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ARTICLE INFO ABSTRACT

Keyword: In this study, a spray-guided gasoline direct-injection 2-cylinder optically accessible engine was used to analyze
Spr?}Y-gUided DI' eﬂgiﬂe_ the characteristics of the in-cylinder flow and mixture formation using PIV measurements and computational
Optically accessible engine fluid dynamics (CFD; CONVERGE v2.4). The mean velocity, tumble ratio, turbulent kinetic energy, and tumble

Infcylmder ﬂov‘.’ center were calculated to quantify the characteristics of the in-cylinder flow. Moreover, flow rotation intensity
Mixture formation

PIV measurements was defined to evaluate the in-cylinder flow depending on the crank angle. In the early stage of the intake stroke,
CFD the intake air flowed into the cylinder with high momentum and velocity. Subsequently, tumble flow was
generated in the middle stage of the intake stroke, and weak in-cylinder flow occurred during the compression
stroke owing to the dissipation of momentum. The fuel injection caused intensification of the in-cylinder flow,
increasing the in-cylinder flow velocity, tumble ratio, and turbulent kinetic energy. Furthermore, mixture for-
mation was affected by the end of the injection timing and its characteristics were classified into homogeneous,
stratified, and mal-distribution mixtures, depending on the region to which the end of injection timing belonged.

influenced by the injection strategy. Therefore, various engines that
apply the new combustion mode using a center-mounted injector have
been researched.

For example, center injection is applied in spray-guided stratified
charge (SGSC) engines to form an adequately stratified mixture near the
spark timing. The SGSC engine is operated under lean conditions,
resulting in several advantages such as reduced pumping losses, lower
gas temperatures, and higher thermal efficiencies [8]. However, there
are certain drawbacks such as wall wetting and fuel impingement, which
can lead to instability combustion and pool fires due to the advanced
injection timing [9]. In homogeneous charge compression ignition
(HCCI) engines utilizing spontaneous auto-ignition combustion, a port
fuel injector or center-mounted injector is used [10] and its operation
involves relatively lower soot or NOx emissions [11]. However, the
HCCI engine suffers from certain problems, such as controlled auto-
ignition timing [12,13], combustion phase [14], knocking and noise
[15], operation range limitations, and homogeneous charge prepara-
tion. Among the many factors that induce problems in new combustion
mode engines, a primary factor that determines engine performance is
the air—fuel mixture formation [16,17]. Mixture formation is closely

1. Introduction

Although many countries are focusing on the use of hybrid electric
vehicles (HEVs) [1,2], pure electric vehicles (PEVs) [3], and fuel cell
vehicles (FCVs) [4], immediate replacement of internal combustion
engines (ICEs) is challenging owing to the limitations such as battery
life, lack of charging stations, and limited mileage range [5]. According
to Dudely et al., ICEs are estimated to be a major power source for
passenger vehicles within the next 20 years [6]. However, owing to
stricter emission regulations for ICEs, researchers have been continu-
ously studying the combustion mode of ICEs. Conventional spark igni-
tion (SI) engines operate under conditions with premixed and
stoichiometric air-fuel mixture formation. The injection modes appli-
cable are port fuel injection (PFI) and direct injection (DI) using a side-
mounted injector [7]. However, satisfying future strict emission regu-
lations using the conventional combustion mode is challenging. The air
and fuel mixing performances can be increased through center injection.
Various injection strategies can be applied because the injection is
located near the spark plug, so that the flame propagation is directly
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Nomenclature

Pamp Ambient pressure
Piyj Injection pressure

Abbreviations
ASOE After Start of Energizing
ASOI After Start of Injection

aTDC After Top Dead Center

bTDC Before Top Dead Center

CFD Computational Fluid Dynamics
CvC Constant Volume Chamber

DI Direct Injection

EOI End of Injection

FCVs Fuel Cell Vehicles

FFT Fast Fourier Transform

GDI Gasoline Direct Injector

HCCI Homogeneous Charge Compression Ignition
HEVs Hybrid Electric Vehicles

IC Internal Combustion

ICE Internal Combustion Engine
NA Naturally Aspirated

PEVs Pure Electric Vehicles

PFI Port Fuel Injection

PIV Particle Image Velocimetry
SGSC Spray-Guided Stratified Charge
SI Spark Ignition

SMD Sauter Mean Diameter

SOE Start of Energizing

TDC Top Dead Center

TKE Turbulent Kinetic Energy
TR Tumble Ratio

WOT Wide-Open Throttle

Region of interest

Rulon piston ring

(b)

Fig. 1. Image of a transparent combustion chamber with quartz: (a) front view
and (b) diagonal view.

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 per two cylinders (cc) 748.5
Length of con-rod (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
Intake valve open (bTDC®) 332
Intake valve close (bTDC°) 114
Exhaust valve open (aTDC°) 152
Exhaust valve close (aTDC?) 370

related to the characteristics of the in-cylinder flow and injection
strategy [18,19], and is directly related to power, fuel consumption, and
emissions [20,21]. Therefore, many researchers and engineers have
focused on analyzing the interactions between the injected fuel and in-

cylinder flow using particle image velocimetry (PIV) measurements and
computational fluid dynamics (CFD).

