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１  INTRODUCTION

CCV of combustion not only limits the potential of the 
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要旨

　低負荷運転時における燃焼のサイクル変動は、エンジンの運転に様々な問題を引き起こす要因となる。この変動を低減するた
めに可変バルブタイミングや可変点火タイミングなどの手法が用いられる。しかし、これらの手法は搭載性やコストの問題から二
輪車用エンジンへ積極的に採用されることは少ない。そのため、複雑な機構や電子制御を用いることなく、燃焼サイクル変動を抑
えたエンジンの開発が求められている。燃焼のサイクル変動は、筒内流動、空燃比、温度、残留ガス、点火エネルギなどの変動に
よって引き起こされると考えられる。本研究では、燃焼サイクル変動と筒内流動の変動、および燃料濃度の変動との関係に着目し
た。筒内流動の変動を評価するために、高時間分解粒子画像流速測定法（TR-PIV）を用いた。さらに、燃料濃度の空間分布を計
測するために、平面レーザー誘起蛍光法（PLIF）を用いた。これら二つの可視化技術を同時に用いて、連続燃焼サイクルを計測し
た。計測の結果、図示平均有効圧の変動は、乱流運動エネルギと燃料濃度の変動によって説明することができた。多くのサイクル
では、図示平均有効圧と乱流運動エネルギとの間で相関を確認することができた。また残りのサイクルでは、図示平均有効圧と燃
料濃度の間で相関が確認できた。今後、図示平均有効圧に対する各要素の寄与度を考察する。また、乱流運動エネルギの変動は
タンブル渦構造の変動によって引き起こされることが著者らの先行研究で確認されている[2][13]。

Abstract
Cycle-to-cycle variation (CCV) of combustion in low load operation is a factor that may cause various problems in 
engine operation. Variable valve timing and variable ignition timing are commonly used as a means to reduce this 
variation. However, due to mountability and cost constraints, these methods are not feasible for use in motorcycle 
engines. Therefore, development of an engine with minimal CCV without utilizing complicated mechanisms or 
electronic control is required. CCV of combustion may be caused by fluctuations in in-cylinder flow, air-fuel mixture, 
temperature, residual gas and ignition energy. In this study, the relationship between CCV of combustion, in-cylinder 
flow fluctuation and air-fuel mixture fluctuation was the primary focus. In order to evaluate in-cylinder flow 
fluctuation, Time Resolved Particle Image Velocimetry (TR-PIV) technique was utilized. In addition, Planar Laser 
Induced Fluorescence (PLIF) technique was used to measure spatial distribution of the mixture. These two 
visualization techniques were used together to measure continuous combustion cycles. The fluctuation of net IMEP 
can be explained by the fluctuation of Turbulence Kinetic Energy (TKE) and fuel concentration. In most cycles, net 
IMEP was correlated with TKE. In the remaining cycles, net IMEP was correlated with fuel concentration. The 
contribution of each factor towards net IMEP is to be discussed. It has been also confirmed that TKE fluctuation is 
caused by fluctuation in the tumble vortex structure, as shown in the authors’ previous study[2][13].

output power characteristics but also causes various 
problems such as a decrease in thermal efficiency and 
deterioration of exhaust gas quality. Many pieces of 
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research have been conducted to reduce CCV of 
combustion. In particular, for a four-wheeled vehicle 
engine, the combustion fluctuation can be reduced by 
optimizing ignition system, fuel injection system and valve 
control system. To do so, many complicated mechanisms 
and electronic control systems are used. However, for a 
motorcycle engine, it is not feasible to use such 
complicated solutions due to mountability and cost 
constraints. Therefore, development of an engine with 
minimal CCV without utilizing complicated mechanisms or 
electronic control is required. Most motorcycles are 
targeted more towards the enthusiast market segment, as 
a result of which their engines are required to have high 
output power characteristics. These engines are usually 
not suited for low load operation, as they are optimized 
for operation under high load and high revolution speed 
conditions. Valve overlap optimized for high load 
operation often causes problems with high residual gas 
accumulation in low load operation, and worsens CCV of 
combustion. Also, the throttle valve usually has a large 
diameter in order to obtain a high maximum output 
power, which leads to a lack of controllability of the air 
flow into the cylinder in low load conditions. In some 
cases, the ignition timing is retarded to prevent a sharp 
rise in engine torque. This ignition timing retardation 
worsens CCV of combustion.

