribution factors in hydrocarbon (Hz), top: rate of production (ROP), bottom:

mole number

28



0D+€HZO<=>00€HZO 02+EHZI<=>00€HZD
0D+ZHO<=>0+ZHZD 02+ZHO<=>0+ZHZD
00Z+ZH<=HO+OJOH 00Z+ZH<=HO+0J2OH
0D+HOZHO<=>HO+OJZHD — 00+HOZHO<=>HO+OJZHD
0D+€HO<=>H+0OZHD = 02+EHO<=>H+OOZHD
(W+)00ZHO<=>(W+)OD+ZHD < (W+)0OZHO<=>(W+)0D+ZHD
(N+)00+€HD<=>(IN+)OOEHD (W+)0D+EHI<=>(IN+)ODEHD
W+OD+H<=>W+OOH W+OD+H<=>W+OOH
HO+Z0O<=>ZOH+0D HO+200<=>ZOH+0D
H+Z02<=>HO+02 . H+2090<=>HO+02D
00+0gHO<=>000€HD 02+0gHO<=>000€HD
0D+€HZO<=>00€HZO 02+EHZI<=>00€HZD
0D+ZHO<=>0+ZHZD 0D+ZHO<=>0+ZHZD
00Z+HO<=Z0+022H 00Z+HO<=Z0+000H
00Z+ZH<=HO+OJ0H 00Z+ZH<=HO+0JOH
00+HOZHO<=>HO+OJZHD 00+HOZHO<=>HO+0OJZHD
00+€HO<=>H+0OZHO - 02+EHO<=>H+OOZHD
(N+)0OZHO<=>(N+)OD+ZHD = (W+)OOZHO<=>(IN+)0D+ZHD
HO+00+0ZHO<=Z0+OHOZHO HO+0D+0ZHO<=Z0+OHOZHD
(N+)00+€HO<=>(IN+)ODOEHD i (W+)0D+EHI<=>(IN+)ODEHD
ZOH+00<=>Z0+00H m ZOH+02<=>Z0O+0OH
W+OO+H<=>W+OOH W+OD+H<=>W+OOH
HO+Z00<=>ZOH+0D : HO+200<=>ZO0H+0D
H+Z02<=>HO+02 H+202<=>HO+02D
00+6HYOd<=>006HYON 00+6HPId<=>006HFON
02+LHEON<=>0DLHEDN 00+.HEON<=>0DZHEON
00+0gHO<=>000€HD 02+0gHO<=>000€HD
00+§HZO<=>005HZO 00+§HZD<=>00GHZD
00+€HZO<=>00€HZO 00+EHZI<=>00€HZD
00Z+H0<=Z0+022H — 00Z+HO<=Z0+002H
00+HOZHO<=>HO+OJZHO = 00+HOZHO<=>HO+0OJZHD
HO+00+0ZHO<=Z0+OHOZHO o HO+0D+0ZHO<=Z0+OHOZHD
(W+)00+eHO<=>(IN+)ODEHD : (W+)00+EHO<=>(N+)OOEHD
ZOH+00<=>Z0+00H ZOH+02<=>ZO+0OH
W+OO+H<=>W+OOH i W+OD+H<=>+OOH
HO+Z00<=>ZOH+0D - HO+200<=>Z0H+0D
H+Z00<=>HO+02 — H+200<=>HO+02D
00+6HYOd<=>006HYON ! 00+6HPId<=>006HFON
00+/HEON<=>00ZHEON i 00+/HEON<=>00.HEON
02+0gHO<=>000€HD : 00+0gHO<=>000€HD
00+§HZO<=>005HZO 14 : 00+§HZD<=>00GHZD
00Z+H0<=Z0+002H i 00Z+HO<=Z0+00OH
00+HOZHO<=>HO+0OJZHO m i 00+HOZHO<=>HO+0OJZHD
HO+0D+0ZHO<=Z0+OHOZHD il _ HO+0D+0ZHO<=Z0+OHOZHO
(N+)00+EHO<=>(IN+)ODOEHD : (W+)0D+EHDI<=>(IN+)ODEHD
ZOH+00<=>Z0+00H : ZOH+02<=>Z0+0OH
HO+Z00<=>ZOH+0D = HO+200<=>Z0H+0D
H+Z02<=>HO+02 H+200<=>HO+02D

