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a b s t r a c t

This study investigated the cycle-to-cycle variation of a spark-assist high-compression-ratio spray-
guided direct-injection two-cylinder optically accessible engine. The cycle-to-cycle variation was eval-
uated by calculating the mean velocity, tumble ratio, tumble center, and effective radius using the PIV
measurement results. Under all experimental conditions, the mean velocity continuously decreased
owing to the momentum loss from the intake to compression strokes. A low COV was observed within
the high-velocity region, and the effective radius decreased as rotational flow formed regardless of the
engine operating conditions. As the engine speed increased, owing to the high piston speed, the in-
cylinder flow intensified. However, the effective radius and tumble ratio were similar during the
compression stroke. As the intake pressure increased from 0.8 to 1.3 bar, the mean velocity and tumble
ratio slightly increased. Moreover, the effective radius decreased slightly during the compression stroke.
As the IVO timing was retarded, during the intake stroke, the structure of the in-cylinder flow changed
dramatically. Rapid momentum dissipation occurred after the intake air inflowed strongly, resulting in
relatively weak rotational flow compared to the reference and advanced IVO timing conditions.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

To increase engine performance while meeting the strict emis-
sion regulations of an internal combustion engine [1], many pre-
vious studies have been conducted on new combustion strategies
[2]. In a spray-guided stratified charge engine, a relatively late in-
jection with center injection is applied to form a stratified mixture
[3,4]. This stratified mixture allows the engine to operate under
lean conditions. The associated advantages include lower pumping
loss, lower gas temperature, and higher thermal efficiency [5].
However, owing to the late injection, there is an increasing prob-
ability of wall wetting and fuel impingement [6]. Research on
spray-guided stratified charge engines has been conducted to uti-
lize the advantages and overcome the limitations. For example,
Geschwindner et al. combined DBI and Mie scattering imaging
techniques and PIV measurements to analyze the interaction be-
tween spray and in-cylinder flow in a spray-guided direct injection
neering, Hanyang University,
ublic of Korea.
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optically accessible engine [7]. They found that the in-cylinder flow
velocity magnitude was increased by fuel injection, and the in-
cylinder flow could not affect the spray structure under test con-
ditions. However, the influence of the in-cylinder flow on the spray
development should be considered if the gas density increases.
Kazmouz et al. investigated a large eddy simulation of a stratified-
charge direct-injection spark-ignition engine in a highly stratified
late injection mode [8]. The results showed that vapor fuel distri-
bution is an important factor for flame development. The in-
cylinder flow could be intensified by injection events, especially
at the edge of the spray jet. The spray can lead to unfavorable
conditions, such as misfire and slow burn.

In homogeneous charge compression ignition (HCCI) engines,
which have a high compression ratio, spontaneous auto-ignition
combustion is used to achieve low emissions and high combus-
tion efficiency [9]. However, there are also fatal problems, such as
knocking and noise, auto-ignition timing, and combustion phase. It
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Specifications of the optically accessible engine.

Items Details

Bore (mm) 75.6
Radius of crank (mm) 41.6
Stroke (mm) 83.38
Displacement volume of two cylinders (cc) 748.5
Length conrod (mm) 147.8
Compression height (mm) 27.5
Height of block (mm) 217.0
Piston topping (mm) 0.33
Crank offset (mm) 10
Piston pin offset (mm) 0.7
Stroke/Bore ratio (�) 1.10
Compression ratio (�) 14

Fig. 1. Structure of the piston head and spray: (a) top-view of the piston head, (b) front
view of the piston head, and (c) spray structure.
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is difficult to control combustion because combustion occurs
without a spark plug in the HCCI engine [10]. In particular, as the
auto-ignition timing and combustion phase are influenced bymany
factors, such as fuel properties, physical properties, air tempera-
ture, and in-cylinder pressure, it is difficult to control and under-
stand them [2,11]. Therefore, researchers have investigated HCCI
engine performance to develop a better understanding and control.
Parthasarathy et al. investigated the performance of an HCCI engine
powered by tamanumethyl ester, considering inlet air temperature
and exhaust gas recirculation ratios, and compared the HCCI engine
to a conventional compression ignition (CI) engine [12]. They found
that the brake thermal efficiency of a conventional CI engine was
higher than that of an HCCI engine owing to the lean-burn condi-
tion of HCCI combustion. The fuel economy of the CI engine was
also higher than that of the HCCI engine, along with less carbon
monoxide and unburned hydrocarbon emissions. They optimized
the inlet air temperature to 90 �C in an HCCI engine. Aydogan also
studied the performance and emission characteristics of an HCCI
engine as a function of the fuel properties [13]. An experimental
comparison of the blending ratios of n-hexane and heptane fuel
was conducted. They tried to solve the problems of knocking and
misfiring using the charge mixture composition. They found that
the in-cylinder pressure decreased with the increase in lambda
under all test conditions, and the thermal efficiency was highest in
the case of the leaner charge mixture containing 75% n-heptane
and 25% n-hexane owing to the higher fraction of n-heptane, which
has a low octane number.

