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Misfire has attracted lots of researcher’s attention as a common engine fault, but
most researchers focus on misfire diagnosis. For motorcycle engines, misfire is
more worth to investigate because of the more extensive operation windows. The
misfire degree is detected by experiment and its effect mechanism on subsequent
cycles is investigated through simulation. Its effect is analyzed through two as-
pects. First, misfire cycle leaves about 10.8% fuels that participate in next cycle
working process, leading to richer fuel/air mixture. But 13.8% lower of in-cy-
linder peak pressure than normal scenario is observed. Then interaction between
flame propagation and flow field is discussed. The effect of misfire on flow field
intensity is small, but it changes flow field structure largely. This change evolves
persistently during subsequent processes, superimposing the lower temperature
brought by misfire of last cycle, resulting in slower flame propagation and thus
lower thermal efficiency for misfire scenario. This impact can last 3-4 subsequent
cycles until gradually fades away. Second, for pollutants formations, the NO emis-
sion is lower for misfire scenario due to the lower in-cylinder temperature, but HC
emission is higher. Although higher CO is produced during main combustion
phase for misfire scenario, it converts to CO, more largely during post flame
stage, resulting in almost the same final amount relative to normal scenario.

Key words: gasoline engine, misfire, energy conversion, flow field,
flame propagation, CFD

Introduction

With development of fundamental theories, new technologies, and responding the
energy conservation and emission reduction, more and more cleaner energies are developed
and applied for driving a car in recent years, such as hydrogen, or electric energy. However,
they are not applied in a large scale because of the limitation of some key technologies (for
example cruising ability, operation stability). Internal combustion engines (ICE) are still the
main power machinery used in automobile industry. According to China Mobile Source Envi-
ronment Management Annual Report [1], the number of automobiles reaches 260 million un-
til 2020 in China, among them the proportion of powered by fossil fuel and new energy are
98.5% and 1.5% (3.81 million), respectively. Thus, it is very necessary to investigate the fac-
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tors, which cause bad engine performances (such as high fuel consumption and emission), and
optimize them.

For premixed combustion engine, the engine performance mainly depends on the in-
-cylinder combustion process. In previous investigations [2, 3], it has been summarized that
the in-cylinder combustion process is mainly affected by following three factors in gasoline
engine: the effect of engine structure (such as compression ratio, location and number of spark
plugs), the effect of quality and component of air/fuel mixture, and the effect of operation
conditions (engine speed, load). Among them, engine structure affects flame propagation by
generating different flow patterns. Deng et al. [4] analyzed the interaction between flame
propagation and flow field in three different engine structures in detail, the result showed that
during flame propagation the smaller distance between flame center and flow field center
could generate better combustion performance (for example smaller combustion variation be-
tween cycles). Chen et al. [5] utilized the twin-spark ignition model to shorten combustion pe-
riod (twin-spark ignition model generated higher turbulence kinetic energy (TKE) to acceler-
ate the flame propagation) and then acquire the higher torque and lower fuel consumption.
The effect mechanism of air/fuel mixture on engine performance is different from engine
structure, it impacts on engine performance by influencing combustion efficiency and flame
propagation speed. Deng et al. [6] found that when the excess air coefficient, 4, increased
from 0.85-1.2, the engine torque decreased by 20.3% under 60% load and 3000 rpm, the de-
crease was even more significant at other operating conditions. A similar phenomenon was
found by Ossama et al. [7], they found that the fastest laminar flame speed was generated un-
der A = 0.9 for iso-octane, and only when the width of /1 was kept at a range of 0.8 to 1.2, the
combustion process is normal. Otherwise, flame propagation will be difficult during combus-
tion stage, even occurs the misfire phenomenon, especially for motorcycle engine because of
the more extensive operation conditions. Thus, if the engine performances want to be im-
proved further, it is well worth to research the effect mechanism of misfire on in-cylinder
work process of subsequent cycles.