top: rate of production (ROP),

CO),

(

in carbon monoxide
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Fig. 17 Contribution factors

bottom: mole number



YHO+EHED<=>EHO+d-YHED YHO+EHED<=>EHO+d-YHED
YHO+V-SHED<=>EHD+9HED YHO+V-SHED<=>EHD+IHED
YHO+ODEHZO<=>EHD+OHIEHZD YHO+ODEHZO<=>EHD+OHIEHZD
YHO+EHZO<=>EHD+PHZO YHO+EHZO<=>EHD+PHZO
YHO+SHZO<=>EHO+9HZD YHO+SHZO<=>EHO+9HZD

—_— E€HOZ<=>VHO+(S)ZHO —_— EHOZ<=>VHO+(S)ZHO

_Aln EHOZ<=>ZHO+PHO _Aln EHOZ<=>ZHO+PHO
ZOZH+EHO<=>ZOH+VHO ZOZH+EHO<=>ZOH+VHO
HO+EHD<=>0+¥HO HO+EHD<=>0+¥HO
OZH+EHD<=>HO+VYHO OZH+EHD<=>HO+VYHO
ZH+EHO<=>H+PHO ZH+EHO<=>H+PHO
(W+)PHO<=>(W+)H+EHD (W+)PHO<=>(W+)H+EHD
YHO+ODH<=>EHO+0OZHD YHO+ODH<=>EHO+0OZHD
YHO+P-SLHLO<=>EHO+9LH.LON YHO+P-GLHLO<=>EHO+9LH.LON
YHO+E-GLHLO<=>EHO+9LH.LON YHO+E-GLHLO<=>EHO+9LH.LON
YHO+Z-SLHLO<=>EHO+9LH.LON YHO+Z-SLHLO<=>EHO+9LH.LON
YHO+V-SHED<=>EHD+9HED YHO+V-SHED<=>EHD+9HED
YHO+ODEHZO<=>EHO+OHIEHZD YHO+ODEHZO<=>EHO+OHIEHZD
YHO+EHZO<=>EHD+PHZO YHO+EHZO<=>EHO+PHZO
YHO+ODEHO<=>EHO+OHOEHD YHO+ODEHO<=>EHO+OHOEHD

— YHO+SHZO<=>EHO+9HZD — YHO+SHZO<=>EHO+9HZO

(o ZO+PHO<=>ZOH+EHD (o ZO+PHO<=>ZOH+EHD
ZOZH+EHO<=>ZOH+VHO ZOZH+EHO<=>ZOH+VHO
HO+EHD<=>0+VHO HO+EHD<=>0+VHD
OZH+EHO<=>HO+VHO OZH+EHO<=>HO+VHO
ZH+EHO<=>H+PHO ZH+EHO<=>H+PHO
(W+)PHO<=>(W+)H+EHD (W+)PHO<=>(W+)H+EHD
HO+00+YHO<=EHO+OHOOH HO+00+YHO<=EHO+OHOOH
YHO+OOH<=>EHO+0OZHD YHO+OOH<=>EHO+0OZHD
YHO+P-GLHLO<=>EHO+9LH.LON YHO+P-GLHLO<=>EHO+9LH.LON
YHO+E-GLHLO<=>EHO+9LH.LON YHO+E-GLHLO<=>EHO+9LH.LON
YHO+Z-SIHLO<=>EHO+9LH.LON YHO+Z-SIHLO<=>EHO+9LH.LON
YHO+1-SLHLD<=>EHD+9LH.LON — YHO+1-GLHLO<=>EHO+9LH.LON
YHO+EHZO<=>EHO+PHZO - YHO+EHZO<=>EHO+PHZO
ZO+YHO<=>ZOH+EHD o ZO+YHO<=>ZOH+EHD
ZOZH+EHO<=>ZOH+VHO ZOZH+EHO<=>ZOH+VHO
HO+EHD<=>0+¥HO HO+EHD<=>0+¥HO
OZH+EHD<=>HO+VHO OZH+EHD<=>HO+VYHO
YHO+ODH<=>EHO+0OZHD ! YHO+ODH<=>EHO+0OZHD
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Fig. 18 Contribution factors in methane (CHa4), top: rate of production (ROP), bottom: mole

