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ABSTRACT

Environmental issues have increased the importance of developing pollution-free internal
combustion engines. In this article, the necessity of using twin spark plugs, the effect of excess
air ratio with changing the flame velocity on the ignition velocity and the effect of the engine
speed with changing the flow velocity on the HWRE ignition velocity and its effect on the
flame velocity are stated. Flame velocity and flow velocity are positively correlated to knock
intensity, and flow velocity has a more significant effect.
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Internal combustion engine (ICE), Reciprocating piston engine (RPE), Knock intensity (KI),
Bottom dead center (BDC), Top dead center (TDC) After bottom dead center (ABDC), After
top dead center (ATDC), Before bottom dead center (BBDC), Before top dead center (BTDC)
Backward combustion velocity (BCV), Forward combustion velocity (FCV) Electronic control
unit (ECU), Leading spark plug (LSP), Trailing spark plug (TSP), Manifold absolute pressure
(MAP), Spark ignition (SI), Crank angle (°CA), flame velocity, flow velocity, combustion
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1. INTRODUCTION
Wankel Rotary Engine Due to its simple structure, compact layout and high power-to-

weight/volume ratio, WRE has significant powertrain advantages. However, the elongated
combustion chamber of the WRE amplifies the negative effects of quenching and the high
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velocity unidirectional flow in the combustion chamber reduces the combustion efficiency,
both of which underperform the fossil-fueled WRE.

Hydrogen fuel does not emit carbon and corresponds to the theme of carbon neutrality.
And some physicochemical properties of hydrogen, such as wide flammability limits that allow
increased thermal efficiency by lean combustion and etc., make it suitable as a fuel for internal
combustion engines (ICEs). WRE will perform better using hydrogen fuel from reciprocating
piston engines (RPEs). On the one hand, short quenching distance and fast combustion velocity
are beneficial to improve the combustion efficiency of WRE; on the other hand, the compact
structure and high power density can cover more distance and produce more power. According
to the studies, HWRE is not prone to occur backfire, but it is more likely to occur in RPEs. In
addition, the compact structure of the WRE also compensates for the disadvantage of the large
hydrogen storage device. However, limited to the elongated combustion envelope and non-
uniform thermal load, the knock in HWREs is more severe compared to hydrogen-fueled RPEs.

Knock as an abnormal combustion in spark ignition (SI) engines mainly manifests as
high combustion temperature, abnormal in-cylinder pressure profiles and very fast flame
propagation velocity. Knock as an abnormal combustion in spark ignition (SI) engines mainly
manifests as high combustion temperatures, abnormal in-cylinder pressure profiles, and
extremely fast flame propagation speeds, which usually leads to low efficiency, poor
propagation and even structural damage. Due to differences in fuel properties, knocking in
gasoline-fueled ICEs is usually caused by end-gas spontaneous combustion, while hydrogen-
fueled ICE knocking is usually caused by rapid and unstable combustion and sometimes end-
gas spontaneous combustion. The knock caused by the rapid and unstable combustion of
hydrogen occurs simultaneously with the combustion caused by the spark plug and goes
through all the stages of combustion. High knock intensity is usually associated with short
combustion duration. The occurrence of knock with main flame acceleration up to 400 m/s is
due to the rapid combustion of the main flame, and the occurrence of knock due to autoignition
of the end gas is well correlated to the combustion velocity of the main flame, because this
knock occurs in the hottest region of the end gas, which where the temperature depends mainly
on the pressure increase produced by the combustion. In summary, regular flame propagation
plays an important role in the occurrence of knock, and one should consider isolated effects of
knock and special phenomena, such as autoignition. In particular, for hydrogen-fueled ICEs,
knock occurs during the combustion process.

Due to differences in structure and mode of operation, the flame emission of WREs is
significantly differentiated from that of RPEs. In RPEs, there will be a vortex or swirl near top
dead center (TDC), while in WREs, the direction of the flow field is essentially consistent with
the tangential direction of rotor rotation and there is no vortex or swirl. Therefore, the flame
propagation has different effects on the knock level based on the flow field.