Zeng et al. studied the spray-enhanced swirl flow for combustion
stabilization in a SGSC DI SI engine employing a PIV imaging technique
[22] and found that fuel injection causes a redistribution of the angular
momentum resulting from spray-swirl interactions and a redistribution
of the gas phase swirl flow. Therefore, the in-cylinder flow comprises a
very repeatable vortex with a high angular momentum, leading to a
decrease in the cycle-to-cycle variation. Geschwindner et al. investi-
gated the interaction between in-cylinder flow and spray in an optically
accessible engine with two spray-guided direct injections [23]. They
acquired bulk in-cylinder flow using a PIV image technique and spray
and demonstrated that the in-cylinder flow is heavily disturbed by the
spray, which is injected at a later time, and the tumble flow can barely
maintain its initial momentum by injection when the tumble is weak.
Moreover, they emphasized the importance of a later flow structure for
preventing spray collapse. In addition, they observed that increasing the
in-cylinder flow magnitudes enhanced the spray-shape stability. Hill
et al. studied the spray-induced turbulence in a DI optically accessible
engine with a hollow cone injector using tomographic PIV [24]. They
focused on the manner in which turbulent flow features, such as the
turbulent kinetic energy (TKE), strain rate, and vorticity, evolved into
the surrounding flow field. Costa et al. investigated in-cylinder flow in
the absence of fuel injection during intake and compression strokes in a
single-cylinder optically accessible engine [25]. The PIV measurement
was performed at the partial region of the cylinder under three different
engine speeds: 1,000, 1,500, and 2,000 rpm, while CFD simulations
were conducted at 1,000 rpm. They quantified the characteristics of the
in-cylinder flow, including the kinetic energy, TKE, and tumble vortex
center position. Consequently, utilizing these PIV data results, they
performed a CFD simulation based on the simulation model.

Several previous studies have focused on new combustion modes
that apply center injection using PIV and CFD. However, research
including both experiments and simulations regarding the correlation
between the in-cylinder flow and spray has been limited and is needed to
fully understand the characteristics of in-cylinder flow under various
operating conditions. Furthermore, ICEs still require research regarding
fuel efficiency, performance improvements, and exhaust reduction
methods in the future. Thus, in this study, we analyzed the in-cylinder
flow characteristics of a DI engine with a spray-guided injector, which
is the most fundamental step for optimizing engine design and control
factors. The effects of fuel injection on in-cylinder flow were observed by
employing single injection instead of multiple injection, depending on
the injection timing. Moreover, the mixture formation, depending on the
injection timing, was analyzed using CFD.
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Fig. 2. Spray structure and spark plug location: (a) front view and (b) top view.
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Fig. 3. Schematic of the optically accessible engine.

2. Experimental setup
2.1. Optically accessible engine

To study the evolution of the in-cylinder flow and spray structure in
the engine cylinder, PIV measurements and the Mie-scattering imaging
technique were implemented in a four-valve, 2-cylinder optically
accessible engine. A four stroke cycle 2-cylinder engine with a pent-roof-
shaped combustion chamber was used for this investigation. The opti-
cally accessible engine was fabricated as a 2-cylinder engine to reflect
the interference between the cylinders. Both cylinders comprised
transparent combustion chambers made of quartz; however, visualiza-
tion of the in-cylinder flow was achieved in only one cylinder (Fig. 1).
Furthermore, lubricant oil was not supplied to the combustion chamber

because it could disturb the visualization of the in-cylinder flow.
Consequently, Rulon was employed as a piston ring component to
reduce the friction between the quartz cylinder wall and the piston ring.
The connecting rod (con-rod) and piston crown were produced using
aluminum to decrease the weight and inertial force, in an attempt to
reduce the influence of the piston slap process. The optically accessible
engine had a bore of 75.6 mm, stroke of 83.38 mm, displacement volume
of 748.5 cc (2-cylinder), and compression ratio of 14:1. In addition, the
intake and exhaust valves opened from bTDC 332° to bTDC 114° and
aTDC 152° to aTDC 370°, respectively. Moreover, no valve overlap
existed between the intake and exhaust valves. Detailed specifications of
the optically accessible engine are listed in Table 1.

A high-pressure center-mounted solenoid-type injector was used as
the test injector, which had seven holes and a nozzle hole diameter of
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Fig. 4. Configuration of the PIV system: (a) location of the laser sheet and (b)
configuration of the laser system.

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 x 100 mm
Resolution 320 x 344 pixels
Seed 10 pm, hollow sphere glass

PIV image time interval (dt) Intake stroke:20 ys (@ 1500 rpm)
Compression stroke:40 us (@ 1500 rpm)
32 x 32 pixels (50% overlap)

Fast Fourier transform

Interrogation area

Correlation algorithm

100 pm along with a maximum injection pressure of 1,000 bar. Three
plumes were developed toward the left side of the cylinder, which was
the exhaust direction, considering the spark plug location, which was
located between the exhaust valves. The spray structure and spark plug
locations are depicted in Fig. 2.

A schematic of the optically accessible engine operating system is
illustrated in Fig. 3. The intake air was supplied through a mass flow
controller as well as an intake chamber that was used to reduce the
fluctuation of the intake flow entering the manifold during engine
operation. The intake air was seeded with hollow spherical glass parti-
cles (diameter: 10 ym) using a seed generator and a seed mixing
chamber. Real-time engine operation data were acquired using the NI
DAQ. Furthermore, the fuel injection and image capturing timings were
controlled via an NI compact RIO and a delay generator with a TDC
signal from an encoder attached directly to the crank shaft. The speed of

Energy Conversion and Management 248 (2021) 114819

the optically accessible engine was controlled by an AC motor and a
motor controller. Moreover, the fuel was supplied to the test injectors
through a fuel tank, fuel pump, and common rail.