number



31

g H+9HYO<=>YHZO+EHZO o H+9HVYO<=>VHZO+EHZO
= YHZO+SHZO<=>6H¥Od YHZO+SHZO<=>6HVOd
OZHO+YHZO<=>Z-LO9HED =] OZHO+VHZI<=>Z-LO9HED
E=———————— CHO+VHZO<=>H+9HED == SHO+FPHZI<=>H+9HED
— =] YHZO+EHD<=>/HEON —_— == YHZO+EHI<=>/HEON
[ g HO+Z-LOVYHZO<=>ZOH+YHZO = g HO+Z-LOYHZI<=>ZOH+VHZO
< ( YHO+EHZO<=>EHD+PHZO < YHO+EHZO<=>EHO+VHZO
o OZH+EHZO<=>HO+VHZD = OZH+EHZO<=>HO+YHZO
g H+OHOZHO<=>0+¥HZD =] H+OHOZHO<=>0+VHZO
g ODOH+EHO<=>0+YHZD == OOH+EHO<=>0+YHZD
_ = ZOH+YHZO<=>Z0+SHZO ] ZOH+VYHZO<=>ZO+SHZO
=] (W+)SHZO<=>(N+)H+YHZD =] (W+)SHZO<=>(N+)H+¥HZOD
== YHZO+1-LIHSD<=>1"GLH.D = YHZO+L-LLHSO<=>1-GLH.D
g V-SHED+YHZO<=>G-L6HSD g V-SHED+YHZO<=>G-L6HSD
=] ZHEON+YHZO<=>1"LLHSD = ZHEON+¥HZO<=>l-LLHSO
= H+9HYO<=>VHZO+EHZO o H+9HVYO<=>VHZO+EHZO
= €HZO+PHZO<=>1~LLHVD g £HZO+PHZO<=>1~LLHVD
=== YHZO+SHZO<=>6HVDd YHZO+SHZO<=>6HVOd
: : OZHO+VHZO<=>Z-LO9HED == OZHO+YHZO<=>Z-LO9HED
— SHO+YHZO<=>H+9HED — == €HO+YHZO<=>H+IHED
- YHZO+EHO<=>/HEON - = ¥HZO+EHO<=>/HEON
= HO+Z-LOYHZO<=>ZOH+VHZD g HO+Z-LO¥YHZI<=>ZOH+VHZO
YHO+EHZO<=>EHD+YHZO YHO+EHZO<=>EHO+VHZO
=] OZH+E£HZO<=>HO+¥HZD = OZH+EHZO<=>HO+YHZO
=] H+OHOZHO<=>0+¥HZO =] H+OHOZHO<=>0+VYHZO
== OOH+EHO<=>0+¥HZD == OOH+EHO<=>0+YHZD
E=———] ZOH+VHZI<=>ZO+SHZD = ZOH+YHZO<=>ZO+SHZO
=] (W+)SHZO<=>(W+)H+¥HZD = (N+)SHZO<=>(N+)H+YHZO
- YHZO+1-LLHGO<=>|-GLH.D == ¥HZO+L-LLHSD<=>|-GLH.D
| =] LHEON+YHZO<=>1"LLHSD = /HEON+VHZO<=>1-LLHSD
E=———x YHZO+SHZO<=>6HVOd E==————] YHZO+SHZO<=>6HVId
t : : OZHO+YHZO<=>Z-LO9HED E=——— OZHO+YHZO<=>Z-LO9HED
i === YHZO+EHO<=>.HEON = YHZO+EHO<=>/HEON
— : : HO+Z-LOYHZO<=>ZOH+VHZO — == HO+Z-LO¥HZO<=>ZOH+IHZD
- m i €= OSHO+Z-LOVHZO<=>ZOEHO+VHZO - § OEHO+Z-LOYHZO<=>ZOEHO+VHZO
a. YHO+EHZO<=>EHD+YHZD o YHO+EHZO<=>EHO+VHZO
OZH+EHZO<=>HO+YHZO == OZH+ELHZO<=>HO+¥HZD
=] H+OHOZHO<=>0+¥HZO g H+OHOZHO<=>0+VHZD
=—=—— OOH+EHI<=>0+VHZO g OOH+EHO<=>0+¥HZD
: - ZOH+YHZO<=>Z0+SHZO E==———=] ZOH+VHZI<=>ZO+SHZO
! ! =] (N+)SHZDO<=>(W+)H+VHZO ! = (W+)SHZO<=>(W+)H+¥HZD
o o o o o o o o o o o o