Misfire is a common fault for ICE. Abhishek et al. [8] and Jafarmadar et al. [9] have
summarized some factors, which cause the misfire phenomenon, and they also stated that mis-
fire reduced engine power output by 25% and increased fuel consumption and emissions.
Thus, misfire behavior of engine attracts a lot of researchers to find some high-efficiency
methods to accurately detect misfire. For example, Masayuki et al. [10] combined the exhaust
temperature with an algorithm to detect misfire, this method could attain 75% successful de-
tection ratio. Andrew et al. [11] used a combination of digital filtering (residual generation)
and statistical pattern recognition (fault isolation) to detect the intermittent and continuous
misfire through separate algorithms, the intermittent misfire phenomenon could be detected
100% for all conditions, continuous misfire was also detected accurately when the engine
speed is below 4000 rpm. In the past few years, lots of experiments or novel methods focused
on the misfire detection [12-14]. However, the research about effect mechanism of misfire is
very rare during subsequent work process, especially for small displacement gasoline engine.

In order to figure out the aforementioned problem and further understand the misfire
effects, the research method of experiment combined with numerical simulation was used in
this study. A single-cylinder engine used for motorcycle was tested, the misfire degree under
both steady-state and transient operations were evaluated, then a 3-D in-cylinder model was
built and calculated by a commercial CFD software based on the real experiment condition.
The goal of this study is to explore the misfire degree and its effect on flow field structure and
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combustion process in subsequent cycles. We hope to provide an implication for developing
higher performance engines especially decreasing fuel consumption and emission.

Experiment set-up

The experiment was performed on a single-cylinder, four-stroke motorcycle engine.
Its displacement is 125 mL, the detailed engine parameters are displayed in tab. 1. The
equipment used in experiment and their parameters are listed in tab. 2. Figure 1 shows the di-
agram of experimental set-up and the distribution of sensors, there are two test scenarios in
the current study: steady-state and transient detection, respectively. The steady-state experi-
ment process has been described in detail in previous research [5], only a brief description is
given in following.

Table 1. Engine parameters

Item Content Item Content

Engine type | Four-stroke and single-cylinder, single-spark | Connecting rod length [mm] 103.5

Displacement 125 mL Compression ratio 9.0
Bore [mm] 56.5 Maximum power [kW] 8.3
Stroke [mm] 495 Maximum torque [Nm] 10

Table 2. Test equipments

Equipment name Manufacturer/type Measurement range Precision
Dynamometer API-COM/100 kW 9157-08-3 0-100 kW 1 Nm
Emission tester AVL/Digas2200 N%OOOS%)%(?ZSE CS COfll Z‘;;OI
Combustion analyzer DEWESOFT/SIRIUSI-HS CA 0-200 V 200 ks/s
Fuel consumption meter API-COM/MC 082 0-50 kg/h +0.10%
Cylinder pressure sensor Kistler/6115BFD34Q02 0-100 bar —9.692 bar/v
Intake pressure sensor Kulite/XTL-190M-500 kPa 0-5 bar 0.199 mV/kPa
Exhaust pressure sensor Kulite/EWCTV-312M-17BARA 0-10 bar 265.691 mV/bar

During steady-state experiment, in order to ensure the experimental data is reliable
enough, the data were collected under engine operation more than 300 cycles. The engine op-
erated under a wide range of condition. For example, the engine load was 30%, 60%, and
100%, respectively, the operation range of speed was within 3000 rpm to 9500 rpm, and the
interval was set to 500 rpm. Under all conditions, the excess air coefficient, 4, is 1. In each
case, some important engine operating parameters, such as intake, exhaust pressure, were
measured and collected. The performance parameters, such as torque and brake specific ener-
gy consumption and so on, were also measured and collected. The in-cylinder pressure was
measured by a special pressure sensor (Kistler/6115BFD34Q02) to reflect the in-cylinder
combustion situation (the misfire degree), the sampled interval was set to 0.1 °CA. The heat
release rate (HRR) generated by fuel was measured by a combustion analyzer
(DEWESOFT/SIRIUSI-HS CA) also with an interval of 0.1 °CA. During the test, all of data
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Figure 1. Schematic diagram of experiment set-up
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were acquired when the engine was preheated fully, the criterion is that temperature of spark
plug reached 120° +5° with a 30 seconds stable operation. The environment temperature and
pressure, for both steady-state and transient experiments, were controlled at 25° +1° and 1 bar
+100 Pa.

