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The premixed flame speed under a small four stock homogeneous charge compres-
sion ignition engine fueled with dimethyl ether was investigated. The effects of in-
termediate species, initial temperature, initial pressure, exhaust gas re-circulation,
and equivalence ratio were studied compared to the baseline condition. Results
show that under all conditions, the flame speeds calculated without intermediates
are larger than those considered the intermediates. Flame speeds increase with the
increase of crank angle. The increasing rate is divided into three regions and the in-
creasing rate is obviously large when low temperature heat release occurs. Initial
temperature and pressure only affect the crank angle of flame speed, but have little
influence on its value. Equivalence ratio and exhaust gas re-circulation ratio not
only distinctly decrease the flame speed but also advance the crank angle of flame
speed.

Key words: homogeneous charge compression ignition engine, dimethyl ether,
flame propagation, intermediate species

Introduction

With increasing concern on the depletion of fossil fuel and environmental protection,
the research and development of high performance internal combustion engines have been at-
tracting more attention in the past decades. The homogeneous charge compression ignition
(HCCI) engine, combining the advantages of both spark-ignition (SI) engine and compres-
sion-ignition (CI) engine, is a promising approach to achieve high-efficiency and low-emissions
simultaneously [1-5]. However, there still remain many problems when it was applied to a pro-
duction engine. The difficulties of HCCI engine have mainly two aspects. Firstly, the auto-igni-
tion timing of HCCI, which is controlled by the chemical kinetics of the mixtures, is much com-
plicated comparing to the conventional SI and CI engines, whose combustion timing are
controlled by the spark timing and injection timing, respectively. Secondly, the operating range
of HCCl is narrow and cannot meet the wide operating requirement of real engine. The low load
suffers from low combustion efficiency and high HC, CO emissions due to the bulk gas incom-
plete combustion and low oxidation of formed HC and CO and the possible misfire. The high
load is limited by the knocking due to the simultaneous ignition of the mixtures which leads to
extremely high pressure rise rate (PPR) and pressure.
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To solve the above two problems, many potential control methods have been tested for
the extension of the operating range. Those two approaches are mainly focused the gasoline like
(single-ignition) HCCI and diesel like (two-ignition) HCCI. Mixture and/or thermal stratifica-
tion has been introduced by various methods such as the direct injection (DI) [6] and pilot injec-
tion [7-9] to prevent all the mixtures in the cylinder from being ignited simultaneously. Exhaust
gas re-circulation (EGR) [10-14], various fuels [15-17], and fuel blends [18, 19] were used to
adjust the heat release history. However, the operating range is still limited to a relatively lower
load. When HCCI engine operates at high load, knocking phenomena will occur due to the si-
multaneous ignition of the whole mixtures in the cylinder, leading to a high pressure rise. How-
ever, in a real engine, there always exists some inhomogeneity of fuel/air mixture and tempera-
ture in the cylinder caused by the mixing, EGR, heat transfer and the way that the fuel and air
introduced. Since the absolute homogenous condition is hard to realize, usually some positions
are firstly auto-ignited and the rest mixtures are consumed by flame propagation or compression
auto-ignition. This phenomenon is due to the stratification or the degree of inhomogeneous re-
gionally in the real HCCI engine. Researches of the degree of inhomogeneous have been made
numerically and experimentally [10, 12, 20]. The results showed that stratification (mixture
and/or thermal stratification) could improve the performance of the HCCI engine by decreasing
PPR and extend the operating range to a relatively high load. This indicated that if there exists a
portion of the mixtures that were ignited by flame propagation instead of simultaneous ignition
of all the mixtures, PRR could be reduced and operating range could be extended. This kind of
HCCI engine works between the spark ignition engine where all mixtures are ignited by flame
propagation, and the compression ignition engine where there is no flame propagation in the
cylinder [2, 21]. The effects of initial conditions on flame propagation are very important to the
understanding of the relationship between combustion through flame propagation and through
compression auto-ignition as illustrated in fig. 1. It was supposed that if a higher flame speed is
presented during the compression stroke, a larger portion of the mixtures would be ignited by
flame propagation, resulting in the decrease of PPR and extension of operating range. The inter-
mediates play very important role in the combustion, especially during the compression stroke
between the timing of low temperature heat release (LTHR) start and the timing of high temper-
ature heat release(HTHR) start. Since only a small fraction of heat release is released so the tem-
perature is low during this range. The objective of this paper is to
study the effects of intermediates and initial conditions on the
flame propagation of a real HCCI engine. This study will help the
understanding of the relationship between the ignition/combustion
by flame propagation and ignition/combustion by compression
auto-ignition. Flame propagation speed under various crank angles
between LTHR and HTHR were calculated. The effects of initial
temperature, initial pressure, equivalence ratio, EGR ratio and in-
termediates on flame propagation were analyzed.

