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ABSTRACT: A two-cylinder, direct injection, and four-stroke naturally aspirated diesel engine is reformed to the compound
combustion engine fueled with dimethyl ether. The wavelet energy spectra of the in-cylinder pressure with normal combustion and
knocking combustion in a compound combustion engine are experimentally studied. The effects of the port fuel quantity, engine
load, and engine speed on them are analyzed. The multiscale knock energy characteristics of the in-cylinder pressure are investigated
based on wavelet energy and the Shannon entropy—energy ratio. The result shows that the in-cylinder pressure oscillation tends to
be violent with the increase of port fuel quantity, the peak in-cylinder pressure increases, and its crank angle phase advances. With
the increase in port fuel quantity, the wavelet energy of high-frequency detail signals d1, d2, and d3 obtained from wavelet
decomposition all increases and the Shannon entropy—energy ratio decreases. The high-frequency detail signal d1 is more sensitive
than the other detail signals. The frequency band of 5—10 kHz is the knock characteristic frequency band. The energy of the detail
signal d1 increases significantly during knocking combustion, and the oscillation range enlarges and moves forward. The wavelet
energy of detail signal d1 is the largest, and the Shannon entropy—energy ratio is the smallest at different brake mean effective
pressures and different engine speeds. The effect of brake mean effective pressure and engine speed on the values is not obvious, and
the port fuel quantity is the main factor.

1. INTRODUCTION focusing on compound combustion characteristics and
emission control. The results show that compound combustion
can extend the operating range with higher brake thermal
efficiency and lower CO and HC emissions compared to

The energy crisis and environmental pollution are becoming
increasingly severe, and it is urgent to implement the carbon
neutrality strategy."” Developing low-carbon fuels and clean

combustion technologies are the effective ways to solve the HCCI combustion.””*" Effects of the DME premix ratio and
energy crisis and environmental pollution problems of vehicles exhaust gas recirculation (EGR) rate on the emission
at the present stage,’® which is a relatively robust approach to characteristics of DME-diesel premixed charge compression
implementing a carbon-neutral strategy and achieving sustain- ignition (PCCI) combustion are investigated. The results show
able development goals. Most vehicles were equipped with that NO, emission reduced with an increase in the DME
conventional direct injection (DI) engines. Homogeneous premix ratio and EGR rate, and smoke emission decreased with
charge compression ignition (HCCI) combustion can use an increase in the DME premix ratio and a decrease in the
various fuels with few engine fuel system modifications. HCCI EGR rate.?® It is also observed that the effect of HCCI
combustion has high thermal efficiency as well as reduced PM combustion on knocking combustion is always obvious. When

emissions and NO, emissions.” ' However, knocking
combustion occurs at high engine loads, and HCCI
combustion cannot be controlled."'™'* The HCCI-DI
compound combustion is a clean combustion technology.'>~"*
Dimethyl ether (DME) is considered a favorable carbon-
neutral fuel and a renewable fuel. It has a high cetane number,
good ignition quality, good renewability, and easy storage and
transportation.'”~>* Currently, the studies of compound
combustion engines fueled with DME have received increasing
attention in research institutions at home and abroad, mainly

the HCCI combustion proportion in the compound
combustion is too large, knocking combustion occurs.”* %
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The wavelet energy spectra of the in-cylinder pressure at
different scales in normal combustion and knocking
combustion are experimentally studied in the paper. Based
on the two indicators of wavelet energy and Shannon entropy—
energy ratio, the effects of intake port fuel quantity, engine
load, and engine speed on the multiscale energy characteristics
of the in-cylinder pressure during normal combustion and
knocking combustion were analyzed, revealing the energy
characteristics at different scales. It is of great significance for
identifying and controlling knocking combustion and optimiz-
ing combustion boundary parameters.

