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Effects of combustion timing on pressure rise rates
in a residual effected HCCI engine

Realization of a low temperature combustion concept in homogeneous charge compression ignition (HCCI) engines is a cutting-edge
technology that offers clean combustion in parallel with high thermal efficiency. Low combustion temperature prevents from NO, for-
mation whereas homogeneous mixture assures smokeless exhaust. However, achieving the production feasibility by HCCI technology is
hampered by high pressure rise rates and the resulting combustion noise at a high load operation. This paper explores combustion tim-
ing parameters that are capable of maintaining permissible levels of pressure rise rates under a high load regime. On the basis of exper-
imental data collected at a high load HCCI operation, pressure rise level was correlated with combustion duration. Furthermore, com-
bustion duration has been found to scale with in-cylinder volume, for which 50% of mass fraction burned appeared. The results showed
quantitatively limitations of engine load, pointing out on required combustion timings to achieve acceptable combustion harshness de-

pending on engine load.
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1. Introduction

Reciprocating combustion engines are responsible for
one third of global CO, emissions, and moreover pose
a high risk due to the presence of toxic components in the
exhaust. Nitrogen oxides and particulate matters (PM) are
the most dangerous exhaust components. Furthermore these
compounds are very difficult to remove from the exhaust
using catalytic converters or various types of filters. How-
ever, homogeneous charge compression ignition (HCCI)
combustion engine allows for realization of the combustion
process so that the formation of these components will be
minimized. HCCI combustion can be achieved via internal
exhaust gas recirculation with the use of so-called negative
valve overlap (NVO). This technique consists of trapping
exhaust gases from the previous cycle in the cylinder. As
a result of compression of the exhaust, air and fuel mixture,
oxidation reactions occur simultaneously in the entire vol-
ume and at low temperature, which prevents from the for-
mation of nitrogen oxides. At the same time, due to a ho-
mogeneous mixture, formation of particulate matters is
radically diminished.

Despite of the indisputable advantages of this innova-
tive combustion technique, HCCI combustion systems are
still in the research phase. One of the issues to be solved is
high pressure rise rate (PRR) inside the cylinder resulting
from the volumetric nature of combustion. This form of
combustion harshness limits high engine loads. For high
PRR pressure pulsations in the combustion chamber are
generated, which lead to an increase in noise emitted by the
engine and an increase in loads acting on the crankshaft
system [15]. The waves, which are generated by the signifi-
cant PRR, produce a similar effect to knocking combustion
[14]. During combustion in a spark ignition engine, the
flame is gradually spreading in the combustion chamber.
Pressure is also increasing gradually. In the HCCI engine,
there is sudden combustion of the entire mixture in the
cylinder. This results in a high rates of heat release and high
PRRs in the cylinder. PRR reduction can be realized by

means of two major methods: increasing fuel dilution and
reducing the combustion reaction rates, or combustion
retarding via mixture stratification [10].

Dec and Yang [2] applied boost to HCCI engine and
heating-up of the intake air for increasing internal energy of
the in-cylinder fluid. In addition, the engine was equipped
with direct fuel injection into the cylinder. They reached the
engine load of 0.88 MPa in indicated mean effective pres-
sure) IMEP at boost pressure of 0.18 MPa and without
neither external EGR nor internal EGR. Further increase in
the intake pressure caused exceeding the combustion harsh-
ness limit.

Kulzer et al. [9] applied single fuel injection during the
NVO period and boost pressure of up to 0.3 MPa. The
authors noted that an increase of the in-cylinder charge
dilution by air provides a substantial, simultaneous reduc-
tion of PRR and the NO, emission. However, at high boost
pressures the compressor energy demand could consume
the advantage of higher thermal efficiency of the HCCI
working process [8].