Calculation method and procedures

Fuel selection and the HCCI engine

Figure 1. Schematic of Dimethyl ether (DME) was qsed in th; study even though
compression auto-ignition ~ HCCI engine can be operated by using a variety of fuels [15, 16,
and flame propagationina 18, 22], such as primary reference fuels (PRF) [15, 22, 23]. DME is
real HCCI engine regarded as a promising clean fuel for engines for its two stage heat
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release. DME was operated on HCCI engine by
many researchers [22, 24-26]. Two stage igni-
tion is LTHR or cool-flame chemistry [12, 26]
and HTHR. Total heat release of HTHR is
about 3 to 9 times larger than that of LTHR.
The heat release of LTHR is the initial oxida-
tion of fuel and the preparation of the bulk cyl-
inder combustion. Properties of DME are given
in tab. 1. A small four-stroke engine is used for
the calculation, and engine parameters are
given in tab. 2.

The calculation method

HCCI engine and flame speed under various
crank angles were calculated by using SENKIN
[27] and PREMIX [28] of CHEMKIN-PRO
[29] with Curran's DME mechanism [30]. The
Curran's DME mechanism consists of 78 chemi-
cal species and 336 chemical reactions which
has been validated by jet-stirred reactor data at
pressure up to 1.0 MPa and ignition delay times
at pressure up to 4.0 MPa. Calculation is carried
out based on the following assumptions: (1) A
premixed mixture is homogeneous. (2) Total
mass is preserved before and after reactions. (3)
No heat transfer. (4) Ideal gas. Upwind differ-
encing on the convective term was used to solve
the energy equation and the mixtures averaged
model was used for transport properties calcula-
tion. A HCCI engine under specific initial tem-
perature and pressure condition was calculated
by using the adiabatic HCCI model of SENKIN.
Heat release rate (HRR), temperature and pres-
sure histories versus crank angle are obtained
and used as the conditions for flame speed cal-
culation. Calculation is carried out between the
crank angles of LTHR starting and HTHR start-
ing. The definition of LTHR and HTHR starting
are shown in fig. 2. The LTHR starting is the
timing where HRR reaches 1.0 J/CA and the
HTHR starting is the timing where the mole
fraction of H,0, reaches its maximum value
[31].

Table 1. Properties of DME

Fuel DME
Chem. formula CH;0CH;
Comp. (C/H/O) [mass %] 52.2/34.8/12
Molar mass [gmol '] 46.07
Lower heating value [MJkg™] 28.8
Stoichiometric air/fuel ratio 14.29
Heat release in LTHR 10~30%
Heat release in HTHR 70~90%

Table 2. Parameters of the modeled HCCI engine

Bore x stroke [mm] 112 x 115
Compression ratio 9.6
Displacement [mm?] 1132
Engine speed (rpm) 1500
Intake valve open (aTDC) -132
Exhaust valve close (aTDC) 132
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Figure 2. Definition of the LTHR and HTHR
start crank angle

The convergence of flame speed calculation is controlled by the two criteria, CURV
and GRAD [28]. CURV and GRAD are adaptive mesh parameters, which control the number of
grid, points inserted in regions of high curvature and high gradient, respectively. Smaller values
of CURV and GRAD cause more grid points to be used. The effect of CURV and GRAD on
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Figure 3. Effect of CURV and GRAD on flame  down to the initial temperature and EGR is con-
speed calculation sidered as the complete combustion products
H,0, N,, and CO,. EGR ratio is calculated by:

co, EGR [%] = ZESR 100 (1)

Miotal

Mole fraction

Initial pressure of P, = 0.1 MPa, initial tem-
perature of 7, =360 K, and equivalence ratio of

""""" - 0.8 is chosen without EGR as the baseline con-

SVl dition for the comparison. The effects of initial

_20" i 5 o 2 pressure, initial temperature, equivalence ratio,
Crank angle [deg. aTDC] and EGR ratio are studied, respectively. The ef-

Figure 4. Intermediate species considered in the fect of interme'd'iate species is also investigated
flame speed calculation under all conditions.