2.2. Particle image velocimetry system

A schematic of the PIV system and the region of interest are depicted
in Fig. 4. A laser beam was generated using an Nd:YAG laser with a
double cavity, power of 26 mJ, and wavelength of 532 nm. The gener-
ated laser beam was reflected by a 45° mirror, which only reflected the
532 nm wavelength, and was expanded as a 2 mm laser sheet through
planar convex and concave lenses. Thereafter, the laser sheet passed
through the middle of the quartz cylinder from the intake to the exhaust
valve, as shown in Fig. 4(a). The image plane had a width and height of
65 and 100 mm, respectively, except for the pent-roof region, as
depicted in Fig. 4(b). The pent-roof region is an important part of the SI
engine, but cannot be visualized owing to design limitations. Therefore,
CFD was employed to confirm the characteristics of the in-cylinder flow
and mixture formation in the pent-roof region. The illuminated particles
were captured using a high-speed camera (Phantom, VEO 710L) having
a Nikon 35 mm macro lens. The captured raw PIV images were pro-
cessed using MATLAB software (PIV lab). Furthermore, additional
functions, such as computing the tumble ratio, TKE, and tumble center
position were included to quantitatively evaluate the in-cylinder flow.
Data processing was performed by employing three processes. The de-
tails regarding the PIV image processing are provided in the research of
Thielicke et al. [26]. The first process is image pre-processing. Regions
with low and high exposures were optimized using a contrast limited
adaptive histogram (CLAHE) algorithm, which increased the readability
of image data. Subsequently, the background image was subtracted from
the original PIV image using an intensity high-pass filter, which reduced
the background noise. In addition, certain small regions of the image
brightness intensity were adjusted using an intensity capping filter. The
second process involved image evaluation. The particle displacement
was detected using fast Fourier transform (FFT) cross-correlation
coupled with a 2x 3-point algorithm. The FFT algorithm was
employed to reduce the computational cost. In this study, the interro-
gation area contained 32 x 32 pixels (50% overlap). Finally, data vali-
dation, interpolation [27], and smoothing [28] were performed in the
last process. The PIV lab software enabled semi-automatic data valida-
tion, while interpolation was performed using a boundary value solver
and a penalized least-squares method was implemented to smoothen the
PIV data. The details of the PIV system are presented in Table 2.

Exported data including velocity and position components obtained
from the PIV lab were processed using a MATLAB image processing tool.
The sequence for the image processing is shown in Fig. 5. The captured
PIV raw image (Fig. 5(a)) was processed through the PIV lab to acquire
an instantaneous flow field (Fig. 5(b)). The mean flow field (Fig. 5(c))
was computed using 60 instantaneous images in this study. Further-
more, the mean flow field was used as a representative in-cylinder flow
at each crank angle.

2.3. Vector field computation

In a real engine, the in-cylinder flow exhibits a three-dimensional
structure, such as tumble and swirl flow. However, a captured vertical
image plane is two-dimensional; thus, the in-cylinder flow of the two-
dimensional PIV system cannot fully reflect the in-cylinder flow of a
real engine. Therefore, we focused on tumble flow because the primary
motion of tumble flow is two-dimensional. The PIV data acquired from
the two-dimensional system can be used to comprehend and analyze the
characteristics of the bulk in-cylinder flow motion. We calculated the
tumble ratio, TKE, and tumble center in the vertical plane. Moreover, we
defined the flow rotation intensity to understand the structure of the in-
cylinder flow.
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Fig. 6. Calculation of the tumble center: (a) m x n vector field, (b) calculation of the summation of a moment based on (r, ¢), and (c) determination of the location of

the tumble center.

2.3.1. Tumble center

In this study, a tumble center was defined as the position having
maximum moment summation, as shown in Fig. 6. An alternative defi-
nition for a vortex center can be found in [29]. One or more positions
can be employed as a vortex center. In contrast, the tumble center
defined in this study has a high probability of being in one position,
except for the case wherein the in-cylinder flow is completely symmet-
rical. Following the definition of a tumble center, the in-cylinder flow
rotates the strongest based on the tumble center. Moment summation
(MS) was calculated using the following equation:

MS = Z:=1Z;n=1 ((rij = Tre) X Vi)

where (r,¢) is a position in vector field.

(€Y

2.3.2. Tumble ratio
In the research conducted by Salazar et al., tumble ratio was defined
as the ratio of the angular velocity of the in-cylinder flow based on the
combustion-chamber center, including the pent-roof region, to the
angular velocity of an engine [30]. However, in this study, the angular
velocity of the in-cylinder flow was calculated based on the tumble
center matching the definition of the tumble ratio experimentally and
the definition of the tumble ratio in CFD. The equation used to calculate
the tumble ratio (TR) is as follows:
(7,-J- - 7,6) x Vi

i1 2

TR = n m - - -
0 i 2o (Tij = Tie)(Tij — Toe)

(2)

where (7 —T¢) is the distance of a particular location with indices (i,j)

from the center of the rotation, V;; is the velocity at that location, and @
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Table 3
Specifications of the experimental conditions.

Items Details

Applied visualization techniques PIV and Mie-scattering

Fuel gasoline

Engine speed (rpm) 1500

Intake pressure (bar) 1.0 (wide-open throttle)

Injection pressure (bar) 700

Energizing duration (ms) 2.6

Injection timing (bTDC°) 300, 270, 240, 210, 180, 150, 120, 90, 60
Intake air temperature (°C) 35

Fuel temperature (°C) 90

is the angular (crank) speed of the engine. The tumble ratio represents
the ratio of the angular velocity of the flow to the angular velocity of the
engine rotation. Therefore, the intensity and direction of flow rotation in
the combustion chamber can be determined. In this study, r, was
selected as the tumble center.