Canakci [1] and Yap et al. [17] applied relatively low
boost of up to 0.14 MPa to gasoline port injected engines. It
was observed that boosting enabled a substantial reduction
of the NO, emission, while excessive PRR was noted.
Scaringe et al. [11] also reported an increase in PRR at
higher boost pressures. They noted that the high load limit
under PRR constant cannot be extended by the alternating
method of fuel dilution i.e. EGR rate versus air-excess
ratio. Wildman et al. [16] reasoned that boost cannot im-
prove the engine output, because high load limit of HCCI
engine is constrained by PRR rather than fresh air aspira-
tion limitations.

Dec et al. [3] applied the direct fuel injection and the
port fuel injection in order to create partially fuel stratifica-
tion. It has been observed that increasing the fuel split ratio
was capable of PRR reduction. However, this method was
effective only for highly boosted engine operation. Turkcan
et al. [13] in their research applied solely direct fuel injec-
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tion and split injection technique in the HCCI engine. In the
first stage 4/5 of fuel was injected early during the intake
phase to create a premixed charge. Whereas the remaining
1/5 fuel dose was introduced directly during the compres-
sion stroke. The authors observed that the retarded second-
ary injection timings caused a reduction in PRR.

Hunicz et al. [7] investigated the effects of various in-
jection strategies and different fuel dose divisions under
variable boost pressure. The authors noted that stratification
is an effective measure to reduce both the PRR and NO,
emissions. Nevertheless, as in the case of the abovemen-
tioned experimental studies, the results showed a trade-off
between the NO, and CO/HC/PM emissions. Recent work
by Hunicz and Mikulski [4] has shown that PRR can be
effectively controlled via variation in mass of fuel injected
during the NVO period for reforming. This technique ena-
bled effective control of fuel reactivity [5] and also provid-
ed the substantial thermal effects [6].

Present paper further explores limitations of HCCI en-
gine operation that come from combustion timing parame-
ters. On the basis of large number of experimental data this
study indicated required combustion timing indexes to
achieve acceptable PRR levels depending on engine load.

2. Experimental test stand and research conditions

The experiments were performed on single-cylinder re-
search engine reinstalled in new laboratories at Lublin Uni-
versity of Technology (Fig. 1). The combustion system that
enabled HCCI operation comprised bowl-shaped combus-
tion chamber located in the cylinder head and a side-
mounted swirl-type, single-stream, electromagnetic gaso-
line injector. Supercharging was provided by an externally
driven compressor with air temperature conditioning sys-
tem. Furthermore, a hydraulic variable valve actuation
system enabled an independent adjustment of intake and
exhaust valve opening phases and lifts. During the research
the valvetrain was set to achieve NVO and thus enabled
HCCI combustion. The detail data of the test engine, along
with the valvetrain settings that were used in the present
research are shown in Table 1.

Fig. 1. Experimental test stand

The research engine was coupled to a direct current dy-
namometer with automatic speed control. The system au-
tomation also included a thermal air mass flow meter, a fuel
balance and a set of pressure and temperature transducers
for monitoring of all media conditions. The excess air ratio
(A) was measured with the use of LSU 4.2 Bosch lambda
probe and ETAS lambda meter.

Combustion thermodynamic analysis was performed us-
ing AVL BOOST software, where measured in-cylinder
pressure was used as input data. To provide this signal
a GHI2D miniature pressure transducer from AVL was
installed directly in the engine head and connected via
charge amplifier to the test bench acquisition system. The
PC-based high speed pressure recording system was trig-
gered by an optical encoder with resolution of 3600 pulses
per crankshaft revolution and acquired signals from 100
cycles.

Table 1. Research engine parameters

Parameter Unit Value
Displaced volume cm® 498.5
Bore mm 84
Stroke mm 90
Compression ratio - 11.7
No of valves - 2
Intake valve opening location °CA aTDC 80
Intake valve opening duration °CA aTDC 130
Intake valve lift mm 3.6
Exhaust valve opening location °CA aTDC 520
Exhaust valve opening duration °CA aTDC 119
Exhaust valve lift mm 2.9