To overcome the disadvantages of the HCCI engine, a spark-
controlled compression ignition (SPCCI) engine was developed by
Mazda [14]. Mazda solved the main problems such as auto-ignition
timing and cold start with the use of a spark and injection strategy.
In an SPCCI engine, a pre-ignition that can damage the engine is
controlled by a multiple-injection strategy and combustion can be
stabilized using a spark plug. However, although the SPCCI engine is
an advancement to the HCCI engine and is commercialized, its
operating range remains limited. Therefore, a new combustion
mode is yet to be optimized and requires further research. In this
study, to employ the characteristics of auto-ignition for combus-
tion, a test engine with a high compression ratio was used. Addi-
tionally, to gain advantages of operating the engine under lean-
burn conditions, a piston shape with a bowl and spray-guided in-
jection systemwas used to form a stratified mixture. Moreover, the
combustion stability was secured by mounting a spark plug. To
optimize the combustion strategy, a fundamental understanding is
required; therefore, the in-cylinder flow characteristics and cycle-
to-cycle variation (CCV) of a spark-assist high-compression-ratio
spray-guided direct-injection optically accessible engine were
analyzed under various engine operating conditions using PIV
measurements. The in-cylinder flows were visualized depending
on the engine speed, intake pressure, and intake valve open (IVO)
timing, which are basic operating engine parameters. Quantitative
indices, such as mean velocity, tumble center (TC), tumble ratio
(TR), and effective radius, were derived to analyze the CCV.
2. Experimental setup

2.1. Optically accessible engine

PIV measurements were implemented in a four-valve, two-cyl-
inder optically accessible engine. Transparent quartz was used in
both cylinders, but the visualization was conducted using only one
2

cylinder. Rulon piston rings were used instead of lubricant oil to
increase the quality of the PIV raw images. The optically accessible
engine has a relatively high compression ratio of 14 compared to a
traditional GDI engine [15]. The specifications of the optically
accessible engine are listed in Table 1.

The structures of the piston head and spray are shown in Fig. 1.
The piston has a convex shape around the bowl to increase the
compression ratio, as shown in Fig. 1(a) and (b). The bowl was
applied to form a stratified mixture by considering the situation in
which the engine was operated under lean combustion conditions.
A high-pressure spray-guided injector with seven holes was
mounted between the exhaust and intake valves to improve the
mixing performance and apply various injection strategies, as
shown in Fig. 1 (c). The spark plug was located between exhaust
valves. Three plumes were developed in the direction of the



Fig. 2. Schematic of the optically accessible engine.

Fig. 3. Configuration of the PIV system: (a) location of the laser sheet and (b)
configuration of the laser system.
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exhaust valves, accounting for the location of the spark plug.
The schematic of the optically accessible engine is shown in

Fig. 2. The intake air was supplied through a mass flow meter to
control the intake pressure. Seeds (10 mm, hollow sphere glass)
were generated using a seed generator. A high-speed camera
(Phantom, VEO 710L) was used to visualize the in-cylinder flow. The
optically accessible engine was controlled using an NI compact RIO.
To capture the PIV images at the exact timing, a Nd:YAG laser was
synchronized with the high-speed camera by a delay generator.
Spray-guided injectors were applied in the optically accessible
engine.
2.2. Particle image velocimetry (PIV) system

The configuration of the PIV system is shown in Fig. 3. A laser
sheet with a thickness of 2mmwas formed by a planar concave lens
(PCV) and a planar convex lens (PCX). The laser sheet passed
through the middle of the cylinder between the intake valves, as
shown in Fig. 3(b). There was a region covered by liner housing,
even though the engine cylinder was made of transparent quartz.
Therefore, the width of the PIV image plane (65 mm) was slightly
smaller than that of the bore (75.6 mm). The captured PIV raw
images were processed using a code written in MATLAB (PIVlab,
MathWorks, USA) [16]. Additional functions to calculate tumble
center, tumble ratio, and turbulent kinetic energy were added to
the existent code. One of the important parts of processing PIV raw
images is cross-correlation algorithm. The cross correlation that is a
statistical pattern matching technique is used to find the particle
pattern in an image pair. In this study, this pattern matching
technique was conducted by using the discrete cross correlation
function as follows [17]:



Table 2
Specifications of the PIV system.