2. EXPERIMENTAL SETUP AND ANALYSIS METHOD

A two-cylinder, direct injection, and four-stroke naturally
aspirated diesel engine is reformed into a DME compound
combustion engine. The specifications of the base diesel engine
are listed in Table 1. Figure 1 shows a schematic diagram of

Table 1. Specification of the Base Engine

bore X stroke (mm X mm) 135 X 145
compression ratio 16.5
rated power (kW) 29.4
rated speed (r/min) 1500
Nozzle orifice number X diameter (mm) 4% 035
Nozzle opening pressure (MPa) 19
fuel delivery advance angle (°CA BTDC) 28

the DME compound engine test bench. As shown in Figure 1,
in the DI combustion part of the compound combustion
engine, DME in the fuel tank is filtered by a filter, pressurized
by a low-pressure pump, pressurized by a high-pressure pump,
and then injected into the engine cylinder. In the HCCI
combustion part of the compound combustion engine, DME
in the fuel tank is evaporated by an evaporator and mixed
uniformly with air in the mixer on the intake duct and then
enters the engine cylinder for HCCI combustion. In the
compound combustion test, normal combustion and knocking
combustion with different levels are achieved by adjusting the
fuel amount of the HCCI combustion part. The in-cylinder
pressure with normal combustion and knocking combustion
during compound combustion is collected using the pressure
sensor, the charge amplifier, and the data acquisition
instrument.

Figure 2 is the schematic diagram of the discrete wavelet
transform (DWT). The dbS wavelet function is selected for a
three-layer discrete wavelet decomposition of the in-cylinder
pressure. The in-cylinder pressure is decomposed into three

high-frequency detail signals d1 (5—10 kHz), d2 (2.5—5 kHz),

Level 1
d1 Level 2
In-cylinder a2 Level 3
Pressure
al d3
a2
a3

Figure 2. Principle of DWT.
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Figure 3. In-cylinder pressure for different PF values at 1500 rpm and
0.1 MPa BMEP.

and d3 (1.25—2.5 kHz) and one low-frequency smooth signal
a3 (0—1.25 kHz). The signal a3 reflects the low-frequency
information on the in-cylinder pressure, which is associated
with less knocking combustion information, so it is not
analyzed in the paper. The high-frequency detail signals d1, d2,
and d3 reflect the local pressure oscillation information at
different frequency domains, so they can reflect the knock
energy characteristics at different scales.

The wavelet energy E; and Shannon entropy—energy ratio
HE are selected to evaluate the knock characteristics of the
compound combustion in the paper. The more violent the
knocking combustion is, the larger the wavelet energy value is
and the smaller the Shannon entropy and the Shannon
entropy—energy ratio is. The wavelet energy E;, Shannon
entropy Hhan, and Shannon entropy—energy ratlo HE are
defined as™*"

E = ) IC(k)P
k (1)

shan - Z IC(k)Izlg(IC(k)I)Z
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Figure 1. Schematic of a compound combustion test bench.
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Figure 4. Wavelet energy spectrum for different PF values at 1500 r/min and 0.1 MPa BMEP.

HE:Hshan/Ej (3)

Ci(k) is the wavelet coefficient and j is the decomposition
scale.

3. EXPERIMENTAL RESULTS AND ANALYSIS

3.1. Effect of Port Fuel on Multiscale Characteristics.
The engine speed is 1500 rpm, and the brake mean effective
pressure (BMEP) is 0.1 MPa. The port fuel (PF) amount of
HCCI is 0.98, 1.26, and 1.52 mg/ms, respectively. Figure 3

43408

shows the in-cylinder pressures for different PF values. It can
be seen from Figure 3 that the irregularities in the in-cylinder
pressure curve become larger as PF increases, indicating that
the pressure oscillations become more severe, and the
combustion becomes coarser. With the increase of PF, the
accumulation of HCCI fuel quantity increases, knock intensity
tends to increase, the peak in-cylinder pressure increases, and
the phase of the crank angle, where the pressure peak occurs,
advances. The pressure peaks/crank angle with three PF values

https://doi.org/10.1021/acsomega.4c04272
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Figure S. In-cylinder pressure for different PF values at 1500 rpm and
0.2 MPa BMEP.

are 6.14 MPa/3.5 °CA, 6.82 MPa/2.5 °CA, and 7.21 MPa/1
°CA, respectively.

