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Analyses of cycle-to-cycle variation of combustion at low load condition by using
high-speed PIV and direct photographing of early flame propagation
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Abstract

Cycle-to-cycle variation (CCV) of combustion is an important issue because it affects emissions and drivability.
Improvement of CCV of combustion has been carried out using electronic controls (e.g. ignition timing, fuel injection
and variable valve timing) in motor vehicle's engines. However, electronic devices are hardly used for motorcycle's
engines because of limited space and cost. Therefore, the engine performance itself must be improved to reduce
CCV of combustion in motorcycle. Though CCV of combustion is caused by CCV of in-cylinder flow pattern, fuel
distribution, temperature and residual gas, and ignition energy, it is difficult to measure and analyze these factors.
In this study, the simultaneous measurement of high-speed PIV and direct photographing of flame propagation was
carried out. CCV of in-cylinder flow was evaluated as temporally-averaged flow that was obtained by instantaneous
flow using low-pass filtering and cut-off frequency. As a result, in-cylinder temporally-averaged flow pattern fluctuated
between individual cycles. Especially, the flow pattern on the surface of piston at BDC was different between the
highest and the lowest cycle in IMEP. This difference is considered to be due to the location offset of tumble flow. Also
the fluctuation of turbulence kinetic energy (TKE) is caused by tumble flow offset. TKE distribution near the spark plug

at ignition timing affected the direction and speed of flame propagation.
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Fig.1 Optical single-cylinder engine



=i PIV 513 K UAIEAR RAGHERTRILIC & BEAFEEIIC S T BT 1 7 IV EENDRZIR

Analyses of cycle-to-cycle variation of combustion at low load condition by using high-speed PIV and

Table 1 Specifications of optical engine

Displaced volume [em?] 500
Stroke [mm)] 86
Bore [mm] 86
Connecting rod length [mm] 139
Compression ratio [-] 9.2
Number of valves 4
Intake valve opening (IVO) [deg. ATDC] 360
Intake valve closing (IVC) [deg. ATDC] 600
?g\l}gl)st valve opening [deg. ATDC] 130
Exhaust valve closing (EVC) [deg.ATDC] 360
Injection type PFI
Material of cylinder liner Quartz glass
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direct photographing of early flame propagation
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Fig.2 Schematic drawing of the optical setup
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Table 2 Specifications of optical setup
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- PIV b
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Fig.3 Measurement area of TR-PIV and analysis area of

flame propagation
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Table 3 Experimental conditions

Engine speed [rpm] 1000
Water temperature (inlet) [deg.C] 70
Equivalence ratio [-] 1.0
Ignition timing [deg.ATDC] -5.0
Ignition dwell [ms] 3.0

Start timing of fuel

injection 6 sor [deg.ATDC] 180 (Exhaust stroke)
Fuel pressure (abs.) [kPa] 350

Load (net IMEP) [kPa] 140 350
Injection duration [ms] 2.89 4.12
Fuel iso-octane
Warm up time [sec] 30

Number of measurement [eycles] 45

cycles
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direct photographing of early flame propagation

ZOOARKD, BHREGE u &, 7Y 7 VG KulX &L
N R EPFIFGE a AL o' 2 LT A 2V A SR
M ouc TERITEDHIKS, TDTeE AT IVEBD IR
N DFOXR)D ue MDY E (1) BXTAQR) NS
RXE)MSN, T)VT—FORFHA DD,

u,=u+u' (1)
u, :<u>t +u'+u, (2)
u= (u) (3)

B D T YRR &SR T D YT /3T 22
B R PEE D VS NS ZEREETE TR, BRI RS
MY A ZXZHNHIST VTV ERA—ISAT )V AD
Vs ha (Reuss et al, 2000), LNUERMNS, ZERTH A X1
RN DB e b, 24P ETE a (S BHFR 2 29I
BEENZV T DD, ZE P53 E K L LES (Large-
eddy simulation) 5SRO LERICIZEL TV B DY, IR
WA 2T 29 A 7)IVEB O E R IR0,