Items Details

Camera High-speed camera (Phantom, VEO 710L)
Laser Nd:YAG pulse laser (26 mJ, double cavity)
Region of interest 65 � 100 mm
Resolution 320 � 344 pixels
Seed 10 mm, hollow sphere glass
PIV image time interval (dt) Intake stroke: 20 ms

Compression stroke: 40 ms
Interrogation area 32 � 32 pixels (50% overlap)
Correlation algorithm FFT (Fast Fourier Transform)

Fig. 4. Definition of effective radius.
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Cðm;nÞ¼
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where A and B are interrogation areas from image A (first image)
and image B (second image). This discrete cross-correlation func-
tion can be solved in the spatial or frequency domain [17,18]. In this
study, the particle displacement was detected using fast Fourier
transform cross-correlation coupled with a 2 � 3-point algorithm
to reduce the computational cost. The number of vectors of the flow
field in the combustion chamber was derived from minimum 280
to maximum 1330. However, only a quarter of total vectors was
drawn for the visibility of flow field except for Fig. 5. The details of
the specifications of the PIV system are listed in Table 2 [19].

2.3. Vector field computation

Even though the in-cylinder flow of a real engine is three-
dimensional, the PIV image plane, which is a vertical plane, is
useful for comprehending tumble flow. This is because the main
motion of the tumble flow is two-dimensional. Therefore, the
tumble center, tumble ratio, and effective radius were calculated at
the vertical PIV plane for quantitative analysis of in-cylinder flow.

2.3.1. Tumble center (TC)
The tumble center (TC) is defined as the positionwithmaximum

moment summation (MS), given by Eq. (2) [19]. The mean TC was
used to represent the TC of the mean in-cylinder flow.
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where ðr; cÞ is a position in the vector field.

2.3.2. Tumble ratio (TR)
The tumble ratio (TR) was calculated based on the TC. The

equation used to calculate TR is as follows [19]:
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.

tcÞ is the distance of a given
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location with indices (i; j) from the image center, V
.

i;j is the velocity
at a given location with indices (i;j), and u is the angular velocity of
the engine. By calculating the TR, we can determine the intensity of
the in-cylinder flow rotation.
2.3.3. Effective radius (Re)
In this study, an effective radius (Re) was defined to quantita-

tively analyze the variation in TC. The effective radius is the average
of the distance from the mean TC to the individual TC. Therefore,
the larger the variation in TC, the larger the effective radius is. Fig. 4
presents a description of the effective radius. The effective radius is
calculated as follows:

Re ¼
 Xn

1
R

!,
n Eq.4

where R is the distance from themean TC to the individual TC and n
is the number of cycles used for averaging.
2.4. Experimental conditions

In this study, the engine speed, intake pressure, and IVO timing
were varied to analyze the in-cylinder flow depending on the en-
gine operating conditions. The optically accessible engine has a
fixed cam duration. In the case of the reference IVO timing condi-
tion, the intake valves open from bTDC 332�e114� without overlap
between the intake and exhaust valves. In the case of the advanced
IVO timing condition, the intake valves opened 40 crank angle
degrees (CAD) earlier than in the reference condition. The exhaust
valve timing was fixed from aTDC 152�e370�. The PIV measure-
ments were performed for the entire range of intake strokes to
compression strokes before spark timing. The details of the
experimental conditions are listed in Table 3.



Fig. 5. Mean in-cylinder flow as a function of the number of individual cycles (@ w/o injection, 1 500 rpm, Pintake: 1.0 bar, IVO timing: reference, bTDC 210�).

Table 3
Experimental conditions.

Items Details

Engine speed (rpm) 1500, 1800, 2000
Intake pressure (bar) 0.8, 1.0, 1.3
Intake valve timing (bTDC, �) Reference IVO IVO: 332, IVC: 114

Advanced IVO IVO: 372, IVC: 154
Retarded IVO IVO: 292, IVC: 74

Exhaust valve timing (aTDC, �) EVO: 152, EVC: 370
Intake air temperature (�C) 35
Injection pressure (bar) 700
Fuel temperature (�C) 90

Fig. 6. Mean velocity as a function of the number of individual cycles used for aver-
aging (@ w/o injection, 1 500 rpm, Pintake: 1.0 bar, IVO timing: reference, bTDC ¼ 210�).
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3. Results and discussion

In this study, the CCV under different engine operating condi-
tions was investigated by calculating the mean velocity, TR, TC, and
effective radius. The engine speed, manifold pressure, and intake
valve timing were selected as engine operating parameters because
these parameters define the basic operating conditions for a GDI
engine.

3.1. Characteristics of mean in-cylinder flow and CCV

The mean in-cylinder flow as a function of the number of indi-
vidual cycles used for averaging is depicted in Fig. 5. As the number
of individual cycles used for averaging increased, the mean in-
cylinder flow field stabilized, and the structure of the mean in-
cylinder flow field converged after approximately 20 cycles. The
5

mean velocity, which depends on the number of individual cycles
used for averaging, is shown in Fig. 6. Similar to the mean in-
cylinder flow, the mean velocity converged after approximately
20 cycles. Therefore, in this study, considering the accuracy and
efficiency of the experiment, a mean in-cylinder flow of 60 cycles



Fig. 7. Mean velocity, velocity SD, velocity COV, and TC depending on the crank angle (@ w/o injection, 1500 rpm, P intake: 1.0 bar, IVO timing: reference).