© 00 O < « © 00 O < «

[%] dO¥™ 49 T %l e10W 49

Fig. 19 Contribution factors in ethylene (C2H4), top: rate of production (ROP), bottom: mole

number
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C3H7CO, C5H1o-Z, C4H9CO, C4H8,

C,HsCOCH, CH;COCH, C,H,4, CH3
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|
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Fig. 20 Fuel reformation processes of n-heptane (simulation)
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Table 1 Calculation conditions of CHEMKIN Pro simulation (Base engine: Nissan SC-77)

Solver

CHEMKIN Pro

Reactor model

Closed internal combustion

before compression

HCCl engine
Bore [mm] 85.0
Stroke [mm] 88.0
Compression ratio 18:1
Engine speed [rpm] 1000
Fuel - n-Heptane (C7H16)
Initial pressure [kPa (abs)] 101.3
Equivalentratio - 1.0t0 8.0
Intake air temperature K] 300 to 600 K

Table 2 Analysis conditions of the reformation processes by CHEMKIN Pro

Engine model HCCI Engine speed 1000 rpm
Fuel n-Heptane Initial pressure 101 kPa
Oxidizer Air Initial tempreture 500K
Start crank angle -160 CA ATDC |Compression ratio 18.0:1
End crank angle 125 CA ATDC Hy: 2.5
Dispralemdent 499 cm?® . . CO: 25
Equivalence ratio
CH,: 5.0
C,H,: 8.0

Table 3 Test engine specifications

Engine

SC-77 (Nissan)

TF120V-E (Yanmar)

Engine type

HCCI engine

IDI diesel engine

Number of cylinder

Single cylinder

Single cylinder

Bore [mm] 85.0 92.0
Stroke [mm] 88.0 96.0
Displacement [cm?] 499 638

Compression ratio 18:1 (Base) 19.4:1
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Table 4 Test conditions for Test 1 (Fundamental fuel reformation tests by the HCCI engine)

(n-heptane)

Engine speed

Compression ratio

Intake air temperature

Oxygen concentration

Equivalence ratio

[rpm] M ] [vol %] [
10.0 2.0

400 8.0 2.5

6.0 3.3

10.0 2.0

16.0 450 8.0 2.5
6.0 3.3

10.0 2.0

500 8.0 2.5

6.0 3.3

10.0 2.0

400 8.0 25

6.0 3.3

10.0 2.0

1000 18.0 450 8.0 2.5
6.0 3.3

10.0 2.0

500 8.0 2.5

6.0 3.3

8.0 25

400 6.0 3.3

4.0 5.0

8.0 25

20.0 450 6.0 3.3
4.0 5.0

8.0 25

500 6.0 3.3

4.0 5.0
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Table 5 Test conditions for Test 2 (Fundamental fuel reformation tests by the IDI engine) (n-

heptane)
Engine speed Compression ratio Intake air temperature | Oxygen concentration Equivalent ratio

[rpm] [l Kl [vol %] [

8.0 25

7.0 29

400 6.0 3.3

5.0 4.0

4.0 5.0

8.0 25

7.0 29

1000 194 450 6.0 3.3

5.0 4.0

4.0 5.0

8.0 25

7.0 29

500 6.0 3.3

5.0 4.0

4.0 5.0

Table 6 Test conditions for Test 3 (Effects of fuel injection quantity on reformed gas

production) (IDI engine) (n-heptane)