2.3.3. Turbulent kinetic energy
TKE was calculated using the following equation:

TKE = 0.5 x (')’ + (")) 3)

where u' and v’ are the total radial and axial velocities of a turbulent
vector field in an image plane, respectively. The turbulent flow field can
be derived by subtracting the mean flow field from the instantaneous
flow field. As mentioned earlier, in this study, the mean flow field was
derived from 60 instantaneous PIV images.

2.3.4. Flow rotation intensity

A counterclockwise rotation was selected as the positive direction, as
depicted in Fig. 7. Therefore, the spray development direction is positive
on the left side of the cylinder, and negative on the right side. Co-flow is
defined as a flow that is in the same direction as that of the spray
development and in-cylinder flow, whereas counter-flow is an in-
cylinder flow that is in the opposite direction of the spray develop-
ment. In other words, the momentums of the spray and in-cylinder flow

Energy Conversion and Management 248 (2021) 114819
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are lost owing to the collision with each other when the directions of the
spray and in-cylinder flow are different. The flow rotation intensity was
calculated by separating the image plane into the left and right sides to
understand the interaction between the spray development and in-
cylinder flow. To quantitatively analyze the co-flow and counter-flow
depending on the crank angle, the flow rotation intensity is defined as
follows:

B

D, = 4

By

TSV (7 — ) X Vi
TR, — %:zfl mklA( iy T ) XMy )
i 2 iy — i )+ (riy — i)

where Dy is direction of spray development, and TR; is tumble ratio based
on the image center.

Flow rotation intensity = (direction of spray development) « (tumble
ratio based on image center)

_ V,  TL (6 —fe) x Vy ©)

‘_/; )Y Jﬁ;l(rl—; _rTC)'(rT,J —Tic )

V.
IV:|

development. The tumble ratio based on the image center is the similar

where is a unit vector that represents the direction of the spray

in definition to the tumble ratio, except for fw , which is the image
center. Further, the flow rotation intensity is defined as the inner
product of the direction of spray development and tumble ratio based on
the image center. As in Fig. 7, the flow rotation intensity has a positive
value on the left side. However, although the right side flow is in the
same direction as the left side flow, the flow rotation intensity on the
right side is negative. This is because the direction of the spray devel-
opment is in the negative direction. Thus, the presence of co-flow or
counter-flow is determined based on the sign of the flow rotation in-
tensity. For a positive value, the flow is a co-flow.

2.4. Experimental conditions

In this study, two types of imaging techniques were applied to
visualize the in-cylinder flow and spray structure. A PIV imaging
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Fig. 11. Spray structure validation at an injection pressure of 700 bar and ambient pressures of (a) 0.2 bar, (b) 1.0 bar, and (c) 5.0 bar.

technique was used to visualize the in-cylinder flow, wherein the image injected at an injection pressure of 700 bar under different injection
capturing timing was varied from bTDC 270° to bTDC 60° with an in- timings. To observe the effects of in-cylinder flow on the spray structure,
terval of 30° at 1,500 rpm. For the entirety of the experiment, the intake spray images were captured using the Mie-scattering technique
manifold pressure was maintained at 1.0 bar in the naturally aspirated depending on the injection timing. Detailed experimental conditions are
(NA) condition with a wide-open throttle (WOT). Furthermore, to listed in Table 3.

analyze the effects of fuel injection on the in-cylinder flow, the fuel was Fig. 8 depicts the in-cylinder pressure for various injection timing
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Table 4

Spray break-up model constants.
Items Details
KH model size constant 0.61
KH model velocity constant 0.188
KH model break-up time constant 100
RT model size constant 0.1
RT model break-up length constant 0.0
RT model break-up time constant 1.0

experimental conditions. The fuel was injected from bTDC 300° to bTDC
90°, and correspondingly, the in-cylinder pressure increased from 0.7 to
3.4 bar. In this study, the spray structure depending on the injection
timing was analyzed by considering the ambient pressure and in-
cylinder flow.

3. Computational methodology
3.1. Simulation model

In this study, CONVERGE v2.4 was used as a CFD program for engine
simulations, and the RNG k-¢ model was employed to achieve closure in
the turbulence model. For spray modeling, the KH-RT model, which is
appropriate for predicting the spray atomization process for high in-
jection pressures, was used [31]. In addition, isooctane was used to
simulate the gasoline spray development and atomization processes.

3.2. Model validation

The model was verified by considering quantitative and qualitative
aspects based on a comparison of the experimental and simulation re-
sults. The engine simulation results were compared with the PIV ex-
periments under the same operating conditions. As shown in Fig. 9, the
velocity distribution and vortex core location in the PIV results are
consistent with the simulation results. Furthermore, for a quantitative
perspective, the tumble ratio was compared, as shown in Fig. 10(a). The
tumble ratio in the simulation was calculated based on the tumble center
in the cylinder region. Except for the tumble ratio in bTDC 270° where
strong turbulence was induced by high intake velocity, the tumbler ratio
ensured consistency between the experiment and simulation with an
error ranging from a minimum of 0.1% (at bTDC 150°) to a maximum of
13.5% (at bTDC 210°). In addition, the simulation results of the TKE and
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maximum velocity in the same region of the PIV experiment were
compared with those of the experiments (Fig. 10(b) and 10(c)). TKE
exhibited a maximum and minimum of 5.5 and 2.5 m? /s, respectively.
Thus, both the simulation results of the TKE and maximum velocity
exhibited a trend similar to that of the experiment.