For transient detection, the combustion process is reflected by vibration signal. An
accelerometer was used to measure the vibration on the surface of engine cylinder head. Dur-
ing this test, after warming, the engine was initially operated at low speed (~3000 rpm) and
medium load for about 15 seconds, then the speed was suddenly raised up to highest
~9000 rpm while the engine load was declined, so that it may happen misfire. A well calibrat-
ed algorithm is used to estimate misfire. This algorithm uses a relative vibration signal (a
measured value divided by a reference value that measured under misfire scenario) that in-
volves engine operation parameters (speed/load) as a misfire indicator.

The CFD set-up and verification

In this study, the simulation was performed by a commercial software named CON-
VERGE [15], it is more efficient and professional for calculating the in-cylinder work process
relative to other software. The RNG k-¢ model is selected to simulate the development of in-
cylinder turbulence [16]. A reduced skeletal chemical model was used to emulate the in-
cylinder combustion process [17]. In this model two components, iso-C8H18 (90 vol.%) and
n-C7H1s (10 vol.%), were used to represent the realistic gasoline. To trade off the calculation
precision and cost, the process of grid arrangement strategy is introduced: first, according to
our multiple tries and the grid-independence study of Rakopoulos et al. [18], the base grid
size of 8 mm was selected; second, the refinement level of 2 (half grid size relative to base
grid) was applied to cylinder and for capturing the discharge process, at spark plug location
two layers refinement levels of 2, 4 are arranged, respectively; third, in order to capture the
drastic change of temperature and velocity, adaptive mesh refinement was used with 3 re-
finement levels during flame propagation (—32 to 80 °CA). After aforementioned grid refine-
ment scheme, the minimum grid size of 0.25 mm can be attained, this grid strategy is enough
to capture the combustion process [19].
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In order to investigate the effect of misfire on engine performance, especially for
flame propagation of subsequent cycles, five consecutive cycles of two scenarios were set for
calculation. In Scenario 1, it is a normal working status, all boundary conditions were ac-
quired from the experiment, and this case gives a base reference. In Scenario 2, the ignition
source of second cycle was removed to simulate the misfire phenomenon during five consecu-
tive cycles. The rest of settings in Scenario 2 were consistent with Scenario 1. For all cases,
the operation condition is 5000 rpm, 60% engine load and / = 1, the ignition timing is —31
°CA. The main boundary conditions are exhibited in following.

The transient intake and exhaust pressure were measured by experiment, which is
shown in fig. 2(a). The 0 °CA is combustion TDC of cycle 1.

The intake and exhaust valve lifts are showed in fig. 2(b), and the movement trail of
piston is automatically by CONVERGE.
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Figure 2. The measured boundary conditions; (a) the intake and exhaust pressure and
(b) the valve lifts of intake and exhaust
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perimental. Figure 3 displays the comparison of = Figure 3. The comparison of Pmax between

Pmax and its location of five subsequent cycles experiment and calculation

between experiment and calculation. It can be

seen that whatever the Pmax OF its location, the error between experiment and calculation is very
small (the maximum error of Pmax is 3.1%, the maximum error of location is 5.3%). Figure 4
shows the comparison of emissions between experiment and calculation. It can be found that
when the NO and CO emissions from calculation are stable, it is very close to that of experi-
ment. Thus, our calculation is enough reliable to reflect the real in-cylinder working process.

Results and discussions

Misfire phenomenon and its degree

In general, in-cylinder combustion is divided into three levels: normal combustion,
partial combustion, and complete misfire. These combustion levels can be directly detected by
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Figure 4. The comparison of emissions between experiment and calculation