This paper presents a method for measuring combustion, flame and flow velocity of WRE
using experimental instruments and quantifying them with knock level in HWRE.

2. Experimental facilities and named parameters

2.1. Experimental facilities
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To measure the combustion velocity, a WRE with dual spark plug has been used. As

shown in Fig. 1, According to the direction of rotation of the rotor, the spark plug in front of

the minor axis is named leading spark plug (LSP) and the plug behind the minor axis is named

trailing spark plug (TSP). The distance from LSP and TSP to the minor axis is 23 and 30 mm

respectively, that is, the distance between them is 53 mm.
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Fig. 1. The structural schematic of the tested WRE. [43]

Table 1. Engine specification.

Specification Value

Number of rotors 2

Cooling method Water cooling

Ignition source Dual spark plug

Intake method Side-ported natural aspiration
Exhaust method Side port

Generating radius/mm 105

Width of rotor/mm 80

Displacement/L 0.654L

Compression ratio 10

Eccentricity/mm 15

Intake timing/(°CA) 3. ATDC, 38° ABDC

www.globalpublisher.org 25



International Journal of Smart Energy Technology and Environmental Engineering
Volume 3, Issue 1, March 2024

https://setee.globalpublisher.org/

http://globalpublisher.org/journals-1007/

Exhaust timing/(cCA) 80> BBDC, 3> BTDC

The tested WRE is initially fueled by gasoline. Hence, to meet experimental
requirements, some preliminary work must be done: (1) A self-developed port-injected
hydrogen supply system was installed to replace the original gasoline supply system. The
supply pressure of hydrogen was fixed at 5 bar; (2) A self-developed electronic control unit
(ECU) was used to control the ignition timing and hydrogen supply amount per cycle. The self-
developed ECU intercepts the ignition and injection signals from the original ECU and controls
the ignition and injection for the next cycle of HWRE in conjunction with the crank position
signal; (3) Some sensors were installed to measure some requisite parameters, such as intake
pressure sensor, in-cylinder pressure sensor, oxygen sensor and so on.

The Kistler 6117BFD17 piezoelectric sensor (measurement uncertainty: < £0.3 bar)
installed on the LSP measures the in-cylinder pressure, which is the most important parameter.
The Powerlink CAC6 AC dynamometer (measurement uncertainty: speed < +1 rpm and load
<=+0.4% F.S) controlled engine speed and throttle percentage (load). The in-cylinder pressure
profile was shown on the computer by the Kibox. The experimental system schematic is shown
in Fig. 2, which includes some facilities not used in this work.

1. Air cleaner 2. Mass flow meter of air 3. Container of hydrogen 4. Pressure regulating
valve of hydrogen 5. Pressure meter of hydrogen 6. Hydrogen flow displayer 7. Volumetric
flowmeter of hydrogen 8. Backfire arrestor of hydrogen 9. Smart gas box 10. Injector of
hydrogen 11. HECU (Hydrogen Electronic Control Unit) 12. Calibration computer 13. Kibox
14. Trailing plug 15. Leading plug 16. Charger amplifier 17. Analog-digital converter 18.
Exhaust sampling 19. Emissions analyzer 20. Oxygen sensor 21. Lambda analyzer al. Data
signals from HECU to calibration computer a2. Control signals from calibration computer to
HECU b. Signals from sensors to HECU.
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Fig. 2. The schematic diagram of the experiment system. [43]
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2.2. Parameters named

The desired parameters in this research are flow velocity, combustion velocity and flame
velocity. The flow velocity is the average velocity of the flow field inside the cylinder; The
combustion velocity is the average velocity of flame propagation under the effect of the flow
field; The flame velocity is the average flame propagation velocity that decoupling the flow
field. Since the flow field in the WRE near TDC is essentially unidirectional tangential to the
rotor, the three velocities mentioned above can be considered unidirectional and non-rotating
near TDC. Moreover, without considering the vertical direction of the rotor, since the flow is
unidirectional while the flame propagation is bidirectional, as shown in Fig. 3, which is the
schematic representation of flow velocity and combustion velocity, two parameters, forward
combustion velocity (FCV) and backward combustion velocity (BCV), were also introduced
in this work. Based on the above descriptions, two equations (1) and (2) are obtained:

FCV = Flame velocity + Flow velocity (1)
BCV = Flame velocity - Flow velocity (2)

% ——— Leading spark plug I rallm/g spark plug

4w  Forward combustion velocity ' N : _':>

&= Backward combustion velocity ;/,.:—_-_'—q_rl[ — _ } t-: ~
ST — 0N

Fig. 3. The schematic of flow velocity and combustion velocity. [43]

A band-pass filter is used to extract the knock characteristic. To extract the knock feature,
a band-pass filter is used, which can remove the low-frequency normal ignition signal and the
high-frequency noise. The passband cutoff frequency of this filter is set as 3-20 kHz. Fig. 4
shows the pressure inside the cylinder and the respective knock pressure, which is the result of
the processing of band-pass filter. To quantify the knock level, the knock intensity (KI) is
introduced, which indicates the magnitude of the peak-to-peak knock pressure. Therefore, KI
can be expressed by equation (3):

KI = knock pressure (max) - knock pressure (min) (3)
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Fig. 4. The in-cylinder pressure and corresponding knock pressure. [43]

3. Results and discussion

3.1. Combustion velocity measuring methodology

A method for measuring WRE combustion velocity with hydrogen fuel was proposed,
which is theoretically applicable for other fuels of this engine as well. To measure FCV, fix the
TSP ignition timing at -12°CA ATDC and gradually delay the LSP ignition timing from -12°
CA ATDC in 1° CA intervals. Because the LSP ignition timing is delayed, the average in-
cylinder profiles of 300 consecutive cycles at different LSP ignition timings and a constant
-12°CA ATDC ignition timing of the TSP at 1000 rpm are displayed, According to Fig. 5. The
in-cylinder pressure changes, but when the LSP ignition timing is later than -6°CA ATDC, the
in-cylinder pressure is the same, which indicates that at this situation, the flame produced by
the TSP propagated past the LSP and the LSP spark is meaningless. The distance (d) between
two spark plug is 53 mm. which is 6°CA in the case of Fig. 5. Therefore, FCV can be calculated

with the following equation:

FCV = 5 (4)

ﬁ/

At is the ignition interval between two spark plugs. n is the engine speed and is equal to
1000 r/min. Hence, by calculation, when the HWRE operates at 80 kPa manifold absolute
pressure (MAP), stoichiometric ratio and engine speed of 1000 r/min, the FCV is 53 m/s.

The difference between BCV and FCV measurement is that the roles of LSP and TSP
must be switched. The error of this method is mainly caused by the tested ignition timing
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interval to change the spark plug, and if the ignition timing interval is set as 1> CA, the error
can be considered as +1° CA.
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Fig. 5. The in-cylinder pressure at different ignition timings of LSP at 1000 r/min. [43]

3.2. Combustion, flow and flame velocity

3.2.1. Excess air ratio

70
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=
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Fig. 6. The forward combustion velocity at different excess air ratios. [43]

Fig. 6 shows the FCV at different excess air ratios, which includes measured data (dotted

line), fitted data (dashed line) with 0.75 R? and error band (colored band). Limited by the self-
developed ECU, the minimum adjustable step length of ignition timing is 1°CA, so when the
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FCV does not change significantly, its test value is the same. It can be seen from Fig. 6 that
with increasing the excess air ratio, the change of FCV has a declining tendency, which can be
explained by the following reason: when the engine speed and MAP are maintained, the
basically constant flow field is not responsible for the variation of FCV. The fastest hydrogen
laminar flame velocity is achieved at an excess air ratio of approximately 0.6 (equivalence ratio
of 1.7). As the excess air ratio increases from 0.6, which decreases the charge, the laminar
flame velocity decreases gradually, which is also true for turbulent combustion and can be used
for qualitative analysis of turbulent combustion. When the HWRE is operating at 1,000 rpm,
80 kPa MAP and an excess air ratio of 1.0, the FCV is 53 m/s.