Spray model validation was conducted through a break-up constant
adjustment, wherein isooctane was selected as the working fluid. The
results of the validation are shown in Figs. 11 and 12. The simulation
results of the spray structure obtained with different ambient pressures
are consistent with the experimental results (Fig. 11). The spray tip
penetration was consistent for ambient pressures of 0.2 and 1.0 bar. In
contrast, for an ambient pressure of 5.0 bar, the simulation result shows
slower spray development, that is, 0.9 ms later than the experiment
result. However, considering the different ambient pressures, the overall
trend was consistent between the experimental and simulation results.
The final model constants are presented in Table 4.

4. Results and discussion

In this study, the in-cylinder flow was visualized using PIV mea-
surements depending on the crank angle. The in-cylinder flow data are
useful for comprehending the overall structure of the in-cylinder flow. In
addition, the fuel was injected at various injection timings to analyze the
effects of fuel injection on the in-cylinder flow. Consequently, using the
Mie-scattering imaging technique, the spray development was visual-
ized under different injection timings to investigate the effects of in-
cylinder flow on the spray structure. However, the in-cylinder flow
field in the pent-roof region, which cannot be visualized in the experi-
ments owing to design limitations, was analyzed using CFD. In addition,
the mixture formation process, depending on the injection timing, was
investigated.

4.1. Characteristics of mean in-cylinder flow without fuel injection

Fig. 13 depicts the mean in-cylinder flow field depending on the
crank angle at an engine speed of 1,500 rpm. In the early stage of the
intake stroke at bTDC 270°, air flowed into the left and right sides of the
cylinder. Subsequently, the left side intake flow collided with the piston
head, resulting in the intake flow losing momentum. As the right side
intake flow was supplied directly following the surface of the liner, the
clockwise in-cylinder flow with a high velocity was stronger than the
counterclockwise in-cylinder flow at bTDC 270°. Following the piston
descent, a tumble flow with counterclockwise rotation was formed.
Subsequently, during the intake stroke, the in-cylinder flow on the left
side was stronger than the in-cylinder flow on the right side owing to the
flow of the intake air from right to left. However, when the intake valves
were closed and the piston ascended, the high momentum of the left side
moved toward the right side. Consequently, the main tumble motion in
the compression stroke occurred on the right side. However, the high
momentum supplied at the initial stage of the intake stroke cannot be
maintained because the momentum is dissipated by the friction loss and
shear force, which is caused by the relative velocity between the
inflowing air and existing in-cylinder air [32,33]. Therefore, the mean
velocity of the in-cylinder flow continuously decreased from the intake
stroke to the compression stroke, as shown in Fig. 14. Although there
was a continuous decrease in velocity, the maximum velocity was
maintained at a higher value than the piston speed during the intake and
compression strokes. In contrast, the mean velocity was lower than the
piston speed after bTDC 150°. This is because there was no additional
source to supply momentum except for the piston movement and the in-
cylinder pressure increased during the compression stroke.

The tumble ratio, which depends on the crank angle, is shown in
Fig. 15. The results of the tumble ratio demonstrated the same tendency
as that of the in-cylinder flow visualization results. At bTDC 270°, the in-
cylinder flow rotated in the clockwise direction, resulting in the tumble
ratio attaining a negative value. The tumble ratio decreased until bTDC
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Fig. 14. In-cylinder flow velocity with piston speed (@ 1,500 rpm, NA, w/
o injection).

150° and thereafter increased slightly because the in-cylinder flow was
intensified slightly by the ascending piston.

In addition, the TKE decreased continuously during the compression
stroke because of the dissipation of momentum, as shown in Fig. 16. The
maximum value of the TKE was attained at bTDC 270°, where the in-

10

Crank angle (bTDC®)

Fig. 15. Tumble ratio (@ 1,500 rpm, NA, w/o injection).

cylinder flow velocity was at its maximum. After bTDC 150°, the in-
cylinder flow exhibited a weak flow, with a flow velocity lesser than
the piston speed, resulting in the low velocity of the turbulent compo-
nents. Therefore, the TKE converged to a similar level after bTDC 150°.

In this study, the characteristics of in-cylinder flow were analyzed by
calculating the flow rotation intensity, which represents the in-cylinder
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flow rotation intensity and direction, considering the direction of spray
development. The flow rotation intensity was calculated separately for
the left and right sides. Counter-flow, which has a direction opposite to
that of the spray development, represents a flow rotation intensity below
zero. Fig. 17 depicts the results of the flow rotation intensity depending
on the crank angle. Here, the intensity of co-flow or counter-flow is
expressed as a number with a positive or negative symbol for intuitive
comprehension. For example, the absolute values of the flow rotation
intensity in the range of 0-1 are expressed as (+) or (-). We separated the
regions depending on the characteristics of the in-cylinder flow. In re-
gion 1, a strong co-flow expressed by the (+++) symbol occurred on the
right side. In this region, the spray atomization performance can be
increased owing to the interactions between the in-cylinder flow and
spray [34,35]. This is because intake air with a high momentum flows in
the cylinder, and the air collides with the spray. Moreover, there is a
relatively long time to mix fuel and air until the spark timing; thus, the
possibility of forming a homogeneous mixture around the spark timing
increases [36,37]. A relatively weaker co-flow occurred in region 2
compared to that in region 1. The co-flow was still the dominant flow
within the cylinder, particularly in the left side plane. However, the flow
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rotation intensity decreased compared to that in region 1 owing to the
downward motion of the piston in region 2. This is because the suction
force generated by the piston movement decreased, and correspond-
ingly, the initial velocity of the intake air decreased owing to the in-
crease in the inlet area. In the case of region 3, the counter-flow was
stronger than the co-flow in the cylinder and moved in a direction
opposite to that of the spray development. Therefore, it is difficult for
the in-cylinder flow to carry fuel around the spark plug after the end of
injection. Furthermore, region 3 represents the compression stroke that
increases the in-cylinder pressure, thereby increasing the possibility of
forming a stagnant fuel region [38,39]. Therefore, the division of re-
gions in such a manner is useful for comprehending the mixture for-
mation process and spray structure depending on the injection timing,
because the injected fuel travels owing to its interaction with the in-
cylinder flow.