detecting some important process parameters, such as in-cylinder pressure. Also, they can be
indirectly reflected by collecting vibration signal and demodulating to reference value [20]. In
this work, under steady-state detection, the direct method is used (namely the in-cylinder
pressure measurement), while under transient operation the indirect method is used due to the
response difficulty in in-cylinder measurement during high transient operation. Figure 5 dis-
plays the combustion levels of 300 cycles under a wide operation conditions. Referring to
[21], the heat release percentage vs. indicated mean effective pressure (IMEP) is used to indi-
cate the combustion completeness degree. It can be seen that under low engine speed the
combustion process is very excellent, almost all cycles are normal combustion. But, cycles of
partial combustion increase with increase of speed, especially for operation conditions of
5000 rpm, 60%, load and 9000 rpm, 30% load. Under these two conditions, the combustion
process of some cycles are very poor. Though those cycles are partial combustion, they al-
most equal to misfire due to very little combustion heat is released. Because the in-cylinder
working process is continuous, these cycles will have obvious effect on engine performance.
But, due to the limitation of detection technology, it is very difficult to observe their effects
by experiment. Thus, in order to further understand the effect of misfire on continuous work-
ing process, we design an extreme simulation scenario (complete misfire) to analyze what
happen during this process.

According to the study of Peterson et al. [22], the misfire was not result of failed ig-
nition during engine operation, but a failure of flame propagation because of the leaner mix-
ture and lower velocity near spark plug. It means that the structure of flow field, the composi-
tion of air/fuel mixture in misfire cycle will generate significant differences from normal cy-
cles and then affect subsequent cycles. The working process of ICE is sequential, how much
the effect of misfire cycle on subsequent cycles, which need to further investigate. Figure 6
compares the in-cylinder pressure evolution of sequential five cycles between normal and
misfire scenarios. It can be seen that the in-cylinder pressure of cycle 2 is obviously lower
than other cycles because of the lack of ignition source in misfire scenario (see the dashed cir-
cle). From fig. 6, at least three aspects can be observed regarding the effect of misfire cycle on
following cycles: Comparing normal and misfire scenarios, the in-cylinder pressure of cycle 3
(the next cycle after misfire cycle) in misfire scenario is significantly lower than normal sce-
nario (the peak pressure of cycle 3 in misfire scenario is 36 bar, the normal scenario is 41
bar). In misfire scenario, the variation of cylinder pressure in the next few cycles after misfire
cycle is obviously higher than the normal scenario; in normal scenario, the highest variation
of cylinder pressure is 3.98% (between cycle 4 and cycle 5), but in misfire scenario the high-
est variation reaches to 11.92% (between cycle 3 and cycle 5, note that this value is only
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Figure 5. The heat release percentage vs. IMEP for 300 consecutive cycles
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Figure 6. The evolution of cylinder pressure with CA evolved for sequential five cycles

0.97% in normal scenario); this phenomenon will contribute to higher cycle-to-cycle varia-
tion. The effect of misfire cycle on subsequent cycles is persistent, at least the effect still ex-
ists in cycle 5; after which, however, its impact gradually reduces; for example, whatever the
evolution of cylinder pressure or peak pressure, the differences are very obvious between
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them in cycle 3, but only peak pressure has a slight difference (3.16%) in cycle 5 as shown in
fig. 6.

From aforementioned analysis, misfire generates a significant impact on the in-
cylinder working process of subsequent cycles. How the misfire cycle generates effects on
energy conversion and working process of subsequent cycles is analyzed in following sub-
sections.