Fig. 8. Mean velocity, SD, and COV of mean velocity: (a) mean velocity, and (b) SD and COV (@ w/o injection, 1500 rpm, Pintake: 1.0 bar, IVO timing: reference).
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was selected as a representative in-cylinder flow.
The mean in-cylinder flow, velocity standard deviation (SD)

distribution, velocity coefficient of variance (COV) distribution, and
TC are depicted in Fig. 7. In the early stage of the intake strokes
(before bTDC 210�), the intake air flowed into the cylinder with
high momentum through the top surface of the intake valves. The
intake valves were opened less to narrow their outlet area. There-
fore, a high velocity developed at the upper side of the cylinder. The
rotational flow was generated in the middle stage of the intake
6

stroke, while the intake valves were opened gradually. The flow
velocity at the upper side of the cylinder decreased because the
outlet area of the intake valves was wider, and the suction force
caused by the descending piston decreased. A high SD was
observed in the early stage of intake strokes, especially in the high-
velocity region. However, the velocity COV was low at the main
flow, which had a relatively high velocity. The mean TC at bTDC
270� was located on the left or right side. This is because the main
flow with a high velocity alternated from the left side to the right



Fig. 9. Effective radius depending on the crank angle (@ w/o injection, 1 500 rpm,
Pintake: 1.0 bar, IVO timing: reference).
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side, and the rotational flow had not formed. As the rotational flow
formed, the TC moved to the center of the cylinder, and the varia-
tion in TC decreased.

In Fig. 8(a), the mean velocity decreased continuously during
the intake strokes owing to the dissipation of momentum supplied
during the early stage of intake strokes. This is because there was
no additional momentum supply. The mean velocity decreased
below the piston speed after bTDC 150�. However, during the
compression stroke, the pistonmoved upward, so that themean in-
cylinder flow was slightly increased at bTDC 90�, which is near the
maximum piston speed. The SD of the mean velocity was high at
the early stage of the intake stroke because the in-cylinder flow had
a relatively high velocity, as shown in Fig. 8(b). However, a similar
level of COV was observed during intake and compression strokes.
These results indicate that the level of in-cylinder flow variation
Fig. 10. TR, SD, and COV depending on the crank angle: (a) TR and (b) SD and CO
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was similar during the intake and compression strokes.
The effective radius with respect to the crank angle is shown in

Fig. 9. The effective radius decreased after bTDC 270� because
tumble flow occurred. When the main flow achieved a sufficiently
high velocity, tumble flow, which is a rotational flow, occurred, and
the in-cylinder flow was stable and repeatable. The TR, which de-
pends on the crank angle, is depicted in Fig. 10(a). The TR increased
after bTDC 270� owing to the descending piston. As the distance
between the piston top and intake valves increased, the rotational
flow could be formed easily because of the decrease in the collision
between the intake air and the piston top. Similar to the effective
radius results, the SD and COV of TR also decreased after bTDC 270�,
showing similar levels, as shown in Fig. 10(b).
3.2. Effects of engine speed on CCV

The optically accessible engine was operated below 2000 rpm
because of the risk of damage. Fig.11(a) shows themean in-cylinder
flow depending on the engine speed. The structure of the in-
cylinder flow remained the same at all engine speeds. The COV
distribution was also insignificantly affected by the engine speed
and showed a similar distribution irrespective of the engine speed.

An ideal mixture formation can be formed by the interaction
between the in-cylinder flow and the spray. The injected fuel has a
relatively high density compared to the air, so a main flow with
high velocity plays an important role as a fuel carrier because it has
a relatively high momentum. Therefore, understanding the main
flow with high velocity is important for devising an injection
strategy and making an ideal mixture formation. Under all engine
speed conditions, a low COV was observed in the high-velocity
region regardless of the crank angle, as shown in Fig. 11(b). The
mean in-cylinder flow velocities increased slightly as the engine
speed increased, as shown in Fig. 12(a). During the intake strokes,
the slope of the velocity drop at 2000 rpmwas steeper than that at
1500 rpm because of the rapid momentum loss. In contrast, the
mean velocity at 2000 rpm was more accelerated than that at
V of TR (@ w/o injection, 1500 rpm, Pintake: 1.0 bar, IVO timing: reference).



Fig. 11. Mean in-cylinder flow and velocity COV distribution depending on the engine speed: (a) mean in-cylinder flow and (b) velocity COV distribution (@ w/o injection, Pintake:
1.0 bar, IVO timing: reference).
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1500 rpm during the compression strokes because of the fast piston
movement, which supplies additional energy to the in-cylinder
flow. The SD also slightly increased as the engine speed
increased, as shown in Fig. 12(b). The SD was relatively high during
the early stages of intake strokes.