The in-cylinder pressure is decomposed to the wavelet
energy of the high-frequency detail signals d1, d2, and d3 at
different scales by DWT. Figure 4 shows the wavelet energy
spectrum of the in-cylinder pressure versus the crank angle for
different PF values. For high-frequency detail signal d1 in
Figure 4a, when the PF is 0.98 mg/ms, it can be seen clearly
that the wavelet energy is basically zero during the combustion
process, without any significant energy oscillations. When PF
increases to 1.26 mg/ms, a series of small energy oscillations
occur mainly between —9 and 2 °CA. When PF increases to
1.52 mg/ms, the energy oscillations increase sharply, and the
ranges of the energy oscillations advance, mainly between —17
and 0 °CA. For high-frequency detail signal d2, when PF is
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Figure 6. Wavelet energy for different PF values at 1500 rpm and 0.2 MPa BMEP.
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Figure 7. In-cylinder pressure for different PF values at 1100 r/min
and 0.2 MPa BMEP.

0.98 and 1.26 mg/ms, the wavelet energy curve is almost a
straight line, with small energy oscillations. When PF increases
to 1.52 mg/ms, the energy oscillations increase significantly
between —17 and —5.5 °CA, and the peak values of signal d2
are smaller than those of signal d1. For high-frequency detail
signal d3 in Figure 4c, when PF is 0.98 mg/ms, the energy
curve is basically a straight line; when PF increases to 1.26 and
1.52 mg/ms, double peaks appear in the energy oscillations,
but the peaks are still small. As PF increases, the accumulation
of HCCI fuel quantity increases, knock intensity tends to
increase, and the range of energy oscillations advances. In
summary, the combustion state changes from normal

combustion to knocking combustion as PF increases, the in-
cylinder pressure energy oscillations become more severe, the
high-frequency detail signal d1 energy oscillations increase
significantly, the oscillation range advances and expands, and
the signal d1 is the most sensitive signal for knock energy. Its
frequency band (5—10 kHz) is the knocking characteristic
frequency band of the compound combustion engine, followed
by signal d2 and signal d3.

3.2. Effect of Engine Load on Multiscale Character-
istics. The engine speed keeps at 1500 r/min unchanged, and
BMEP increases from 0.1 to 0.2 MPa. PF is 0.77, 1.22, and
1.37 mg/ms. Figure S shows the in-cylinder pressure at 1500
rpm and 0.2 MPa BMEP for different PF values. As shown in
Figure 5, with the increase of PF, the accumulation of HCCI
fuel quantity increases, knock intensity tends to increase, the
peak in-cylinder pressure increases, the crank angle range of
peak pressure advances, and the combustion becomes more
violent. The peak in-cylinder pressure/crank angle for three PF
values are 5.57 MPa/7 °CA, 6.81 MPa/1 °CA, and 7.09 MPa/
—1.5 °CA, respectively.

Figure 6 shows the wavelet energy spectrum of the in-
cylinder pressure at 1500 rpm and 0.2 MPa BMEP with
different PF values. As can be seen from Figure 6, for the high-
frequency detail signal dl, when PF is 0.77 mg/ms, the
amplitude of the wavelet energy curve is very small. When PF
increases to 1.22 mg/ms, a series of small energy oscillations
appear between —9 and 3 °CA; and when PF further increases
to 1.37 mg/ms, the energy oscillations increase and the
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> >
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Figure 8. Wavelet energy for different PF values at 1100 rpm and 0.2 MPa BMEP.
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Figure 9. Wavelet energy and Shannon entropy—energy ratio for
different PF values.

oscillation range moves forward between —17 and 0.5 °CA.
For the high-frequency detail signal d2, when PF is 0.77 and
1.22 mg/ms, the energy curve is an almost straight line, and the
peak oscillation energy is very small. When PF increases to
1.37 mg/ms, the energy oscillation increases significantly, and
the oscillation range of the crank angle moves forward between
—17 and —0.5 °CA. For the high-frequency detail signal d3,
when PF is 0.77 mg/ms, the amplitude of the energy curve is
small. When PF increases to 1.26 and 1.52 mg/ms, there are
double oscillation peaks and triple oscillation peaks in the
energy curves. With the increase of PF, the oscillation range
moves forward and expands. It is between —17 and 12 °CA for
126 mg/ms and —21.5 and 12 °CA for 1.52 mg/ms. In
summary, when BMEP increases from 0.1 to 0.2 MPa, the
distributions of wavelet energy of the high-frequency detail
signals d1, d2, and d3 remain unchanged. BMEP has no effect
on them, with combustion status and knock intensity
determining the distributions of multiscale wavelet energy of
signals d1, d2, and d3.