Effect on combustion process

For ICE, the in-cylinder flame propagation process directly decides the engine per-
formances (for example, torque, fuel consumption, and emissions) [23]. The flame propaga-
tion process is mainly affected by in-cylinder mixture component and the interaction between
flame propagation and flow field structure [24]. For misfire scenario, because of the existence
of internal exhaust gas recirculation and lack of combustion process, it will cause obvious dif-
ferent for air/fuel mixture component and flow field structure in the following cycles relative
to the normal scenario. Figure 7 displays the evolution of CgHig and Oz mass fraction with CA
evolved in cycle 3 (the next cycle of misfire cycle). It can be found that some of CgHig and O-
from misfire cycle were remained in cylinder, they will take part in the combustion process of
the next cycle with fresh air/fuel mixture when the intake valve opens (IVVO) at cycle 3. This
process will obviously impact the A of cycle 3 (the A of cycle 3 is 0.97 in misfire scenario).
The difference of / affect the combustion process at two aspects. First, for heat release, the re-
served fuel from misfire cycle is about 6.385 - 10" kg (before ignition, fuel in misfire scenar-
i0 is 6.53 - 106 kg, while for normal scenario is 5.89 - 105 kg), the heat release from misfire
scenario is 10.83% higher than normal scenario. Second, for combustion process, after igni-
tion fuel is consumed more early in normal scenario, the CgHjs is firstly consumed at 20 °CA
bTDC (0 °CA is defined as combustion TDC), misfire scenario occurs at 10 °CA bTDC (see
the black solid line in fig. 9). Then in-cylinder mixture is consumed quickly, the CgH1s is con-
sumed fastly during aTDC 7 °CA to aTDC 14 °CA for normal scenario, while this stage oc-
curs in aTDC 11 °CA to aTDC 16 °CA for misfire condition. A similar phenomenon is also
reflected in fig. 8. It shows the evolution of in-cylinder temperature and HRR with CA. It can
be seen that the in-cylinder temperatures begin to rise at 1 °CA bTDC for them. For normal
scenario, the fastest rise stage of in-cylinder temperature is approximatively aTDC 9 °CA to
aTDC 19 °CA, and the in-cylinder temperature rises to the highest at aTDC 21 °CA, while for
misfire scenario, the fastest rise stage of in-cylinder temperature occurs about aTDC 14 °CA
to aTDC 24 °CA, the in-cylinder temperature reaches to highest at aTDC 29 °CA. Their dif-
ferences in working process are caused by heat release process. The heat release of normal
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Figure 7. The comparison of CsHis, O2 consumption between misfire and
normal scenario in cycle 3
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scenario is earlier than misfire scenario benefit from the earlier fuel consumption. Finally,
with the CgH1s is consumed fully, the in-cylinder temperature begins to decrease.
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Figure 8. The evolution of in-cylinder temperature and HRR with CA in
cycle 3

From aforementioned description, it can be found that although the heat released from
misfire scenario is 10.8% higher than normal scenario in cycle 3, while the Pmax 0f normal sce-
nario is 13.8 % higher than misfire scenario. The difference of 24.6 % is generated by the fol-
lowing aspects: For misfire scenario the combustion period is longer and the cylinder wall tem-
perature is lower because of the misfire, thus the heat transfer loss is larger. In the fast rise stage
of temperature, normal scenario is closer to TDC; it means that the volume efficiency of normal
scenario is higher. Relative to misfire scenario, the Pmax Or highest temperature occur earlier for
normal scenario, and its combustion period continues more short, resulting in higher in-cylinder
temperature, however, the aforementioned phenomena are generated strongly dependent on
flame propagation, furthermore it is decided by the evolution of flow field.

According to Daniele et al. [25] and our previous study [5], it is well known that
flame propagation is largely affected by the interaction between combustion and flow field
structure. The TKE is an important parameter for flow field structure, which can directly re-
flect the pulsation velocity of turbulence, it is calculated by eq. (1). Figure 9 gives the evolu-
tion of TKE with CA evolved for in-cylinder average and at spark plug location, respectively.
It can be seen that before exhaust valve close (EVC) in cycle 2, TKE of misfire scenario is
obviously higher than normal scenario, but it also dissipates fastly. This phenomenon is gen-
erated by exhaust backflow, because cycle 2 is misfire, thus the in-cylinder pressure is very
low. When the exhaust valve is opened, the environment air will enter into cylinder due to
pressure difference and generate higher TKE as shown in before EVC (bEVC) 20 °CA of
fig. 10 (it is displayed from A-A direction), the obvious exhaust backflow can be observed.
With the decrease of pressure differential, the TKE reduces fastly. Until to EVC timing, their
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Figure 9. The evolution of TKE with CA in cycle 3
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TKE are close and enter the next cycle. Although exhaust backflow has no obvious effect on
flow field strength, it has a significant impact on their flow field structure. The normal scenar-
io generates a uniform flow field and not yet produces an apparent macroscopic vortex mo-
tion, the misfire scenario generates an obvious vortex which locates in bottom right corner of
chamber as EVC shown in fig. 10.

@)

where u; is gas velocity and 1 is the turbulence intensity.