The engine was fueled with pump-grade gasoline with
95 research octane number. All experiments were per-
formed at a single rotational speed of 1500 rev./min. The
experimental matrix comprised boost pressure sweeps from
naturally aspirated conditions to approximately 0.15 MPa
intake pressure. Intake temperature was kept constant at
30°C, whereas engine cooling liquid temperature was main-
tained at 90°C. The boost pressure sweeps were repeated
for various injection schemes that provided different de-
grees of fuel reactivity (achieved via NVO injection) and
different degrees of stratification (achieved via late fuel
injection). Additionally, three overall fuel quantities were
applied providing net IMEPs at levels of 0.42 MPa, 0.58
MPa, and 0.71 MPa. During the research nearly 100 engine
operating points were investigated in terms of thermody-
namic analysis. Combustion timing parameters were de-
rived from cumulative heat release curves. Pressure rise rate
was calculated as a ratio of pressure differences between
95% mass fraction burned (MFB) and 5% MFB, and the
5%-95% MFB angular duration.

3. Results

Figure 2 shows a series of in-cylinder pressure traces for
moderate IMEP and variable intake pressure. It can be
noted that increase of boost pressure advances auto-
ignition. However, PRRs apparently stabilize. To provide
more details Fig. 3 shows heat release rate (HRR) curves
for the same set of data. It can be noted that for the exam-
ined boost sweep the peak HRR was more than doubled in
parallel with substantial auto ignition advance. Namely, an
increase in the boost pressure by 0.03 MPa resulted in an
increase in HRR from 40 to 100 J/°CA. In addition, loca-
tion of the maximum HRR was advanced by 15°CA. It
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indicates that timing of maximum reaction rate and com-
bustion duration are correlated in a way that at small vol-
umes reaction rate is higher.
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Fig. 2. In-cylinder pressure at IMEP ~ 0.58 MPa for boost pressure be-
tween 0.11 MPa and 0.14 MPa
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Fig. 3. Heat release rates at IMEP ~ 0.58 MPa for boost pressure between
0.11 MPa and 0.14 MPa
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Fig. 4. Combustion duration expressed as period between 5% and 95%
MEFB as a function of location of 50% MFB for all investigated conditions.
Dotted line shows in-cylinder volume

The correlation between combustion duration and com-
bustion timing parameters for all investigated conditions are
provided in Fig. 4. Additionally, Fig. 4 includes scaled in-
cylinder volume curve, showing that combustion duration
correlates with a volume, however only if the center of
combustion takes place after TDC. Thus, the larger com-
bustion chamber volume for retarded combustion, the lower
reaction rate. Additionally, it was noted by Sjoberg et al.
[12] that retarding the combustion phasing reduces the

HRR by amplifying the benefit of the naturally occurring
thermal stratification. It can also be observed from Fig. 4
that increase in fueling increases combustion rates.

The in-cylinder pressure change resulting from combus-
tion theoretically can be calculated using the first law of
thermodynamics

Ap=%[AQ(v—1)—v@>DW]’ (1

where: V is a volume of the cylinder, AQ is a gross heat
release rate and Y is a ratio of specific heats. PRR in HCCI
engine can be expressed with relatively high accuracy even
if the Eq. 1 is simplified. Namely, heat transfer can be ig-
nored as well as volumetric expansion term can be neglect-
ed, because combustion is quick, thus takes place at almost
constant volume. Considering the above, the pressure rise
rate can be estimated by the following formula:

y-nm | )

PRR =
v [A(5 -95)% MFB

where Q is the amount of chemical energy provided with
the fuel. In-cylinder volume in Eq. 2 can be considered
constant and its value at 50% MFB point can be used.