Fig. 13 shows the variation in the TC at each crank angle
depending on the engine speed. The TC travel path depending on
8

the crank angle was similar regardless of the engine speed because
the engine speed could not significantly affect the structure of the
in-cylinder flow. At both engine speeds, the variation in the TC was
high at bTDC 270� because the rotational flow was not completely
formed. The variation in TC decreased when the in-cylinder flow
rotated. The variation in TC at 2000 rpm was similar to that at
1500 rpm, except for the bTDC 90�. The in-cylinder flow at



Fig. 12. Mean velocity and SD depending on the engine speed: (a) mean velocity and (b) SD of mean velocity (@ w/o injection, Pintake: 1.0 bar, IVO timing: reference).

Fig. 13. TC and variation of TC depending on the engine speed(@ w/o injection, P intake: 1.0 bar, IVO timing: reference).
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2000 rpm was stronger on the right side than that at 1500 rpm
because of the fast piston movement, so that the TC was concen-
trated on the left side.

The variation in TC was analyzed quantitatively by calculating
the effective radius, as shown in Fig. 14. The effective radius was the
highest at bTDC 270�, which was before the formation of rotational
flow. After the rotational flow was formed, the effective radius
rapidly decreased. The effective radius had a similar level regardless
of the engine speed. From these results, we can infer that the TC
variation was not significantly affected by the in-cylinder flow in-
tensity under the similar structure of the in-cylinder flow
condition.

The results of the TC are useful for understanding the results of
the TR in Fig. 15(a) because the TR was calculated based on the TC.
9

The magnitude of TR at 2000 rpm was slightly lower than that at
1500 rpm. This means that the angular velocity of in-cylinder flow
did not increase as much as the angular velocity of the engine did
when engine speed increased. There was no difference in the SD of
TR depending on the crank angle, as shown in Fig. 15(b). The SD of
TR was low after the tumble flow was formed, after bTDC 270�.
From the results of TC and TR, we can see that the tumble flow
decreased the in-cylinder flow variation and resulted in repetitive
and stable in-cylinder flow.

3.3. Effects of intake pressure on in-cylinder flow

The engine load can be controlled by the intake pressure (air
mass) and the amount of fuel. The injected fuel moves with the in-



Fig. 14. Effective radius depending on the engine speed (@ w/o injection, Pintake:
1.0 bar, IVO timing: reference).
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cylinder flow; thus, the comprehension of the in-cylinder flow
characteristics is important. In this research, the visualization of the
in-cylinder flow was conducted from an intake pressure of
0.8e1.3 bar. The mean in-cylinder flow and velocity COV distribu-
tions depending on the intake pressure are shown in Fig. 16. The in-
cylinder flow structure did not change even though the intake
pressure changed, as shown in Fig. 16(a).

The injection strategy was optimized by considering the factors
affecting the mixture formation. An important factor is the inter-
action between the in-cylinder flow and spray [20]. Therefore, to
comprehend this interaction, the in-cylinder flow should be
analyzed preferentially. In this context, the in-cylinder flow struc-
ture not changing with a change in intake pressure change is a
significant result. We can reasonably predict the results when the
optimized injection strategy from naturally aspirated (NA) condi-
tions is applied to boosting conditions. As the intake pressure
Fig. 15. TR and SD depending on the crank angle: (a) TR and (b) SD
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increased, the velocity COV distribution also showed a similar form
without significant difference, as shown in Fig. 16(b). This is
because one of the main factors affecting the velocity COV distri-
bution is the structure of the in-cylinder flow, which remained
unchanged.

The mean velocities at intake pressures of 1.0 and 1.3 bar were
increased slightly compared with those at an intake pressure of
0.8 bar during the intake strokes, as shown in Fig. 17(a). However,
the results under NA conditions are close to those obtained under
boosting conditions. Therewas no significant difference in the SD of
the mean velocity depending on the intake pressure, as shown in
Fig. 17(b).

Fig. 18 shows the TC and TC variation depending on the intake
pressure. At all intake pressures, the TC moved from the right side
to the left side during the intake and compression strokes. More-
over, as the rotational flow was formed, the variation in TC
decreased. As the intake pressure increased, the in-cylinder flow
was slightly intensified owing to the fast outlet velocity at the
intake valves caused by the pressure difference between the in-
cylinder and manifold. Therefore, the rotational flow was intensi-
fied, resulting in a decrease in TC variation during the compression
stroke.

The results of the effective radius, which is a quantitative index
indicating the variation in TC, are depicted in Fig. 19. The effective
radius slightly decreased during the compression stroke as the
intake pressure increased owing to the intensified in-cylinder flow,
especially when the in-cylinder flow rotated. However, the in-
cylinder flow continuously loses momentum from the intake
stroke to the compression stroke. Therefore, the effective radius
was shown to be similar at bTDC 90�, even though the in-cylinder
flow was slightly intensified.

The TR and SD of TR depending on the intake pressure are
shown in Fig. 20. The TR increased as the intake pressure increased
owing to the intensified rotational flow, as shown in Fig. 20(a).
However, the TR converged to a similar level at bTDC 90� owing to
the continuous momentum loss. The SD of the TR was similar,
of TR (@ w/o injection, Pintake: 1.0 bar, IVO timing: reference).