Normal scenario Velocity [ms=1]

Misfire scenario

bEVC 20°C

Velocity [ms=1]
40
30
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10

Figure 10. The comparison of flow field structure between normal and
misfire scenario at different timing in cycle 3

Then the intake valve is opened, the in-cylinder average TKE has a slight rise, but
TKE near spark plug has an obvious rise as shown in fig. 10. The evolution of TKE is very
similar between normal and misfire scenario. But the average TKE of in-cylinder for normal
scenario is higher than misfire scenario. Besides, there is only a vortex which locates near
spark plug for normal scenario, while there are two vortexes which locate in cylinder center at
flow field for misfire scenario, bottom right corner respectively (in fact the vortex located in
bottom right corner has generated at EVC of cycle 2) as shown in fig. 10. These differences at
flow field structure between two scenarios will affect the formation of flame kernel. As shown



Chen, Y., et al.: The Misfire Degree and Its Effects on Combustion and ...
THERMAL SCIENCE: Year 2022, Vol. 26, No. 2C, pp. 1649-1663 1659

in fig. 10, the shape of flame kernel has a significant distinction. The flame kernel generated
from normal scenario presents as an ellipse, the flame kernel of misfire scenario presents as
an irregularly circle. Then, with the flame propagation, the decreasing TKE transfer to a slight
increase. The irregular flame front shape behaves more obvious for misfire scenario, the flame
front tends to propagate for the right side. The flame front develops symmetrical for normal
scenario. Subsequently, the flame begins to propagate fastly. The flame front disturbs drasti-
cally in-cylinder flow field, the TKE near spark plug has an apparent change. However, the
changing process between two scenarios has an obvious difference. For normal scenario, TKE
changed period from rise to decrease continues for 20 °CA, while misfire scenario continues
for 45 °CA. This phenomenon is caused by the difference of flow field structure. It can be
found in fig. 10, there are two vortex centers located in spark plug and right corner of cham-
ber respectively for misfire scenario because of the exhaust backflow. With the evolution of
flow field, at aTDC 10 °CA the vortex located in right corner of chamber disappears and gen-
erates local strong flow regions, which cause the rise of TKE for misfire scenario. In fact,
such flow field structure in misfire scenario affects not only TKE but also more for flame
propagation process.

The flame propagation process is displayed in fig. 11. It can be seen that after com-
bustion TDC, the flame propagation speed reaches to the fastest stage. Compared two scenar-
ios, it can be found that when flame almost fills the whole combustion chamber for normal
scenario, the misfire scenario only fills about three quarters of combustion chamber. The
flame is obviously impeded when it propagates toward to right side of combustion chamber.
This phenomenon is mainly caused by the flow field structure, it can be observed that the vor-
tex center located in right side of combustion chamber is squeezed to break by vortex located
in combustion chamber center, the broken vortex generates a strong flow field at this region
and impedes the flame propagation as shown in purple ellipse of fig. 10. Thus, the flame
propagation of misfire scenario is slower than normal scenario and generates subsequent
chain effects.
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Figure 11. The process of flame propagation in cycle 3; (a) normal condition and (b) misfire condition
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Effect on pollutant formation

For NOx emissions, most of them are NO, and the proportion of NO/NOy reaches
to 90% [26]. Thus, this article also focuses on NO. According to the studies [27, 28], the
generation of NO is closely related to in-cylinder temperature, oxygen concentration and
residence time for reaction to take place. When 1 is approximate 1 for gasoline engine the
NO is mainly generated by reaction N, + O = NO + N, but dependent on in-cylinder tem-
perature the generation speed of NO changes obviously. Bougrine et al. [29] found that
when the in-cylinder temperature is below 2100 K, the reaction rate of NO decreased drasti-
cally. Figure 12(a) shows the NO emission for misfire and normal scenario. It can be seen
that the NO generated from normal scenario is obviously higher than misfire scenario, and
the generation speed of NO during combustion stage is also faster. This phenomenon is
mainly caused by in-cylinder temperature and local excess air coefficient, 1. In section Ef-
fect on combustion process, it has known that the 4 of misfire scenario is 0.97, and normal
scenario is 1. The effect of 1 on NO generation is very small. Thus, NO generation is domi-
nated by in-cylinder temperature. From fig. 8, the highest in-cylinder temperature of normal
scenario is 4% higher than misfire scenario, and the persistent time of high temperature (be-
yond 2100 K) for normal scenario is 10.36% longer than misfire scenario. This means that
normal scenario will has more time and higher temperature than misfire scenario to generate
NO by reaction N2 + O = NO + N. Thus, normal scenario exhausts higher NO.