Engine speed Compression ratio Intake air temperature | Oxygen concentration Equivalence ratio Eauivalence ratio
[rpm] [ K] [vol %] (Base) (1.5 times)
8.0 25 3.8
7.0 29 43
1000 194 500 6.0 33 5.0
5.0 4.0 6.0
4.0 5.0 75
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Table 7 Test conditions for Test 4 (Effects of engine speed on reformed gas production) (n-

heptane)
Engine speed Compression ratio Intake air temperature | Oxygen concentration Equivalence ratio
[rpm] [] K] [vol %] []
6.0 5.0
800 194 500 5.0 6.0
4.0 7.5
6.0 5.0
1000 194 500 5.0 6.0
4.0 7.5
6.0 5.0
1200 19.4 500 5.0 6.0
4.0 75
Table 8 Diesel fuel properties
Boiling point [C] 176-348
Density [kg/m?] 834.6
Lower heating value [MJ/kg] 43.3
Cetane number 54.5

Table 9 Test conditions for Test 5 (Effects of fuel injection timing on reformed gas

production) (IDI engine) (Diesel fuel and n-heptane)

Engine speed Compression ratio Intake air temperature | Fuel injection timing | Oxygen concentration Equivalence ratio

[rpm] [-] K] [CA ATDC] [vol %] [-]
8.0 25

7.0 29

-130 6.0 3.3

5.0 4.0

4.0 5.0

8.0 25

7.0 29

1000 194 500 -100 6.0 3.3
5.0 4.0

4.0 5.0

8.0 25

7.0 29

-70 6.0 3.3

5.0 4.0

4.0 5.0
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Table 10 Reformed gas composition of n-heptane in Test 5

Fuel injection timing| Intake O2 conc. Maximum temp. H2 CcOo CH4 C2H4
[CA ATDC] % K] [vol %] [vol %] [vol %] [vol %]

8.0 1336 1.8 37 1.3 0.6

7.0 1284 1.1 3.3 1.2 0.8

-130 6.0 1238 0.8 2.9 1.1 1.1

5.0 1146 0.4 2.3 0.9 1.2

4.0 1076 0.1 1.5 0.7 1.0

8.0 1297 1.8 3.2 1.2 0.8

7.0 1264 1.2 3.1 1.2 1.0

-100 6.0 1181 0.7 2.6 1.0 1.2

5.0 1125 0.4 1.9 0.8 1.1

4.0 995 0.1 1.0 0.6 1.0

8.0 1322 1.3 3.2 1.3 0.8

7.0 1259 1.1 3.2 1.3 1.1

-70 6.0 1186 0.8 2.8 1.2 1.4

5.0 1125 0.4 22 0.9 1.4

4.0 1050 0.2 1.4 0.7 1.1

Table 11 Reformed gas composition of diesel fuel in Test 5

Fuel injection timing| Intake O2 conc. Maximum temp. H2 cOo CH4 C2H4
[CA ATDC] % K] [vol %] [vol %] [vol %] [vol %]

8.0 1431 23 3.6 0.9 0.5

7.0 1385 1.8 3.3 0.9 0.5

-130 6.0 1297 1.1 3.2 0.8 0.6

5.0 1208 0.7 2.7 0.7 0.7

4.0 1108 0.4 1.9 0.5 0.7

8.0 1463 21 3.3 0.8 0.4

7.0 1358 1.5 3.3 0.8 0.5

-100 6.0 1290 1.0 3.3 0.8 0.7

5.0 1190 0.7 2.7 0.7 0.8

4.0 1093 0.3 1.7 0.5 0.7

8.0 1411 2.0 3.6 0.9 0.4

7.0 1353 1.3 34 0.9 0.6

-70 6.0 1269 0.9 2.8 0.8 0.6

5.0 1173 0.6 23 0.7 0.7

4.0 1096 0.3 1.4 0.4 0.6
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Table AP-1 Main reactions of production and consumption of hydrogen (simulation)