BCV is the result of a race between the flow velocity and the flame velocity, so when the
flow velocity is faster than the flame velocity, the flame cannot propagate back, i.e., BCV is 0.
In this situation, the backward flame propagation is completely determined by the in-cylinder
flow field, which is unfavorable for achieving the Otto cycle. Therefore, the developed dual
spark plugs are very necessary for WRE, which can be more optimistic to improve the constant
volume combustion level, even if the hydrogen fuel has a fast burning speed. When the flame
can not propagate backward, the in-cylinder pressure profiles as shown in Fig. 7. In-cylinder
pressure changes continuously with TSP ignition timing delay. The in-cylinder pressure may
not change during the TSP ignition delay, but as the rotor rotates, the volume of the combustion
chamber increases so that the in-cylinder flow field is no longer unidirectional, rather, it appears
to be vortex or swirling, leading to errors in combustion velocity measurements. Hence, it can
be assumed that when the flame still cannot propagate in the TSP at 15°CA ATDC, the flame
can not propagate backward. Among the cases tested in Fig. 6, only when the HWRE operates
at stoichiometric ratio, the BCV is obtained, which is 22.7 m/s. According to equations (1) and
(2), the flame velocity and flow velocity can be calculated as 37.85 m/s and 15.15 m/s,
respectively. Since flow velocity is affected by both engine speed and MAP, it can be assumed
that flow velocity is maintained when neither changes. Therefore, the flame velocity at different
excess air ratios can be obtained as shown in Fig. 8. According to Fig. 8 when decoupling the
flow velocity, the HWRE flame velocity decreases with the increase of excess air ratio.
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3.2.2. Engine speed

Fig. 9 shows the FCV at different engine speeds, which includes measured data (dotted
line) and error band (colored band). It can be seen that FCV increases gradually with increasing
engine speed. It may be explained by the following reasons: When the MAP is constant at 80
kPa, the intake kinetic energy is essentially similar. When the excess air ratio is fixed at 1.6,
the effect of hydrogen concentration on combustion can also be eliminated. The rotation of the
rotor and the shape change of the combustion chamber, including the direction and velocity of
the flow field, determine the flow field inside the WRE cylinder. As the rotation speed of the
WRE rotor increases, the velocity of the flow field inside the cylinder driven by the rotor also
increases. Hence, the FCV with the same flow field direction increases significantly under the
influence of increasing engine speed. Furthermore, there is an approximately linear relationship
between FCV and engine speed. As the engine speed increases from 1000 rpm to 2500 rpm,
the FCV increases from 53 m/s to 79.5 m/s.

90

IMAP=80 kPa; 2=1.6}

Forward combustion velocity/(m/s)

40 L L " 1 "
1000 1500 2000 2500

Engine speed/(r/min)

Fig. 9. The forward combustion velocity at different engine speeds. [43]

The average velocity of the in-cylinder flow field is determined only by the rotor rotation
speed, and there is a linear relationship between the rotor rotation speed and the flow velocity.
Therefore, based on the flow velocity measured at 1000 r/min, it is possible to calculate the
flow velocities of 1500, 2000 and 2500 m/s, which are 22.7, 30.3 and 37.9 m/s, respectively.
Combining with eq (1), the flame velocity at different engine speeds can be obtained, as shown
in Fig. 10. When the excess air ratio is constant, there appears to be no significant relationship
between flame velocity and engine speed. This may be because the flame velocity is mainly
affected by the mixture concentration, therefore, when decoupling the effect of the flow field
from the combustion velocity, the difference between the flame velocities at the same charge
concentration and different speeds is not obvious.
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Fig. 10. The flame velocity at different engine speeds. [43]
3.3. The relationship between knock and combustion, flow and flame velocity