The CO is the intermediate production of HC fuel and toxic [30]. Our previous
study [31] has described the generation and consumption pathway of CO. It is mainly gen-
erated by reaction HCO + M =H + CO, HCO + O, = HO; + CO, and it is consumed by re-
action CO + OH = CO3 + H. This reaction releases a lot of heat and domains the rise of in-
cylinder temperature. Figure 12(b) gives CO emission for normal and misfire condition. It
can be found that though the normal scenario generates more CO during combustion stage,
the CO emission is close to misfire scenario, which means that more CO are consumed dur-
ing main combustion phase. This phenomenon is also reflected by the evolution of CO; and
OH, during main combustion stage the more CO, and OH are generated and consumed for
normal scenario. This is the main reason why the higher in-cylinder temperature is acquired
for normal scenario. But finally CO, emission is similar for them. This is because that the
misfire scenario consumes more CO during post combustion stage, therefore in-cylinder
temperature of misfire scenario is higher than normal scenario during post combustion
stage, see fig. 8.

Figure 12(c) displays the total concentration of HC (CsH1s and C7Hss). It can be
observed that HC is higher for misfire scenario before ignition because of misfire in last cy-
cle. During main combustion phase, the consumption of HC for normal scenario is faster
than misfire scenario. The misfire scenario of HC is higher in final emission, and normal
scenario almost consumes all HC. This is because that for normal scenario the in-cylinder
temperature is higher and flame propagation is faster, there are enough conditions to con-
sume HC intermediate productions during main combustion phase. For misfire scenario,
although HC are not consumed fastly during main combustion phase, the high temperature
period (beyond 1500 K) continues longer than normal scenario. This phase consumes partial
HC, but it is no enough to consume all HC.
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Figure 12. The comparison of emissions between misfire and normal conditions in cycle 3
Conclusions

In this paper, the effect of misfire on engine performance is discussed in detail

through experiment combined with simulation. The vibration speed fluctuation rate is used to
detect the misfire. In order to further understand the effect mechanism of misfire, the next cy-
cle of misfire cycle is displayed as an example to investigate how the effect of misfire on en-
ergy conversion, combustion, and pollutant formation. Some important conclusions can be
drawn as follows.

From the wide experiment conditions, it finds that in-cylinder combustion process is more
excellent under low engine speed, and the effect of load on combustion is very small. Un-
der middle speed (5000 rpm), in-cylinder combustion process degenerates with increase
of load. Under high speed (above 7000 rpm), the combination of high engine speed and
low load will cause a poor combustion process. Actually, from this study, misfire is a
progressive phenomenon, rather than a watershed. The effect of misfire on subsequent
cycles has two respects: first, the next cycle of misfire cycle has a low in-cylinder pres-
sure than normal condition because of the bad flame propagation and second, the effect of
misfire cycle on subsequent cycles is persistent, at least its effect continues to cycle 5.
From dissecting the interaction between flame propagation and flow field in cycle 3. The
reason that misfire causes the bad working process in subsequent cycle is found. Alt-
hough the heat release of misfire scenario is 10.8% higher than normal scenario, the in-
cylinder pressure of normal scenario is 13.8% higher than misfire scenario in cycle 3.
This is because that misfire cycle generates a vortex center due to exhaust backflow,
which locates in the right side of cylinder, it fights with another vortex, which is generat-
ed by intake stage and locates in cylinder center, to cause a tanglesome flow field struc-
ture and bad flame propagation, resulting in worse in-cylinder working process.
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e Comparing the emissions between two scenarios, the higher NO emission is generated for
normal scenario because of the higher in-cylinder temperature. The higher HC is exhaust-
ed for misfire scenario due to the slower flame propagation, but misfire scenario has
longer high temperature period (beyond 1500 K), and benefit from the longer high tem-
perature for misfire scenario, its CO and CO; emissions are almost equal with normal
scenario.
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