Fig. 16. Mean in-cylinder flow and velocity COV distribution depending on the intake pressure: (a) mean in-cylinder flow and (b) velocity COV distribution (@ w/o injection, 1
500 rpm, IVO timing: reference).

D. Kim, Y. Son and S. Park Energy 245 (2022) 123314
except for bTDC 270�. In the case of an intake pressure of 1.3 bar, the
TC was located on the right side with a relatively high probability
during 60 cycles, so that the SD of TR was lower than that of the
other cases.
11
3.4. Effects of IVO timing on CCV

In recent GDI engines, valve timing plays an important role in
increasing combustion efficiency [21,22]; therefore, various tech-
niques, such as variable valve timing (VVT) [23,24] and



Fig. 17. The mean velocity and SD depending on the intake pressure: (a) mean velocity and (b) SD of mean velocity (@ w/o injection, 1500 rpm, IVO timing: reference).

Fig. 18. TC and variation of TC depending on the intake pressure(@ w/o injection, 1500 rpm, IVO timing: reference).
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continuously variable valve lift (CVVL) [25], and until recently,
Hyundai Motor Company's unique Continuous Variable Valve
Duration (CVVD) [26,27] system have been developed. In this study,
the intake valve timing, which is the most significant parameter for
optimizing the engine volumetric efficiency, was selected as one of
the engine operating parameters to confirm the tendency of in-
cylinder flow. The test engine had a fixed cam duration.

Fig. 21 shows the mean in-cylinder flow and velocity COV dis-
tributions as a function of the IVO timing. In the case of the
advanced IVO condition, the valve lift is larger than in other con-
ditions in the region where the piston speed is fast, as shown in
Fig. 22. Therefore, owing to the wide inlet area, the initial inflow air
velocity was relatively low. During the compression strokes, the
intake valves were completely closed after bTDC 154�. The in-
12
cylinder flow of the advanced IVO timing is close to the in-
cylinder flow of the reference IVO timing, even though there is
no backflow during the compression strokes. In the case of the
advanced IVO timing, the velocity COV distribution was also
observed to have a similar distribution to the reference IVO timing,
as shown in Fig. 21(b). This is because the structure of the in-
cylinder flow in the case of advanced IVO timing was similar to
that of the reference IVO timing.

In the case of the retarded IVO timing, in the early stage of the
intake strokes around the maximum piston speed, the intake valve
is opened below 2 mm, which is much lower than other IVO timing
conditions (Fig. 22). Therefore, the mean in-cylinder flow velocity
was more than double that of the reference IVO or advanced IVO
conditions, as shown in Fig. 23(a). As the intake flow was fast, it



Fig. 19. Effective radius depending on the intake pressure (@ w/o injection, 1 500 rpm,
IVO timing: reference).
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collided with the piston head, such that the in-cylinder flow that
winds from outside to inside was formed following the piston head
at bTDC 270�. With the descending piston, the collision between
the intake flow and piston head decreased, resulting in the strong
intake air flowing straight into the cylinder following the liner. The
in-cylinder velocity dramatically decreased after the early stage of
the intake stroke. This is because the intake air mass was relatively
low; thus, the supplied momentum could not be maintained over a
long period. The velocity COV distribution was different compared
to the advanced and reference IVO timing conditions because of the
difference in the structure of the in-cylinder flow. During the
transition from the intake stroke to the compression stroke, a weak
rotational flow with a relatively low velocity was formed. There-
fore, the velocity COV was relatively high in the entire region of the
cylinder compared to the other IVO timing conditions. Even though
the structure of the in-cylinder flow and velocity COV distribution
Fig. 20. TR and SD depending on the intake pressure: (a) TR and (b
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were different under the retarded IVO conditions, the tendency to
show low COV in the high-velocity region was the same as that
under other IVO timing conditions (Fig. 21(b)).

The mean velocity and SD depending on the IVO timing are
depicted in Fig. 23. As the IVO timing was retarded, the mean ve-
locity increased during the early stage of the intake stroke. How-
ever, owing to the continuous momentum loss, the mean in-
cylinder velocity showed a similar level during the compression
stroke (Fig. 23(a)). Owing to the high in-cylinder flow velocity, the
SD was highest at the early stage of the intake stroke under the
retarded IVO timing condition, as shown in Fig. 23(b). However, the
SD of the mean velocity rapidly decreased after bTDC 240� owing to
the decrease in mean velocity.