Among the important factors for stable combustion is the in-cylinder
flow of the pent-roof region, which cannot be visualized by PIV exper-
iments owing to design limitations. Therefore, CFD was performed to
understand the overall in-cylinder flow, particularly the in-cylinder flow
of the pent-roof region near the TDC.

Fig. 18 depicts the CFD results for the in-cylinder flow depending on
the crank angle. The in-cylinder flow exhibited a tendency similar to
that of the experimental results. In the CFD results, strong co-flow
occurred at bTDC 300° on the right side, while counter-flow occurred
on the left side because the intake air collided with the piston head.

4.2. Characteristics of mean in-cylinder flow with fuel injection and spray
structure

In this section, the characteristics of the in-cylinder flow and spray
structure, depending on the injection timing, are studied. Fig. 19 depicts
the spray development depending on the crank angle after the start of
the injection. In the case of injecting fuel in region 1, the spray was
scattered more prominently compared to that under other conditions.
Moreover, the interaction between the plumes increased because of the
collision of the spray with the strong intake air. Therefore, the boundary
between the plumes was unclear [40]. In region 3, the in-cylinder flow
was a weak counter-tumble, and the in-cylinder pressure was slightly
higher than the atmospheric pressure. The spray developed directly and
maintained the spray targeting location. Thus, an obvious separation
between the plumes with a thin plume width was observed. In general,
the plume width increased under high ambient pressure conditions
owing to the increase in drag force [41-43]. However, in the case of
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Fig. 17. Flow rotation intensity (@ 1,500 rpm, w/o injection).
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regions 1 and 2, the plume was wider than the plume in region3 having a
relatively high in-cylinder pressure. This is because the effects of the in-
cylinder flow are larger than the effects of the drag force caused by the
high ambient pressure.

The results of the spray structure depending on the injection timing
are depicted in Fig. 20. In regions 1 and 2, the spray structure exhibited
similar shapes except for bTDC 300° even with a difference in the co-
flow intensity. This is because the intake flow does not possess suffi-
cient momentum to cause a complete collapse of the spray structure, and
the momentum of the spray is relatively high compared to the in-
cylinder flow. The spray at bTDC 300° was scattered compared to that
under the other conditions; however, spray targeting was still main-
tained. In the compression stroke, the counter-flow was intensified, and
the in-cylinder pressure increased. The in-cylinder flow moving upward
may disturb the spray development because the directions of spray
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development and in-cylinder flow are opposite to each other. However,
the intensity of the counter-flow during the compression stroke was low;
thus, the spray structure did not collapse.

The fuel was injected at an injection pressure of 700 bar at bTDC
270°, as shown in Fig. 21. The in-cylinder flow was intensified during
the intake and compression strokes owing to fuel injection. This could be
attributed to the additional energy that was supplied by fuel injection
into the cylinder. For the quantitative analysis, the tumble ratio, TKE,
tumble-center travel path, and flow rotation intensity were compared
with the results of in-cylinder flow obtained without injection.

In the case of injecting fuel, the mean and maximum velocities were
found to be higher than those observed without fuel injection. This could
be attributed to the additional momentum that was supplied by injecting
fuel, as shown in Fig. 22. The mean velocity increased until bTDC 210°,
although the mean velocity decreased faster than that without fuel
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Fig. 24. Comparison of tumble-center travel path from bTDC 270° to bTDC 60°
depending on fuel injection.

injection, which could be attributed to the fuel injected under a high
injection pressure consisting of small droplets. The dissipation of mo-
mentum was fast in the case of small droplets with high momentum.
Moreover, as the compression stroke progressed, the mean and
maximum velocities under conditions with fuel injection were found to
be similar to those obtained without fuel injection. This is because the
in-cylinder flow loses its momentum owing to the continuous friction
force.

The intensified in-cylinder flow was confirmed by the tumble ratio
and TKE results, as depicted in Fig. 23. In Fig. 23(a), the tumble ratio
obtained without injection exhibited a minimum at bTDC 150°. How-
ever, the tumble ratio with injection had a minimum at bTDC 120°. This
could be attributed to the fact that the intensified tumble flow was
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maintained for a relatively longer time. In addition, the TKE increased
when fuel was injected, as shown in Fig. 23(b). However, it significantly
decreased with an increase in the crank angle. The reason for this is the
same as that for the steeply decreasing in-cylinder flow velocity.
Furthermore, in the compression stroke, the turbulent components were
similar to those obtained without injection.

Fig. 24 shows the tumble-center travel path depending on the fuel
injection. Without fuel injection, the tumble center began at the middle
of the cylinder at bTDC 270°. Subsequently, it moved from the right to
the left side in a semicircle. This implies that the dominant flow is at the
left side in the intake stroke, while it is at the right side in the
compression stroke. In contrast, tumble centers were concentrated in the
middle of the cylinder after fuel injection. In these results, the in-
cylinder flow was intensified by the injected fuel, and consequently,
exhibited strong rotation based on the center of the cylinder.