The fitted data were used to complete the plot in Fig. 11, which shows KI at the
corresponding fitted forward combustion/flame velocity, to better illustrate the relationship
between knock and combustion/flame velocity. It can be seen from Fig. 11 that when the flow
velocity is constant, as the FCV velocity or flame velocity increases, the KI gradually increases
at an increasing rate rather than a constant rate. After the formation of the flame kernel, the
flame front propagates forward stably with a pressure wave ahead. This pressure wave is
formed by the temperature gradient between the flame front and the unburned charge, which is
positively correlated with the flame velocity. Therefore, when the combustion/ flame velocity
increase, stronger pressure waves are generated, thus triggering more intense in-cylinder
pressure oscillations, which manifest as high KI. Besides, the non-linear relationship between
KI and combustion velocity may suggest the need to control the combustion velocity of HWRE
within a suitable range, to ensure a satisfactory constant-volume combustion degree without
triggering a violent knock.

www.globalpublisher.org 32



International Journal of Smart Energy Technology and Environmental Engineering

Volume 3, Issue 1, March 2024
https://setee.globalpublisher.org/
http://globalpublisher.org/journals-1007/

28.85
0.8

30.85

Fitted flame velocity/(m/s)

32.85

34.85

T

T

n=1000r/min; MAP=80kPa]]

0.6

Knock intensity/bar

=
(%]
T

T

1

0.0
44

46

48

50

36.85 38.85 40.85
T : T
]
1 L 1 L
52 54 56

Fitted forward combustion velocity/(m/s)
Fig. 11. Knock intensity at corresponding fitted forward combustion/flame velocity. [43]

Fig. 12(a) and (b) show the KI at FCV and corresponding flow velocity, respectively,
when the flame velocity is similar. KI shows an approximately linear increase with increasing
FCV and flow velocity. The reasons for this trend are the same as those described in Fig. 11. It
should be noted that the increase of FCV in Fig. 12a is due to the increase of flow velocity
while in Fig. 11 it is due to the increase of flame velocity, thus causing a difference in the
relationship between KI and FCV. An increase in flame velocity compared to an increase in
flow velocity leads to a significant increase in KI. It indicates how important it is to increase
in-cylinder turbulence rather than flame velocity to achieve satisfactory constant volume
combustion to avoid knocking.
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4. Conclusions

Based on Wankel rotary engine (WRE) experimental bench, a method for measuring the

combustion velocity of hydrogen-fueled WRE is proposed. And the relationship between
knock level and combustion velocity in HWRE is quantified.

1. Providing a combustion velocity measuring method of dual spark plug HWRE
according to the in-cylinder pressure, which can measure average combustion, flow and
flame velocity, for hydrogen and other fueled WRE. The error of this method is
influenced by the tested ignition timing interval.

2. Due to the influence of the in-cylinder flow field, the flame can not propagate backward

at the vast majority of operating conditions, thus causing the backward combustion to
be dominated by the flow field. Thus, to ensure the level of constant-volume
combustion, dual spark plugs are requisite for HWRE.

3. In HWRE, as the excess air ratio increases, forward combustion velocity and flame

velocity increase gradually. When the HWRE is operating at 1000 r/min, 80 kPa MAP
and stoichiometric ratio, the forward combustion velocity is 53 m/s. And as the engine
speed increases, the forward combustion velocity and flow velocity increase gradually
while the flame velocity is basically constant, which indicates that the flame velocity is
mainly affected by the fuel concentration. At 1.6 excess air ratio and 80 kPa, the forward
combustion velocity increases from 53 to 79.5 m/s as the engine speed increases from
1000 to 2500 rpm.

4. The HWRE knock level is affected by flame velocity and flow velocity, both of which

are positively correlated with knock intensity. The increase of flame velocity is prone
to lead to a more violent knock.

Limited by the measurement method, it can only measure the average value of the

relevant parameters.
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