R 2 O T ik DD TELDV (L—H Ry 7 i
HEND I KO EE DTz F Y > 77 2 7 U e
fiEttd 5L CTOFEIRE LR Z YD 733 571 N AT JE R
ZPELTW iz (fiAh, 1987) BIFETIEL—YRHATD
PEREM] BISHEON PIVTE R Y > TV Dl fieL Zm o Ttz
B PIVDT =R TELDVD XS I FRR DM 2175 LMW T
&2 (Ckafl, 2013) . FHSETNE TSy bA TS EE
W iza— 82T )V ZY K0 A 7IVEB G T
SRR O 2175 T &7z (Hokimoto et al., 2017) A
i L COREREIEC K B A 7 )VEB K0 72 5 A T2
WOt Z1T -7z,

71w M A T B ORE IR L, ZEEMSES5 N+
IV T DAEFRGE RIS I 2108 1E OWF i JE I %2 F W FFT
(Rl 7 — V) T2 I K B S R 2 17 > 7o M 41C X3
N X EIT/R U T2 sl D HUAS U T il 5 0 JE i 850 87 —
ART MVERT K4 FEHEE RT3 5 s O IF ]
JEIET R 7 > 7 iy eI OGRS 2 8 g, BRI
WG B E 2 FFTUIS S Nz 8T — ARZ MLT, Bl 8
B HENC T — 72713 ARGHI DY > TV 7 TR 033
kHzTH %72, 71 FAMAHEE1.5kHz TH 5, 753, X
HR R 45T A 7V DBRRR T ARBUCT45Y A )b -7
YT IR O R 219, K4 (a)iCnet IMEP = 140
kPaZ&ft, [X14(b)icnet IMEP = 350kPaZ&ffOfEH %217,

YAMAHA MOTOR TECHNICAL REVIEW 108



=i PIV 513 K UAIEAR RAGHERTRILIC & BBEAFEEIFIC S T SR Y 1 7 IV EENDRZIR

Analyses of cycle-to-cycle variation of combustion at low load condition by using high-speed PIV and

direct photographing of early flame propagation
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Fig.4 Results of flow analysis. Time series data of the velocity magnitude at fixed point are shown in upper figure.
Power spectrum of velocity magnitude are shown in lower figure. Instantaneous flows have high frequency
component, compared with ensemble averaged flow. It can be considered that this high frequency components

are turbulence.
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Fig.5 In-cylinder pressure and rate of heat release in the cases of net IMEP = 140 and 350kPa condition. A big
difference appears in the cylinder pressure between highest and lowest load cycle. Also heat release rate in the
case of highest load cycle raises from an early period, compared with in the lowest load.
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Fig.6 Results of combustion analysis in the two load conditions. As basic trend, net IMEP drops when MFB10
retards. The difference of net IMEP from the average in the lower load cycle is larger than that in higher load cycle.
Relationships between net IMEP and MFB10, MFB50 and MFB90 are obtained linear.
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Fig.7 Direct photographs of an early flame propagation. The flame propagates toward tumble direction in the
net IMEP = 140kPa condition. However, the flame also grows toward counter tumble direction in the highest

load cycle.
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Fig.8 Comparison of the temporally-averaged flow pattern between the highest and the lowest load cycle in the
case of net IMEP = 140 kPa condition. The wind-up flow from a piston head during compression stroke in the
highest load cycle is stronger than that in the lowest load cycle.
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Fig.9 Comparison of the temporally-averaged flow pattern between the highest and the lowest load cycle in the
case of net IMEP = 350kPa condition. The wind-up flow from a piston head during compression stroke in the
highest load cycle is stronger than that in the lowest load cycle.
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Fig.10 Comparison of spatially averaged kinetic energy and spatially averaged turbulent kinetic energy. KE in the
highest load cycle becomes higher than that in the lowest load cycle during compression stroke. Similarly, TKE in
the highest load cycle becomes higher in the latter half of compression stroke.
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Fig.11 Comparison of spatially averaged turbulent kinetic energy and temporally-averaged flow pattern at BDC.
TKE becomes lower in the latter half of compression stroke when flow pattern along the piston head existed at
BDC.
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Fig.12 Comparison of temporally-averaged vector map and TKE distribution at 1 degree before ignition timing
(CA =714deg.ATDC). Strong tumble flow exists in higher load cycle, and high TKE spot also locates on the right
side of the spark plug in net IMEP = 140kPa condition. This high TKE spot increases flame propagation speed

toward counter tumble direction.
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