CCV of combustion depends on various elements in the 
cylinder at the ignition timing. CCV of combustion may be 
caused by fluctuations in in-cylinder flow, air-fuel mixture, 
temperature, residual gas and ignition energy. As these 
factors fluctuate from cycle to cycle, the conditions near 
the spark plug change, and that induces fluctuations in 
the initial flame growth. As a result, fluctuations in net 
IMEP occur. Several studies in the past have utilized flow 
visualization experiments to analyze combustion cyclic 
fluctuation. Müller et al. focused on the cyclic fluctuation 
of tumble vortex structure under motoring conditions. 
They reported that the position of the tumble vortices can 
fluctuate greatly in the horizontal direction, and that the 
kinetic energy and the turbulence kinetic energy history 
are affected significantly by variation in the vortex 
structure[1]. Furthermore, in this author’s previous study, 

it was confirmed that the cyclic fluctuation of intake flow 
increases as the engine operation load decreases under 
motoring conditions[2]. Sholes et al. confirmed that the 
cyclic fluctuation is suppressed under strong tumble flow 
condition[3]. Cyclic fluctuation of in-cylinder flow also 
affects spray shape. Zeng et al. experimentally confirmed 
that the spray shape changes due to cyclic fluctuation of 
in-cylinder flow before fuel injection in a direct fuel 
injection (DI) gasoline engine[4]. As an example of research 
on the firing conditions, Fontanesi et al. analyzed the effect 
of the spark plug ground electrode orientation on the 
local flow and on the cyclic fluctuation of the flame 
propagation pattern using LES (Large eddy simulation)[5]. 
Furthermore, as an example of experimental study of a DI 
gasoline engine, Peterson et al. conducted two studies, the 
first of which analyzed combustion cyclic fluctuation from 
simultaneous measurement of local flow and fuel 
concentration distribution, and the second evaluated 
ignition energy and initial flame growth[6][7].

Although many studies about combustion cyclic 
fluctuation have been conducted, there are very few 
examples of analyses performed under low load firing 
and port fuel injection (PFI) conditions, where fuel 
concentration stratification is less likely to occur 
compared to direct fuel injection conditions. In this study, 
using PFI single-cylinder visualization engine, 
simultaneous measurement of flow field and mixture 
distribution under low load firing condition was 
conducted to analyze the factors that cause combustion 
cyclic fluctuation. TR-PIV was used to measure the flow 
field, and PLIF was used to measure the air-fuel mixture 
distribution. As described above, the cyclic fluctuation is 
caused by variation in various factors. In this study, the 
primary focus was to identify the relationship between 
CCV of combustion, in-cylinder flow fluctuation and air-
fuel mixture fluctuation. Fluctuation in parameters other 
than in-cylinder flow and air-fuel mixture was minimized 
by optimizing the measurement conditions, and the 
contribution of these two parameters to CCV of 
combustion was analyzed.
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2  EXPERIMENTAL SETUP AND 
ANALYTICAL METHOD

2-1. Optical Engine
The visualization single-cylinder engine (KOYAMA 
GARAGE) used in this study is shown in Figure 1. This 
visualization engine uses quartz glass for the pent roof 
and the cylinder liner, and thus, the entire area inside of 
the chamber and cylinder can be observed from the front. 
A quartz glass window is inserted into the piston crown. 
Using a light source and a mirror placed below the 
piston, the cylinder interior can be illuminated from 
underneath through this window. This visualization piston 
has been changed since the time of authors’ previous 
study, and the visualization range has been expanded. 
Figure 2 shows the visualization piston used in this study 
(right) and the one used previously (left). The new 
visualization piston facilitates measurement of wider 
cross sections, as it has a width of 58 mm at the bore 
central cross section and 41 mm at the intake valve cross 
section. In this study, measurements were only taken at 
the central cross section. The specifications of the 
visualization engine is shown in Table 1. The engine head 
uses one cylinder from a 2-L, 4-cylinder mass-production 
four-wheeled vehicle engine, and the displacement per 
cylinder is 500 cm3. The bore and stroke are 86×86 
mm square and the compression ratio is 9.2. The timing 
of the intake and exhaust valves of this visualization 
engine can be set arbitrarily. In previous sections, it was 
stated that the valve overlap is wide in motorcycle 
engines. However, in this study, the valve timing was set 
so that the valve overlap would be zero in order to 
reduce the influence of residual gas fluctuation on CCV of 
combustion. The valve timing is shown in Table 1. 
Although this visualization engine can be installed with 
either PFI or DI, experiments were conducted under PFI 
conditions since motorcycle engines are targeted. The 
in-cylinder pressure was measured using a piezoelectric 
pressure sensor (Kistler, 6052C) installed on the 
chamber, and the intake and exhaust pressure was 
measured using absolute pressure sensors (Kistler, 
4005B, 4007C) installed on the intake pipe and the 
exhaust pipe, respectively. These were measured at 1 

degree crank angle intervals by a high-speed data logger 
(YOKOGAWA, DL750). The in-cylinder piezo sensor was 
calibrated by adjusting its absolute pressure correction 
setting, such that it reported pressures equal to the 

Quartz glass cylinder

Quartz glass pent-roof window

Piston Quartz glass window

Fig. 1 Optical engine

Fig. 2 Visualization piston; Right is used in this study  
and left is used in previous study.

Table 1 Engine specification

Displaced volume 500 cm3

Stroke 86 mm
Bore 86 mm
Connecting rod length 139 mm
Compression ratio 9.2:1
Number of valves 4
Intake valve open 360 deg. ATDC
Intake valve close 600 deg. ATDC
Exhaust valve open 130 deg. ATDC
Exhaust valve close 360 deg. ATDC
Injection type PFI
Material of cylinder liner Quartz glass