The dependence of the flow rotation intensity on the fuel injection is
shown in Fig. 25. The co-flow at the left side and the counter-flow on the
right side intensified following fuel injection. Therefore, the in-cylinder
flow exhibited strong rotation from the intake stroke to the early stage of
the compression stroke. However, after bTDC 150°, the in-cylinder flow
continued to rotate, but the counter-flow at the right side was stronger
than the co-flow at the left side. Therefore, when multiple injections
(double or triple injections) are applied, the effects of the first injection
on the in-cylinder flow should be considered for the mixing perfor-
mances of the second and third injections.

We varied the injection timing to confirm the effects of injection
timing on in-cylinder flow. Fig. 26 shows the mean in-cylinder flow field
at bTDC 90° depending on the injection timing. The injection timing was
varied from bTDC 300° to bTDC 120° for both the intake and
compression strokes. The in-cylinder flow at bTDC 90° was observed to
be relatively less affected by fuel injection for an earlier injection timing.
However, for injection timings of bTDC 150° and bTDC 120°, the in-
cylinder flow at bTDC 90° exhibited a strong upward flow. Thus, the
more delayed the injection timing, the stronger the flow moving toward
the upper side of the cylinder. These results differ from those obtained
for the side-mount injection, wherein the spray develops in only one
direction. In the case of the side-mount type injector, owing to the high
momentum being supplied in one direction, the in-cylinder flow rotates
strongly in one direction [44].

The mean and maximum velocities are depicted in Fig. 27. The mean
velocity at bTDC 90° with fuel injection was slightly higher than that
without fuel injection, as shown in Fig. 27(a). However, the mean ve-
locity was still lower than the piston speed until the injection timing of
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Fig. 25. Flow rotation intensity depending on fuel injection.
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bTDC 180°. This is because there is a relatively long time available
following the end of injection in which the momentum of the in-cylinder
flow decreases. The maximum velocity demonstrated the same tendency
as that of the mean velocity; it increased significantly after the injection
timing of bTDC 180°, as shown in Fig. 27(b). In this region, the dominant
flow was the flow that occurred during spray development.

As depicted in Fig. 28(a), the tumble ratio increased after injecting
fuel. In the case of the injection at bTDC 300°, there is a relatively long
time available for the dissipation of the momentum; thus, the tumble
ratio obtained with injection is similar to that obtained without it. In the
cases of injection timings of bTDC 270° and bTDC 240°, a relatively
strong co-flow existed, such that the in-cylinder flow was intensified by
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the interaction between the air and spray. In contrast, at injection tim-
ings of bTDC 210° and bTDC 180°, the co-flow was weak compared to
the co-flow observed in the early stage of the intake stroke. Therefore,
the in-cylinder flow was less intensified. Furthermore, after the injection
timing of bTDC 180°, the in-cylinder flow was more affected by the fuel
injection because the time available until bTDC 90° was less. Therefore,
the tumble ratio rapidly increased after the injection timing of bTDC
180°. The TKE also significantly increased after bTDC 180°, as depicted
in Fig. 28(b).

The results of the in-cylinder flow of the pent-roof region and tumble
ratio are depicted in Figs. 29 and 30, respectively. The in-cylinder flow
velocity near the TDC increased with the injection in all cases. This could
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be attributed to the additional momentum supplied by the injected fuel.
In particular, in the case where fuel was injected in region 3, the most
intensified in-cylinder flow results were observed for the in-cylinder
flow because it had lesser time available to dissipate the energy from
injection until TDC.

The tumble variation with injection timing can be explained by
considering the flow rotation intensity, which reveals the co-flow and
counter-flow effects. In the case of the injection at bTDC 300°, the effects
of the counter-flow on the left side, which rises upward by influencing
the piston, and the co-flow on the right side due to the intake flow are
offset. Thus, in this case, the tumble ratio after the end of injection was
approximately the same as that without injection. However, in the case
of the injection at bTDC 270°, a strong co-flow was generated in the
cylinder and consequently, the tumble flow was enhanced by injection.
In region 2, the co-flow effect weakened as the injection timing was
retarded. However, the co-flow effect was still more dominant than the
counter-flow effect. Thus, the tumble ratio decreased with retarded in-
jection timing, but was higher than that obtained without injection.
Moreover, in the case of injection in region 3, the counter-flow was
dominant and the in-cylinder flow was disturbed by the spray. There-
fore, after injection, the tumble ratio decreased more than without in-
jection near the TDC.

In the case of injecting fuel, the TKE increased near the TDC, as
depicted in Figs. 31 and 32. This is attributed to the turbulence supplied
to the cylinder owing to the injection. The TKE at bTDC 20° continuously
increased, as shown in Fig. 32, except for the injection timing of bTDC
90°, resulting from the spray targeting. In the case of injection in region
3, the injection timing was close to the TDC, such that the in-cylinder
flow around the spark timing was affected by spray targeting.