As can be noted from Eq. 2 the combustion duration is a
leading factor affecting PRR. Figure 5 shows the depend-
ence of PRR on combustion duration. It can be noted that
PRR increase progressively with increasing reaction rates
for all investigated conditions. Obviously, it can be ob-
served that the increase in the load causes the increase in
PRR. However the effect of the amount of chemical energy
would be diminished by the trade-off between 50% MFB
location and reaction rate, as shown in Fig. 4.
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Fig. 5. Pressure rise rates as a function of combustion duration for all
investigated conditions

It should be noted that for HCCI combustion, the rate of
pressure increase should not exceed the range 0.5-
0.7 MPa/°CA [17]. Increase of the PRR beyond this limit
causes the engine knock. For the highest applied load it is
hardly possible to meet the harshness limit, what requires
advanced control strategies to increase the reaction rate, i.e.
optimized valve timings and reduction of boost pressure.
However, it was shown in [4] that this strategy increases
NO, emissions. For IMEP = 0.41 MPa the limit can be
easily met, allowing to optimize combustion in terms of
emissions and efficiency. For average investigated load of
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IMEP = 0.58 MPa, achieving acceptable PRR requires
extension of combustion duration to 7-8°CA.

Moreover in order to consider volume factor, Fig. 6
shows PRRs as functions of the inverse of combustion
duration and a volume at 50% MFB for all investigated
conditions. It can be noted that the measurement points are
arranged linearly, depending on the IMEP. Some scattering
of the points can result from variable thermal efficiency,
that requires different fuel’s energy to achieve given IMEP.
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Fig. 6. Pressure rise rates as a function of the inverse of combustion dura-
tion and volume at 50% MEFB for all investigated conditions

2 5
° o
4IMEP = 0.42 MPa o
o
IMEP = 0.58 MP:
15 | 0.58 MPa o o
— ©IMEP = 0.71 MPa &
< q.
Q
® a
s’ o
o "
o
o
0.5
0 1 1 1 L 1
0 0.5 1 1.5 2 2.5 -10°

W,/[V(50% MFB)-A(5-95)% MFB] [J/(cm®°CA)]

Fig. 7. Pressure rise rates as a function of the indicated work divided by
combustion duration and volume at 50% MFB for all investigated condi-
tions

The result of the regression with a full set of variables,
including indicated work (W;) is shown in Fig. 7. Such
a presentation of the data shows the boundary combustion
timing parameters required to achieve acceptable PRR

level. For the highest engine load there is some number of
operating points above the trend line. It can be attributed to
an increase of specific heats ratio, because EGR decreases
at high amounts of fuel and heavy boost.

4. Conclusions
This paper explored combustion timing parameters that

are capable of maintaining permissible levels of pressure
rise rates under high load regime of HCCI engine. The
experimental matrix included various valvetrain settings,
direct fuel injection strategies and boost pressures. The
results led the authors to draw the following conclusions:

1. Combustion duration has been found to scale with in-
cylinder volume, for which 50% of mass fraction
burned appeared. This correlation occurs only if the
50% mass fraction burned of combustion takes place af-
ter TDC. It indicates that these two measures to reduce
PRR work simultaneously.

2. Increase of fueling reduces reaction time that further
contributes to increase PRRs at high engine load re-
gime.

3. For investigated conditions the range of attainable com-
binations of 50% MFB and combustion durations were
the same for all three quantities of fuel. Moreover these
combustion timing parameters appear to be a boundary
of HCCI operation.

4. Among investigated conditions, only case of IMEP =
0.41 MPa provided acceptable combustion harshness
over a wide range of control parameters, enabling com-
bustion optimization in terms of emissions and thermal
efficiency. For IMEP = 0.58 MPa only few cases laid
below the threshold of 0.7 MPa/°CA.

5. The results clearly indicate that high load HCCI opera-
tion limits result almost solely from fuel quantity. Utili-
zation of other measures to reduce PRR can widen op-
erating range in much lesser extent.

6. Further investigations into widening HCCI operation
mode towards high loads should be focused on reduc-
tion of reaction rates via higher fuel dilution and wider
spread of mixture reactivity control by variations of
NVO fuel injection.
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Nomenclature

CA  crank angle

EGR exhaust gas recirculation

HC  hydrocarbons

HCCI homogeneous charge compression ignition
HRR heat release rate

IMEP indicated mean effective pressure

MFB mass fraction burned

NO, nitrogen oxides

NVO negative valve overlap

p pressure
PM  particulate matter
PRR pressure rise rates

Q energy

TDC top dead center

v volume

Wi indicated work

y ratio of specific heats
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