Elementary reactions Elementary reactions
CHa+H <=> CHa+H2 OH+Hz <=> H+H20
nC7H1e+H <=> C7H15-1+H2 CH3OH+H <=> CH30+H>
nCrH1e+H <=> C7H15-2+H> H+CsHg <=> H2+nCsH7
nCrH1e+H <=> C7H15-3+H2 CsH10-2+H <=> CsHo-2+H>
nC7H1e+H <=> C7H15-4+H2 Consumption O+Hp <=> H+OH
C2He+H <=> CoHs+Hz (10) Ha0p+H <=> Hy+HO,
HO2+H <=> H2+02 CH,(S)+H, <=> CHz+H
CH20+H <=> HCO+H; CH,CO+H <=> HCCO+H,
Production | CH3CHO+H <=> CH3CO+H> CaHa-A+H <=> CaHa+H2
17) HCCO+OH <=> Hp+2CO CaHa-P+H <=> CaHs+H»

CoH4+H <=> CaH3+H2
CoHs+H <=> CoHa+H2
CoHsCHO+H <=> CoHaCO+H,| RH + H <=> R+ H2
CsHe+H <=> CaHs+Hz Dehydrogenation
CsHs+H <=> CsHa+H2
CaHg-1+H <=> C4H71-3+H2
CaHg-1+H <=> C4H71-4+H>

Table AP-2 Main reactions of production and consumption of carbon monoxide (simulation)

Elementary reactions Elementary reactions
HCO+0; <=> CO+HO2 ) CO+0OH <=> CO2+H
CH3CO(+M) <=> CHz+CO(+M) C°”SE?>‘F’“°" CO+HOz <=> COz+OH
CH2CHO+02 <=> CH20+CO+0H CH30CO <=> CH30+CO

CH2CO+0H <=> CH20H+CO
HCCO+0O2 <=> OH+2CO
C2HsCO <=> C2Hs+CO

Production nC3H7CO <=> nC3H7+CO
(14) nCaHeCO <=> nCsHg+CO
HCO+M <=> H+CO+M RCO<=> R+ CO
CatiCO <=> Cs*CO | pyjggociation of carbonyl radical

CH2+CO(+M) <=> CH2CO(+M)
CH2CO+H <=> CH3+CO
HCCO+OH <=> H+2CO

C2H2+0 <=> CH2+CO

Table AP-3 Main reactions of production and consumption of methane (simulation)

Elementary reactions Elementary reactions
CH20+CHs <=> HCO+CHa CH4+OH <=> CHs+H20
CH3a+HO2 <=> CH4+02 CH4+0 <=> CH3+OH
CaH4+CHa <=> CaH3+CH4 . CH4+HO2 <=> CH3+H202
nC7H1e+CH3 <=> C7H15-1+CHa Conszj;;puon CHa+H <=> CHa+H>
nC7H16+CH3 <=> C7H15-2+CHas CH4+CHz <=> 2CHs3
nC7H16+CH3 <=> C7H15-3+CHa CH2(S)+CHa4 <=> 2CHjs
ProRSIoN | nGrbtistCHg <=> Crbis4+CHa CaHa+CHs <=> CsH+CHa

HOCHO+CHs <=> CH4+CO+0OH
CHa+H(+M) <=> CHa(+M)
CaHe+CH3 <=> CoHs+CHa Dehydrogenation by methyl radical

CHsCHO+CHs <=> CHsCO+CH:s | RH + CH3 <=> R + CHa

C2H3CHO+CHs <=> C2H3CO+CHa
CsHe+CHs <=> C3Hs+CH4
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Table AP-4 Main reactions of production and consumption of ethylene (simulation)

Elementary reactions Elementary reactions

CoHa+H(+M) <=> CaHs(+M) C2H4+0 <=> CH3z+HCO
CoHs+02 <=> C2H4+HO2 C2H4+0 <=> CH2CHO+H
nC3H7 <=> CHa+C2Ha CoH4+OH <=> CzH3+H20
. C4Hg <=> C2H5+C2H4 Consumption CoHa+CHs <=> CoH3+CHa
Progustion | ™™ oty <=> CaHetnCattr ® CoH+GH3O; <=> G2H4O+CHgO
CrH1s <=> CsH11+C2Ha C2Hs+HO2 <=> C2H40+0OH
CsHe+H <=> CoH4+CH3 C3HeO <=> C2H4+CH20
C4H7 <=> C2Ha+C2H3 C,H3+CyHy <=> C4Hg+H

CsHo <=> C2H4+C3Hs

Thermal decomposition
of higher hydrocarbons

R 2R +C,H,