Results and discussions

Effects of initial conditions on flame propagation

The effects of initial conditions including initial temperature, initial pressure, equiva-
lence ratio and EGR ratio on flame propagation and HRR are shown in fig. 5. The effect of inter-
mediates is also illustrated with and without intermediates. Flame speed and HRR under base-
line condition of 7, =390 K, P,=1.0 atm, ¢ = 0.8, and EGR = 0 is shown in fig. 5(a). The HRR
of HCCI engine fueled with DME demonstrated a two-stage heat release, the LTHR with small
heat release rate and the HTHR with large heat release rate [32] . With the increase of crank an-
gle, the pressure and temperature increase due to compression and heat is released due to com-
bustion. Flame speed increases monotonically with the increase of crank angle. Many re-
searches have been conducted on the effect of pressure and temperature on flame speeds of
various fuels under wide range of pressure and temperature conditions [33, 34]. The results
showed that flame speed was increased with the increase of temperature and was decreased with
the increase of pressure. The behavior in this study indicated that the flame speed determined by
temperature rise due to compression and heat release from combustion with the increase of
crank angle. The flame speed vs. crank angle can be classified into three regions. In the first re-
gion, flame speed increases slightly with the increase of crank angle. This region is close to the
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LTHR stage, where heat release is much limited. The increase of pressure and temperature is
mainly resulted from the compression. The combined effect of pressure and temperature on
flame speed leads to a little influence on flame speed with the increase of crank angle. The sec-
ond region is from the start of LTHR to the end of LTHR, flame speed increases remarkably with
the increase of crank angle. The LTHR of DME is cool flame reaction. Two-step oxidation of
DME produces the OH radical and releases small portion of heat and increases the temperature
and pressure [26]. The increase of temperature due to heat release causes a steep increase in
flame speed. The third region is from the end of LTHR to the start of HTHR. Flame speed in-
creases with the increase of crank angle. But the increase rate is lower than that of the second re-
gion. The temperature in this region is about 850 K to 1050 K. This region is called the NTC
(negative temperature coefficient) region. During the NTC temperature range, the heat release is
moderate to increase the temperature and prepare the bulk gas combustion. The rates of pressure
and temperature rise decrease compared to the LTHR stage which slightly restricts the increase
of flame speed.
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The flame speed with intermediates is lower than that without intermediates and the dif-
ference between them is increased with the increase of crank angle after the LTHR stage. The in-
termediates species considered in this study are shown in fig. 4 and can be classified into three
types. One is the triatomic molecules, H,O and CO,, which act as the dilution gas and will sup-
press the flame speed [35]. Another is the diatomic molecules, H, and CO. The last is the free radi-
cals, OH, H,0,, HO,, and CH,O. The diatomic and free radicals will participate in the reaction and
promote the flame speed. As shown in fig. 4, mole fractions of triatomic molecules, H,0O and CO,
are much larger than other intermediates species. The dilution effect of triatomic molecules is the
dominate effect of the intermediates on flame speed and suppresses the flame speed.

The effects of initial temperature and initial pressure on flame speed and HRR are
given in figs. 5(b) and (c). Heat release is advanced and LTHR is suppressed at 7, =420 K com-
pared to the baseline condition. Flame speed shows the similar tendency with the increase of
crank angle. At initial pressure P, = 1.5 atm, the LTHR is promoted and heat release tends to be
concentrated within a narrow crank angle range. The flame speed is slightly lower but increases
much significantly compared to the baseline condition. The effect of equivalence ratio and EGR
on flame speed and HRR is shown in figs. 5(d) and (e). The effect of equivalence ratio and EGR
on flame speed and HRR is much similar as the mixture becomes the leaner with the decrease of
equivalence ratio and the dilution with EGR. The phase of HRR postpones which leads to a
smoother heat release in a real HCCI engine. However, flame speed decreases to half of the
baseline condition and this decreases the proportion of the mixture consumed by flame propaga-
tion and the bulk mixture consumed by auto-ignition simultaneously. This indicates that the ef-
fect of equivalence ratio and EGR on flame propagation is much complicated and needs further
investigation.

Combined effect of temperature and pressure on flame propagation

To understand the effect of temperature and pressure on flame propagation, the tempera-
ture, pressure, and HRR vs. crank angle under baseline condition of P,=1.0 MPa, T,=420K, ¢ =
=0.8, and EGR =0 are given in fig. 6. The flame speed vs. temperature and pressure under base-
line condition are given in fig. 7.

It can be seen that the temperature and pressure increased slightly with the increase of
crank angle before the LTHR attributed to the compression. The temperature and pressure in-
creased obviously after the LTHR due to the combustion heat release and the flame speed in-
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Figure 7. Combined effects of pressure and temperature on flame propagation: (a) and (c) flame speed
and pressure vs. temperature; (b) and (d) flame speed and temperature vs. pressure

Conclusions

The flame propagation speed under various crank angles of a real HCCI engine was
calculated. The effects of initial pressure, initial temperature, EGR ratio and intermediates on
the flame propagation were investigated. Main results are as follows.

e Flame speed increases monotonically with the increase of crank angle, and it can be divided
into a flat region, steep region and moderate increasing region.

e Effect of intermediates on flame propagation is mainly dominated by dilution effect which
suppresses the flame propagation.

e Initial temperature and pressure just advance the crank angle of flame speed, but have little
influence on its value. Equivalence ratio and EGR ratio not only distinctly decrease the flame
speed but also advance the crank angle of flame speed.

e The flame speed in this study is mainly dominated by temperature rise due to the
compression and heat release from combustion with the increase of crank angle.
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Nomenclature
DME — dimethy]l ether EGR — exhaust gas recirculation, [-]
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HCCL — homogeneous charge compresion ignition PRF  — primary reference fuel

HTHR - high temperature heat release PRR - pressure rise rate

HRR - heat release rate, [J/CA] P, — initial pressure, [Pa]

LTHR - low temperature heat release Ty — initial temperature, [K]

NTC — negative temperature coefticient ¢ — equivalence ratio, [-]

P — pressure, [Pa]
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