The variation in TC is related to the intensity of the rotational
flow. When the in-cylinder flow rotates strongly, the variation in
the TC decreases. During the compression stroke, the variation in TC
under the retarded IVO condition was higher than that under other
IVO timing conditions, as shown in Fig. 24. This is because the
rotational flow was not sufficiently developed under the retarded
IVO condition during the progression from the intake stroke to the
compression stroke. In the case of advanced IVO timing, the rota-
tional flow developed early because the intake valves were opened
early. Therefore, a low variation in TC at bTDC 210� and bTDC 180�

was observed. The results shown in Fig. 24 were quantitatively
confirmed by calculating the effective radius, as shown in Fig. 25.
The effective radius after bTDC 210�, which is the period of forming
the rotational flow, was distinctly different depending on the IVO
timing. In the retarded IVO timing condition, which did not form
the rotational flow, the variation in TCwasmore than double that of
other IVO timing conditions. However, the difference in effective
radius between the IVO timing conditions decreased during the
compression stroke. This is because in all IVO timing conditions, the
rotational flow was weakened owing to the momentum loss.

The TR was calculated based on the TC; thus, the TR was highest
at bTDC 240� under the retarded IVO conditions, as shown in
Fig. 26(a). The TR rapidly decreased after bTDC 240�, and showed a
) SD of TR (@ w/o injection, 1 500 rpm, IVO timing: reference).



Fig. 21. Mean in-cylinder flow and velocity COV distribution depending on the IVO timing: (a) mean in-cylinder flow and (b) velocity COV distribution (@ w/o injection, 1 500 rpm,
Pintake: 1.0 bar).

D. Kim, Y. Son and S. Park Energy 245 (2022) 123314
level similar to other IVO timing conditions at bTDC 90�. The SD of
TR was slightly higher than that of other IVO timing conditions
during the compression stroke owing to the relatively high varia-
tion in TC.
14
3.5. Effects of fuel injection on CCV

Fuel injection significantly affects the in-cylinder flow because a
high momentum is additionally supplied into the cylinder. The



Fig. 22. Intake valve lift profiles and piston speed at 1500 rpm.

Fig. 23. Mean velocity and SD depending on the IVO timing: (a) mean velocity

Fig. 24. TC and variation of TC depending on the IVO t
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intensity and structure of the in-cylinder flow can be changed by
fuel injection. However, the effects of fuel injection on in-cylinder
flow, such as injection timing and targeting, can differ according
to the injection strategy [28,29]. Therefore, in this study, the effects
of fuel injection on the CCV were analyzed under different injection
conditions.

The in-cylinder flow, velocity COV distribution, and TC after fuel
injection are shown in Fig. 27. The in-cylinder flow was intensified
and strongly rotated by the fuel injection. The low COV region
occurred in the high-velocity region, similar to the result of the in-
cylinder flow without fuel injection. The TC was located in the
middle of the cylinder, and the variation in TC was relatively low or
similar to that without fuel injection conditions owing to the strong
rotational flow. The effective radius was compared with and
without fuel injection conditions, as shown in Fig. 28. Immediately
and (b) SD of mean velocity (@ w/o injection, 1500 rpm, Pintake: 1.0 bar).

iming (@ w/o injection, 1500 rpm, Pintake: 1.0 bar).



Fig. 25. Effective radius depending on the IVO timing (@ w/o injection, 1500 rpm,
Pintake: 1.0 bar).

Fig. 26. TR and SD depending on the IVO timing: (a) TR and (b) SD of TR (@ w/o injection, 1500 rpm, Pintake: 1.0 bar).
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after the fuel injection, at bTDC 240�, the effective radius did not
decrease. However, the in-cylinder flow with high momentumwas
formed by the fuel injection; thus, the rotational flow was main-
tained throughout the compression stroke. As a result, the effective
radius was low even when continuous momentum loss occurred
during the compression stroke.

Fig. 29 shows the in-cylinder flow, velocity COV distribution,
and TC after 30 CAD of fuel injection. Immediately after fuel in-
jection, the in-cylinder flow was intensified, and a low COV region
was formed in the high-velocity region. However, the variation in
TC did not decrease because rotational flow did not form imme-
diately. The test injector was a spray-guided injector, which is a
center-mounted injector. Therefore, rather than the rotational flow,
the flow that rises from the outside of the cylinder to the center was
16
formed. As a result, the effective radius after 30 CAD of fuel injec-
tion was similar to or higher than that without fuel injection con-
ditions, as shown in Fig. 30. Conversely, in the case of the side-
mounted injector, a strong rotational flow can be formed imme-
diately after fuel injection because the fuel is injected in only one
direction [30]. Therefore, a stable and repeatable in-cylinder flow
can be formed.

In this study, the in-cylinder flow at bTDC 90�, depending on the
injection timing, was analyzed, as shown in Fig. 31. The rotational
flow was intensified when the fuel was injected earlier than bTDC
120�. However, as the injection timing was close to bTDC 90�, an
ascending flow occurred. A low COV region was observed in the
high-velocity region, similar to the results of the in-cylinder flow
without fuel injection.