For fuel injected in region 3, the spray targeting obtained was
different, as depicted in Figs. 33 and 34. In the case of targeting the liner
(e.g., SOE = bTDC 120°), the fuel collided with the surface of the liner,
and consequently rotated toward the inner side of the cylinder causing
the fuel flow to combine with the upward flow by the piston. Thus, the
flow after injection was enhanced in the upward direction. In the case of
targeting the liner and piston (e.g., SOE = bTDC 90°), the fuel was
directly influenced by the upward movement of the piston, which was in
the direction opposite to that of the spray during injection. Conse-
quently, the momentum of the spray and in-cylinder flows was
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dissipated. Therefore, the injected fuel stagnated around the edge of the
piston head. In the third case, where the spray targeted the piston bowl
(e.g., SOE = bTDC 60°), the left side of the plume rotated toward the
outside of the cylinder while the right side rotated toward the inside of
the cylinder owing to the piston bowl shape. Subsequently, an upward
flow was generated. Moreover, as a result of spray targeting, at SOE =
bTDC 90°, the TKE at bTDC 20° was lower than that when fuel was
injected at bTDC 120°, despite the retarded injection timing (Fig. 32).

4.3. Characteristics of the mixture formation process

The mixture characteristics for different injection timings can be
determined by the in-cylinder flow following the end of injection
because, during injection, the fuel momentum is strong such that the in-
cylinder flow has little effect on the spray development. However, after
the end of injection, the fuel evaporates, and the momentum supplied by
the injection pressure is stopped. Therefore, the evaporated fuel travels
with the in-cylinder flow, and consequently, this process determines the
mixture characteristics.

Fig. 35 depicts the mixture formation process based on the end of
injection timing. In the case of the EOI in region 1, the injected fuel was
rotated by a strong tumble flow after the end of injection. Moreover, the
fuel was over-mixed and eventually formed a homogeneous mixture at
bTDC 20°, which was close to the spark timing. In contrast, in the case of
the EOI in region 2, the injected fuel moved from the piston to the intake
valve in the vicinity of the spark plug along the tumble flow. Thus, the
fuel was located around the spark plug at bTDC 20° and consequently, a
stratified mixture formation was generated at bTDC 20°. In region 3, the
in-cylinder flow was weak owing to momentum dissipation during the
compression stroke. Thus, in the case of the EOI in region 3, there was
little time or insufficient in-cylinder flow to form a homogeneous or
stratified mixture. Therefore, a mixture with a partially rich area, for
example, a mal-distribution mixture, was formed. Thus, as depicted in
Fig. 36, the mixture characteristics could be classified into homoge-
neous, stratified, and partially rich based on the in-cylinder flow char-
acteristics at the end of the injection.



D. Kim et al. Energy Conversion and Management 248 (2021) 114819

REF. (w/o injection) | SOE : bTDC 300° SOE : bTDC 270°
~ f% N v
c = NN
e gl o
L \sl 1117=Z= 77
£
S | o
(@)
:'é 8 /,/ \;\\/\/)\\\\\\\
= 8 =
= | =
0
(a)
SOE : bTDC 240° SOE : bTDC 210° SOE : bTDC 180°
NS
c O
S|V
o 0O
Q| =
~ 0
=
c o
g R
foRINS
c | O
= | =
a]
(b)
SOE : bTDC 150° SOE : bTDC 120°
M| S
c (o}
o
o 0O
Q| =
= 0
E=
= [e]
% 8 > ;/;7 > | —\"":.4?-1\
1 e — /- 7 — —— F <
a]

(c)

Fig. 29. CFD results of in-cylinder flow at bTDC 60° and bTDC 30° depending on injection timing: (a) injection in region 1, (b) region 2, and (c) region 3.
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5. Conclusions

In this study, the characteristics of in-cylinder flow and mixture
formation were investigated using PIV measurements and CFD in an
optically accessible 2-cylinder GDI engine that applied center-mounted-
type high-pressure injectors. Furthermore, the interactions between the
spray and in-cylinder flows were studied. Consequently, the following
conclusions were drawn:

1. We defined the flow that had the same direction as that of the spray
development as co-flow and the flow that had the opposite direction
to that of the spray development as counter-flow. Furthermore, the
flow characteristics depending on the crank angle were divided into
regions 1, 2, and 3. Region 1 was before bTDC 270°, wherein strong
co-flow occurred on the right side of the cylinder. Region 2 was from
bTDC 240° to bTDC 180°, wherein tumble flow occurred, resulting in

Energy Conversion and Management 248 (2021) 114819

co-flow on the left side of the cylinder and counter-flow on the right
side of the cylinder. Region 3 was after bTDC 150°, wherein counter-
flow was dominant on the right side of the cylinder. During the
intake compression stroke, the momentum supplied at the early stage
of the intake stroke was constantly lost, resulting in a continuous
decrease in the in-cylinder flow velocity and TKE.

2. The spray structure was influenced by the in-cylinder flow. In region
1, wherein a strong in-cylinder flow was formed, the interaction
between the spray and air increased, causing the spray to scatter.
However, no clear spray collapse was observed. Moreover, the spray
scattering decreased as the in-cylinder flow weakened.

3. The in-cylinder flow was intensified with the injection of the fuel
because of the additional momentum supplied by the injection.
Therefore, the in-cylinder flow velocity, tumble ratio, and turbulent
kinetic energy increased compared to the results obtained without
fuel injection.

4. The mixture formation was significantly influenced by the injection
timing, particularly at the end of the injection timing. A homoge-
neous mixture was formed as the injection was stopped in region 1
because the in-cylinder flow had strong momentum, and there was a
relatively long time available for the air and fuel to mix. The strati-
fied mixture was obtained when the end of the injection timing was
in region 2. Finally, at the end of the injection timing in region 3, a
mal-distribution was generated owing to the high in-cylinder pres-
sure and weak in-cylinder flow.
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