3.3. Effect of Engine Speed on Multiscale Character-
istics. BMEP remains at 0.2 MPa unchanged, and the engine
speed adjusts from 1500 to 1100 r/min. Figure 7 shows the in-
cylinder pressure at 1100 rpm and 0.2 MPa BMEP for different
PF values. As shown in Figure 7, when PF is 0.80 mg/ms, the
in-cylinder pressure curve is a smooth curve. The pressure peak
is 6.79 MPa/S.5 °CA. As PF increases to 1.0 mg/ms, the peak
in-cylinder pressure increases and the crank angle of the peak
in-cylinder pressure advances. It is 7.85 MPa/4.5 °CA. HCCI
combustion proportions in the compound combustion for two
PF values are not too large; both of them are in normal
combustion, and no obvious knocking combustion occurs.

43411

Figure 8 shows the wavelet energy spectrum of the in-
cylinder pressure at 1100 rpm and 0.2 MPa BMEP with
different PF values. It can be seen from Figure 8 that when PF
is 0.80 mg/ms, there are no obvious oscillations in the wavelet
energy curves for high-frequency detail signals d1, d2, and d3.
When PF increases to 1.00 mg/ms, energy oscillations occur in
high-frequency detail signals d1, d2, and d3, the oscillation
amplitude of the wavelet energy curve becomes larger, but the
energy oscillations of signal dl is sensitive and increases
significantly with the maximum energy oscillation peak and the
oscillation crank angle range of —15.5 to —1 °CA. In summary,
the oscillation energy of signal d1 is the largest, and engine
speed has no effect on it, while combustion status and knock
intensity play a decisive role. It determines the distributions of
multiscale wavelet energy of signals d1, d2, and d3.

Figure 9 shows the wavelet energy and Shannon entropy—
energy ratio with different PF values. The largest wavelet
energy and the smallest Shannon entropy—energy ratio reflect
the knock energy law. As can be seen in Figure 9, the wavelet
energy of signal d1 is the largest, and its Shannon entropy—
energy ratio is the smallest at different BMEP and engine
speeds. Therefore, signal d1 is the sensitive signal of knock
energy and engine speed and BMEP has no effect on the knock
energy value, while combustion status and knock intensity
determine the knock energy value and Shannon entropy—
energy ratio. As PF increases, the wavelet energy of signals dI,
d2, and d3 gradually increases, the Shannon entropy—energy
ratio gradually decreases, and the most sensitive signal is signal
dl. The frequency band of 5—10 kHz is the knock
characteristic frequency band.

4. CONCLUSIONS

The knock energy characteristics of the in-cylinder pressure in
DME compound combustion are calculated using the novelty
methods in the paper. Wavelet energy and Shannon entropy—
energy ratio are introduced to evaluate the multiscale knock
energy characteristics. The multiscale wavelet energy and
multiscale Shannon entropy—energy ratio in normal combus-
tion and knocking combustion are analyzed. The effects of port
fuel quantity PF, engine load, and engine speed on the
multiscale knock energy characteristics are revealed. The knock
characteristic frequency band is determined. The results are
listed as follows:

(1) With the increase of PF, the accumulation of HCCI fuel
quantity increases, compound combustion tends to be
violent, knock intensity and the pressure oscillation
increase, the peak pressure increases, and its phase angle
advances.

(2) The most sensitive signal to knock is signal d1, followed

by signal d2 and signal d3. With the increase of PF, the

combustion status changes from normal combustion to
knocking combustion, the energy oscillation of signal d1
increases significantly, and the oscillation range moves
forward and expands. The frequency band of 5—10 kHz
of signal d1 is the knock characteristic frequency band.

(3) The wavelet energy of signal d1 is the largest, and the

Shannon entropy—energy ratio is the smallest at

different BMEP and different engine speeds. The effects

of BMEP and engine speed are not obvious, while
combustion status and knock intensity play a decisive
role. With the increase of PF, the wavelet energy of
signals d1, d2, and d3 gradually increases, while the

https://doi.org/10.1021/acsomega.4c04272
ACS Omega 2024, 9, 43406—43413


https://pubs.acs.org/doi/10.1021/acsomega.4c04272?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04272?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04272?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04272?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04272?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Shannon entropy—energy ratio gradually decreases,
especially that of the sensitive signal d1.
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