Fig. 32 shows the effective radius at bTDC 90� depending on the
injection timing. The effective radius under the fuel injection con-
dition was lower than that without fuel injection in all injection
timing conditions. At bTDC 300�, which is an early injection for the
fuel injection condition, the effective radius was similar both with
fuel injection and without fuel injection. This is because continuous
momentum loss occurred over a relatively long time, from bTDC
300�e90�. When the fuel was injected at bTDC 150�, a strong
rotational flow was formed at bTDC 90�, resulting in the lowest
effective radius. However, if the injection timing was retarded
further until bTDC 120�, ascending flow rather than rotational flow
occurred at bTDC 90�. Therefore, the effective radius increased
compared to that of bTDC 150�.

The in-cylinder flow, velocity COV distribution, and TC at bTDC
90� under various engine operating conditions with fuel injection
are shown in Fig. 33. In all cases, the in-cylinder flow was intensi-
fied by fuel injection at bTDC 270�, and a low COV region was
observed in the high-velocity region. The effective radius at bTDC



Fig. 27. In-cylinder flow, velocity COV distribution and TC after fuel injection (@ w/injection, SOE: bTDC 270� , 1500 rpm, Pinj: 700 bar, Pintake: 1.0 bar, IVO timing: reference, lambda:
1).

Fig. 28. Effective radius depending on the crank angle after fuel injection (@ w/in-
jection, SOE: bTDC 270� , 1500 rpm, Pinj: 700 bar, Pintake: 1.0 bar, IVO timing: reference,
lambda: 1).
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90� with fuel injection was lower than that at bTDC 90� without
fuel injection in all cases, as shown in Fig. 34. Therefore, we
confirmed that fuel injection could decrease the CCV evenwhen the
spray-guided injection was applied.
Fig. 29. In-cylinder flow, velocity COV distribution and TC after 30 CAD of fuel injec-
tion (@ w/injection, SOE: bTDC 270� , 1500 rpm, Pinj: 700 bar, Pintake: 1.0 bar, IVO
timing: reference, lambda: 1).

17



Fig. 30. Effective radius after 30 CAD of fuel injection under different injection timing
conditions (@ w/injection, SOE: bTDC 270� , 1500 rpm, Pinj: 700 bar, Pintake: 1.0 bar, IVO
timing: reference, lambda: 1).

Fig. 31. In-cylinder flow, velocity COV distribution, and TC at bTDC 90� after fuel injection with various injection timing (@ w/injection, SOE: bTDC 270� , 1500 rpm, Pinj: 700 bar,
Pintake: 1.0 bar, IVO timing: reference, lambda: 1).

Fig. 32. Effective radius at bTDC 90� after fuel injection with various injection timings
(@ w/injection, SOE: bTDC 270� , 1500 rpm, Pinj: 700 bar, Pintake: 1.0 bar, IVO timing:
reference, lambda: 1).
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4. Conclusions

In this study, the CCV of the in-cylinder flow in a spark-assist
high-compression-ratio spray-guided DI engine was investigated
based on the engine operating conditions of engine speed, intake
pressure, and intake valves timing using PIV measurements.
Moreover, the effects of fuel injection on the CCV were analyzed
quantitatively by calculating the in-cylinder flowmean velocity, TR,
TC, and effective radius. The following conclusions were drawn:

� The effective radius was affected by structure of in-cylinder flow
and intensity of rotational flow. The effective radius was low
level when the in-cylinder flow rotated strongly. The low-
velocity COV region of the in-cylinder flow velocity was
18
observed in the high-velocity region regardless of the engine
operating conditions.

� An increase in the engine speed caused an increase in the in-
cylinder flow velocity owing to the fast piston movement. The
structure of the in-cylinder flow and the effective radius
remained similar even when the engine speed increased.

� An increase in the intake pressure led to a slight increase in the
in-cylinder flow velocity. However, there was no clear difference
in the in-cylinder flow structure and effective radius.

� The structure and velocity of in-cylinder flow were significantly
affected by the IVO timing conditions. The timing occurring high
velocity was changed, so that the structure of in-cylinder flow
was varied. Especially, in the case of the retarded IVO conditions,
a weak rotational flow developed during the compression



Fig. 33. In-cylinder flow, velocity COV distribution, and TC at bTDC 90� after fuel injection with various injection timings (@ w/injection, SOE: bTDC 270� , 1500 rpm, Pinj: 700 bar,
Pintake: 1.0 bar, IVO timing: reference, lambda: 1).

Fig. 34. Effective radius at bTDC 90� after fuel injection (@ w/injection, SOE: bTDC
270� , 1500 rpm, Pinj: 700 bar, Pintake: 1.0 bar, IVO timing: reference, lambda: 1).
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stroke, such that a high effective radius was observed as
compared to reference and advanced IVO conditions.

� The fuel injection affected the in-cylinder flow intensity and
structure. The in-cylinder flow was intensified after fuel injec-
tion. However, the effective radius did not decrease immedi-
ately, because the rotational flow did not develop immediately
after fuel injection. However, the effective radius at bTDC 90�

after fuel injection at bTDC 270� was lower than the effective
radius without fuel injection regardless of the engine operating
conditions.
19
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